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Processing, Characterization
and Application of Micro
and Nanocellulose Based
Environmentally Friendly
Polymer Composites

Adriana de Campos, Ana Carolina Corrêa, Pedro Ivo Cunha Claro,
Eliangela de Morais Teixeira and José Manoel Marconcini

1 Introduction

The demands for biodegradable products, made from renewable and sustainable
resources, and present low environmental impact are increasing by the consumers,
industry, and the government [112]. The use of these polymer-based materials is
important because of the growing need for using renewable and environmentally
friendly resources. Collagen, chitin, starch, poly (hydroxybutyrates) (PHB), poly
(hydroxyalkanoates) (PHA), polylact acid (PLA) and polycaprolactones (PCL) are
examples of biodegradable polymers of high interest [104].

However,many of thesematerials have their use limited by high cost, poor physical
properties, such as humidity sensibility, structure instability and low mechanical
properties [6]. In order to improve these properties, natural fibers such as cellulose in
micro and nano scale may be used, maintaining the all bio-based character of the
material. Furthermore, since they are renewable, inexpensive and environmentally
friendly resource, cellulose fibers and itsmicro e nanocomponents such asmicrofibrils
and nanocellulose are used to manufacturing biodegradable nanocomposites either as
nanofiller in a polymer matrix or as an all cellulose-based component film.

There is a wide variety of cellulose sources that can be applied in composites and
nanocomposites field, such as kenaf [28, 61], sisal [20, 21, 29, 30, 31, 110, 114],
sugar cane bagasse [54, 85, 96], oil palm [8, 32, 33, 43, 53, 66, 75, 93, 109], cotton
[20, 21, 35, 46, 87], curaua [5, 23, 118], etc.
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According to ISO standards(ISO/TS 20477:2017), cellulosic nanomaterials can
be subdivided into two classes:

1. cellulose nano-objects: “discrete piece of material with one, two or three
external dimensions in the nanoscale” (1–100 nm). It involves cellulose nano-
fibers as cellulose nanocrystals (CNCs) and cellulose nanofibrils (CNFs);

2. cellulose nano-structured materials: a material having an internal composition of
inter-related constituent parts in which one or more of those parts is in nanos-
cale. Its includes cellulose microcrystals (CMCs) and microcrystalline cellulose
(MCCs), cellulose microfibrils (CMFs) or Microfibrillated Cellulose (MFC), and
bacterial cellulose (BCs). They also can be aggregated cellulose nanostructures.

The cellulose nanostructures can be distinguished by their different chemical and
physical properties, source, obtaining method and morphology [70]. By adding
these nanoscale compounds as filler into polymers even in small quantities, the
properties of polymers can be improved, depending on the type of nanocellulose,
the dispersion throughout the matrix and interfacial interactions between the
nanocellulose and polymeric matrix.

In this chapter, we will first make a brief description of the definition, termi-
nology, and methods of obtaining cellulose nanostructures. Next, we will present
procedures used in the functionalization of the cellulose surface to improve the
hydrophilic character and the compatibility with polymer matrices. We then present
studies of all-cellulosic nanostructured films, types of processing involving the
production of bionanocomposites and other important applications of them in
non-biocomposite areas.

2 Micro and Nano-cellulose

2.1 Brief Description

Cellulose fibers can be extracted from a variety of sources such as wood pulp,
residues of some industrial process (sugar cane bagasse,cassava bagasse, coconut,
rice, oil palm, soy, etc., that can be used for nanocellulose production (see Fig. 1 and
Table 1) and plant fibers (sisal, cotton, curaua, hemp, flax, ramie, jute, etc.). They
have been widely applied in several fields such as reinforcement in material sciences,
catalysis, biomedical engineering, paints, cosmetics and electronic applications due
to their sustainability, biocompatibility and good mechanical properties [103].

In nature, the cellulose chains are packaged in such an orderly manner that
compact nanocrystals are formed, which are stabilized by inter and intramolecular
hydrogen bonding [4, 67, 88]. These hydrogen bonding make the nanocrystals
completely insoluble in water and in most organic solvents and lead to a material
with mechanical strength only limited by the forces of adjacent atoms [69]. In the
cell wall structures of vegetable plants, those cellulose nanocrystals are joined by
segments of amorphous holocellulose to form the micro/nanofibrils that constitute
the individual cellulose fibers [41].

2 A. de Campos et al.



The loss of the hierarchical structure of the cellulose fibers can occur by
mechanical, chemical, physical and biological treatments, or by a combination of
them, releasing the microfibrils [68, 92]. Depending on these factors, different cel-
lulose nanostructures (or a mix of them) are obtained. These nanostructures present
high aspect ratio, with diameters and lengths ranging from units to several microns,
excellent mechanical properties, high specific surface area, biodegradability, and
biocompatibility [130].

The term nanocellulose describes the cellulose fibril or crystallite containing at
least one dimension in the nanoscale (1–100 nm). There are many different types of
terminologies used for describing nanocelluloses as will be seen next.

Fig. 1 Cellulose nanofibers extracted from a variety agro- residue
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The cellulose fibers disintegrated into micro dimensions are designed as cellulose
microfibrils or microfibrillated cellulose (MFC). They are nanofibrils aggregates
(bundles) (30–100 cellulose molecules) forming a nanostructured material with
diameters of around 3–30 nm and length higher than 1 µm [39, 80]. The MFCs
appear as interconnected, nano-fibrillar structure. The MFCs are obtained by
mechanical disintegration of fibers which generally involves a combination of pro-
cesses such as high-pressure homogenization, grinding, ultrasonication and steam
explosion, obtaining an aqueous suspension displaying a gel-like behaviour [116].

During the disassembly process, the microfibrils can release more or less their
individual constituents, called nanofibrillated cellulose (NFCs), cellulose nanofibers

Fig. 1 (continued)
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or nanofibrils (CNFs). These are composed of long and entanglement cellulosic
chains and, as well as CMFs, maintain both, their amorphous and crystalline
domains. The CNFs present a diameter of the 3–5 nm and length of 500–1000 nm
[89]. Khalil et al. [72] disagreed with the “microfibril“term because it does not
reflect the real dimensions of the fibril. Nechyporchuk and colleagues [92] reported
that both cellulose, microfibrils (bundles) and elementary fibrils are referred to as
cellulose nanofibrils. Depending on the production process, both CMFs and CNFs
are obtained, and their morphologies also strongly depend on the cellulose source.
In both cases, hemicellulose and lignin generally are removed before their pro-
ductions. These nanostructures maintain the amorphous and crystalline phase of
cellulose. They can aggregate to some extent during the drying process.
Suspensions of CNFs can also present gel properties even at low cellulose con-
centrations forming an entangled network structure [92].

Microcrystalline celluloses (MCCs) are also aggregates of multi-sizes cellulose
microfibrils. It is found as a fine powder and they are commonly known under the
brand name Avicel®. It has a diameter of around 10–50 µm. MCCs are obtained
from partially depolymerized pure cellulose, synthesized from the a-cellulose
precursor. The MCC can be synthesized by different processes such as reactive
extrusion, enzyme-mediated, steam explosion and acid hydrolysis. The MCC is a
valuable additive in the pharmaceutical, food, cosmetic and other industries [57,
89]. MCC is characterized by a high degree of crystallinity, typically ranging
between 55 and 80% [125]. CCNs can also be prepared from MCCs using NaOH/
urea dissolution method and followed by regeneration, neutralization, and ultra-
sonication [112].

Bacterial cellulose (BCs) or microbial cellulose is a type of cellulose microfibrils
produced extracellularly by specific bacteria. The Acetobacter xylinum is the most
efficient producer of bacterial cellulose and this occurs in a culture medium con-
taining carbon and nitrogen sources [2, 68, 91]. Bacterial cellulose result from
direct synthesis, and not from the destruction of the primary structure of cellulose

Table 1 Dimensions characteristics of nanocellulose from agro- residue

Vegetal source Length (L)/nm Diameter (D)/nm L/D References

Cassava bagasse 1700–360 2–11 76 [34]

Sugarcane bagasse 256 ± 55 4 ± 2 64 [36]

Corncob 211 ± 44 4 ± 1 53 ± 16 [113]

Soy hulls 123 ± 39 2.8 ± 0.7 44 [45]

Rice husk – 15–20 10–15 [65]

Pineapple leaf 250 ± 52 4.4 ± 1.4 60 [38]

Banana peels 500–330 8–26 50–12 [97]

Mangoo seed 123 ± 22 4.6 ± 2.2 34 ± 19 [56]

Oil palm mesocarp 104 ± 52 9.00 ± 4.00 12 [32, 33]

Coconut husk 194 ± 70 5.5 ± 1.5 39 ± 14 [107]

Lotus leaf stalk Microns 20 ± 15 40 [16]

Wheat straw 400 5 80 [82]

Processing, Characterization and Application … 5



fibers, as in case of CNFs and CNCs. BCs present an average diameter of 20–
100 nm and lengths in micrometre, they entangle to form a stable network struc-
tured as ribbon-shaped fibrils. BCs do not require any pre-treatment to remove
impurities or contaminants such as lignin, pectin, and hemicellulose, i.e. the bac-
teria produce high-purity cellulose material with a distinct crystallinity of 80–90%.
These peculiar properties of BCs make them an attractive material for use in
biomedical applications [2, 70, 76, 80, 92].

Cellulose nanocrystals (CNCs) are also called nanocrystalline cellulose (NNCs),
cellulose whiskers and rod-like cellulose, the area high crystalline cellulosic
material resulting from acid hydrolysis of native cellulose with mineral acids,
removing the amorphous phase of cellulose and leaving intact the crystalline phase.
In order to obtain CNCs, the native lignocellulosic fibers should be previously
submitted to a treatment of delignification process prior to the hydrolysis. CNCs
present elongated rod-like aspect and their surface can be negatively charged when
sulfuric acid (the most utilized acid) is employed for extraction. The charged sur-
face of CNCs prevents the aggregation in aqueous suspension due to electrostatic
repulsion between particles. They are considered a rigid and no defect crystal. Their
diameter and length depends on the cellulose source: CNCs present diameters of
around 5–30 nm and length of 100–500 nm for plants source, of around 100 nm to
several microns for CNCs from tunicate and algae cellulose [2, 80, 92]. Lin and
Dufresne [80] have reported several studies that showed the values of CNCs’ elastic
modulus ranging from 100–206 GPa, values similar to Kevlar and potentially
stronger than steel.

Figure 2 shows some examples of nanostructures obtained from bleached sug-
arcane bagasse. As it can be observed, the type of treatment applied to the same
fiber results in different nanostructures, with different crystallinities and thermal
behaviour.

Fig. 2 TEM micrographs showing the morphology of nanostructures from bleached sugar cane
bagasse. a After enzymatic hydrolysis (10 mg of Enzyme Viscozyme (1000 FBG/g) and 33 mg of
Enzyme FiberCare (5000 ECU/g)/g of biomass and reaction time of 3 days at 45 °C) [29]; b after
acid hydrolysis with sulfuric acid solution (6 M) for 45 min at 45 °C

6 A. de Campos et al.



The thermal properties of these cellulosic materials are important to determine
their processing temperature range and use. The thermal degradation of lignocel-
lulosic materials begins with an initial decomposition of the hemicelluloses, fol-
lowed by lignin pyrolysis, depolymerization, combustion and oxidation of carbides.
Thus, the MFCs and NFCs had a thermal degradation temperature higher than the
fibers (350 °C) due to the removal of much of the amorphous material. The thermal
degradation of CNCs usually starts at temperatures lower than MFCs and NFCs
(200–300 °C), due to the presence of sulfate groups in the obtaining of the
nanocrystals. The CNCs with lower sulfate content on their surface present higher
thermal stability [23, 29, 34, 89, 105]. The combination of sulfuric and hydrochloric
acids during the hydrolyses to obtain the CNCs generates nanoparticles with better
thermal stability due to the reduced presence of sulfate groups on their surface, also
causing a decrease in the stability of CNCs in suspension [105]. Studies have found
that CNC obtained by enzymatic hydrolysis exhibited superior thermal stability,
compared to CNC obtained by chemical hydrolysis using sulfuric acid [13].
Uschanov et al. [128] studied the esterification of MCCs, CNCs and regenerated
cellulose with different kind of long-chain fatty acid as oleic, decanoic, linoleic and
tall oil fatty acids (TOFA), a product of a mixture of 10% or less of saturated fatty
acids and 90% or more of unsaturated octadecanoic (C18) acids. Thermal stability
of CNCs was poorer than that of MCC or regenerated cellulose. They concluded
that the modification weakened the thermal stability and the degradation tempera-
ture seemed to be dependent on the nature of the fatty acid used. Fatty acid chain
length and double bond content affected the reactivity between cellulose and fatty
acid; a longer chain length and the increase on double bond content decreased the
degree of substitution (DS). Lee and colleagues [77] modified the surface of BC
using organic acids (acetic, hexanoic and dodecanoic acids) via esterification
reactions. As well as Uschavov et al. [128], they observed that the thermal
degradation behaviour of organic acid modified BC sheets decrease with the
increase of carbon chain length of the organic acids used. Agustin et al. [3] pro-
duced BC esters using different chloride acids and showed that the temperature at
maximum weight loss rate (Tmax) increased after esterification. The thermal stability
of CNCs from white and coloured cotton was investigated in dynamic and
isothermal (180 °C) conditions under an oxidizing atmosphere [35]. The thermal
stability of white cotton CNCs, under dynamic conditions, was slightly higher than
of coloured cotton CNCs. However, the colored-CNCs were more thermally stable,
in isothermal conditions, than white-CNCs. This behaviour was attributed to lower
sulfonation on coloured cotton CNCs surfaces than on white cotton CNCs surface.

Cellulose nanostructures or nanocellulose in general, have gained attention from
researchers and industry because of their high Young modulus (130 GPa) [18],
which is higher than that of the S-glass (86–90 GPa) and comparable to Kevlar
(131 GPa), rendering them good reinforcement in natural and synthetic polymer
matrices [103]. The inherent hydrophilic nature of nanocellulose limited its wide-
spread application. Surface modifications of nanocellulose diminish its
hydrophilicity which will be briefly discussed further ahead.
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2.2 Obtaining Different Types of Micro and Nano-cellulose
by the Mechanical, Chemical and Enzymatic Process

The nanocellulose materials can be obtained by different processes with the result in
specific or a mix of morphologies, physical properties, and consequently different
applications.

The mechanical process for extraction involves refining or high shear homog-
enization, microfluidization and sonication, which result in microfibrils and
nanofibrils. Refining and homogenization are performed in the presence of water,
producing microfibrils (MFCs)/nanofibrils (CNFs) through a relatively narrow
space of a disk apparatus between the rotor and the stator. In the microfluidization
process, the suspension is subjected to high pressure to pass through a Y or Z type
geometry interaction chamber [132]. Sonication is performed on a fiber suspension
to separate the microfibrils or nanofibrils beams from the cell wall of the fibers
through cavitation [99]. The cavitation leads to a formation of powerful oscillating
high intensive waves. These microscopic gas bubbles expand and implode breaking
down cellulose fibers to microfibrils/nanofibrils [105].

The chemical treatment involves strong acid hydrolysis applied to cellulosic
fibers allowing dissolution of amorphous domains and therefore longitudinal cut-
ting of the microfibrils which generate cellulose nanocrystals (CNCs) also known as
whiskers. During the acid hydrolysis process, the hydronium ions penetrate the
cellulose chains in the amorphous regions promoting the hydrolytic cleavage of the
glycosidic bonds, under a controlled period of time and temperature, keeping the
crystallites intact [35, 40, 124]. Sulfuric acid (H2SO4) is generally used as a
hydrolyzing agent because its reaction with the surface hydroxyl groups via an
esterification process allows the grafting of anionic sulfate ester groups. The
presence of these negatively charged groups induces the formation of a negative
electrostatic layer covering the nanocrystals and promoting their better dispersion in
water [40]. CNCs prepared using hydrochloric (HCl) acid or a mix of HCl/H2SO4

for hydrolysis exhibit good thermal but tend to aggregate in water [23]. Their
geometrical dimensions depend on the origin of the cellulose source and hydrolysis
conditions, but the length is usually in the range of a few hundred nanometers, and
the width or diameter is in the range of a few nanometers. An important parameter
for cellulose nanocrystals (CNCs) is the aspect ratio, which is defined as the ratio of
the length to the diameter (L/d) [40].

Organic acids or a mix of them with mineral acid have been used to extract
CNCs and concomitantly to produce carboxylated CNFs and CNCs [17, 64, 119]
using mechanical assistance (ultrasound or micro fluidics).

The enzymatic process usually involves bulk of enzymes that act synergistically
in the hydrolysis of cellulose since a single enzyme is not able to degrade cellulose
[44, 80, 117, 130]. The most used bulks for enzymatic hydrolysis contains predom-
inantly endoglucanase and/or exoglucanase [44, 55, 101, 117]. Celobiohydrolases or
exoglucanases are a type of cellulase able to attack cellulose by the end of chains,
resulting in cellobiose units. Endoglucanases randomly hydrolyze the amorphous
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regions, resulting in cellulose nanocrystals, in the single crystal range, since most of
the fibers are in the form of crystalline structure entwined in an amorphous cellulose
phase.

Both ethanol and nanocelluloses (CNFs and CNCs) were produced using
eucalyptus cellulose pulp as raw material for enzymatic hydrolysis route [13]. The
solid residues from ethanol production after 24 h of hydrolysis at 50 °C was
characterized as CNFs. If the hydrolysis time was increased to 144 h and the
temperature reduced to 35–40 °C, CNCs with a crystallinity index of 83%, length
of 260 nm and diameter of 15 nm were found in this solid residue. Yarbrough et al.
[130] studied the production of nanocellulose of different sizes and aspect ratios
using enzymatic treatments (endo- and exoglucanases) with mechanical refinement
and acid hydrolysis. The authors related that the majority of commercial cellulase
cocktails are optimized for the highest conversion of cellulose to sugars, which is
not desired to obtain cellulose nanocrystals. Then, they compared nanocellulose
production using T. reesei, a classic fungal cellulase system containing predomi-
nantly exoglucanases, with that of C. bescii, a bacterial enzyme system that contains
complex multifunctional enzymes. They showed that CNC produced by C.
besciisystem is more uniform than that produced by the T. reesei, after a reaction
time of 48 h, due to the difference between the cellulases excreted by C. bescii and
the cellulolytic agents in fungal excretion of T. reesei.

Bacterial celluloses (BCs) are produced by fermentation of low molecular
weight sugars using bacteria from Acetobacter species. Therefore they are
biosynthetic products. Acetobacter xylinum produces extracellular cellulose
microfibrils to provide a firm floating matrix, allowing the embedded bacteria to
stay in close contact with the atmosphere [100]. During the biosynthesis, the glu-
cose chains are produced inside the bacterial body and outgrowth through tiny
pores present on the cell envelope. By joining several glucose units, microfibrils are
formed and further aggregate as ribbons. BCs are commonly regarded as a material
with better biocompatibility than other types of nanocellulose, but their production
is a little limited due to high synthesis cost and low yield [80].

In Table 2 is presented morphology and thermal properties of a variety of
sources obtained from the different process and its classification.

2.3 Functionalization or Surface Modification of Micro
and Nano-cellulose

The chemical modification on the cellulose surface can improve their interaction
with apolar matrices, in addition to reducing their hydrophobicity. Esterifications
and silanizations are most commonly used in the preparation of cellulose for
composite applications [60, 90].

Cellulose can also be modified by the formation of ionic groups on its surface.
The oxidation of the cellulose surface, by plasma or corona treatment, can generate
carboxylic acids groups that improve their interaction with the matrix in the
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composites [62]. Modifications by sulfonation, carboxylation or graphitization, in
addition to modification by acetylation/alkylation and treatment with silane agents,
can also be used. In sulfonation treatments, sulfuric acid solutions in moderate
concentration are used, obtaining partial sulfonation on the cellulose surface in
aqueous suspension with colloidal appearance, due to repulsive forces of the sulfate
groups adhered to the surface of the cellulose. Carboxylation can result in more
hydrophilic cellulose surfaces. An effective way of inducing controlled oxidation on
the cellulose surface, in order to create carboxylic groups, involves treatment with
2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) radical where the hydroxyl groups
are selectively converted into carboxylic groups, generating a negative charge on
cellulose surface, not aggregating when dispersed in water, forming bi-refringent
suspensions [62]. Among methods of modifying polymers, grafting is a versatile
method for promoting the polymer in a variety of functional groups. Polymeric
materials with good properties can be obtained by grafting, and changing param-
eters such as polymer type, degree of polymerization and dispersibility in the main
and in the side chains, in addition to the density and uniformity of grafts, it can be
combined the best properties of two or more polymers in a physical unit, in this
case, the cellulose [108].

Lignocellulosic fibers from sugarcane bagasse were chemically modified by
Pasquini et al. [95] using dodecanoyl chloride and pyridine, and toluene, octade-
canoyl chloride, and pyridine. The modified fibers were incorporated into
low-density polyethylene (LDPE) with improved dispersion and surface adhesion
to the matrix. However, in spite of the better compatibility of the modified fibers
with the matrix, these composites did not present improvements in the mechanical
properties than those whose fibers were not treated; this fact can be due to the
degradation that the chemical treatment caused to the fibers, reducing its degree of
polymerization (DP).

The chemical modification of cellulose nanofibers or nanocrystals follows the
same principles as those applied to the fibers, Ljungberg et al. [83, 84] modified the
surface of cellulose nanocrystals (CNCs) obtained from tunicates in order to
incorporate them in atactic [83] and isotactic polypropylene (PP) [84]. In both
cases, the surface treatments in the CNCs were the same; the neutral suspension of
CNCs was first dried and redispersed in toluene using ultra Turrax equipment;
however, the CNCs did not stand in suspension and decanted. A grafting of
PP-g-MA on CNCs surface was also made, but redispersing these grafted CNCs in
toluene also precipitated due to the agglomerations. Finally, the aqueous suspension
of CNCs was mixed to the surfactant polyoxyethylenenonylphenyl ether phosphate
ester (BNA-Ceca ATO Co.) in the ratio of 4:1 surfactant: CNCs, the pH was
adjusted to 8 with KOH and the suspension was lyophilized and redispersed in
toluene, and this suspension did not precipitate. Subsequently, these suspensions of
whiskers in toluene were mixed to the PP solubilized in toluene and films were
prepared by casting with the evaporation of the toluene in a vacuum oven.
Transparent nanocomposite films were obtained with the introduction of surfactant,
resulting in good CNCs dispersion in PP and higher mechanical properties than
pure PP films.
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Uschanov et al. [128] obtained dispersed CNCs in toluene by modifying their
surface with pyridine and toluene sulfonyl chloride (TsCl) solution in an inert
atmosphere and adding fatty acids in the same molar concentration of TsCl. The
final product was filtered, washed with methanol and ethanol and finally dried in a
vacuum oven. However, such modifications have caused a decrease in thermal
stability since the degradation temperature depends on the nature of the fatty acid
and its degree of substitution on the cellulose surface.

Lif et al. [79] prepared hydrophobic microfibrillated cellulose (MFCs) by adding
sodium periodate in the aqueous suspension at room temperature for 1 h. After
MFCs were washed with water, they were dispersed in methanol. Octadecylamine
and sodium cyanoborohydride was added to the MFCs in methanol, and the solid
was washed with methanol, acetone and redispersed in octane. However, in order to
disperse these hydrophobic MFCs in an organic solvent, neutral surfactants
(without ions) were also used, which gave MFCs dispersed in diesel for up to
30 days.

Stenstad et al. [120] also modified MFCs with cerium-induced grafting; coating
with hexamethylenediisocyanate by the introduction of glycidyl methacrylate
(GMA) and graphitization of anhydrides. Cerium grafting reactions were carried out
in suspensions of MFCs dispersed in HNO3 solution under an inert atmosphere and
adding ceric (IV) ammonium nitrate (NH4)2Ce(NO3)6, followed by the addition of
GMA for the polymerization. Cerium (IV) ions are strong oxidizing agents for
alcohols with 1,2-glycol groups, forming chelating complexes that decompose
forming free radicals in the cellulose, and in the presence of GMA monomers, these
radicals enable the formation of grafted polymers on the surface of the fibers, and
for each added GMA monomer, an ester group is introduced. The coating with
hexamethylenediisocyanate was performed in MFCs dispersed in THF under an
inert atmosphere. Hexamethylenediisocyanate and catalyst 1,4-diazabicyclo[2, 2, 2]
octane (DABCO) were added and the mixture was stirred for 2 h at 50 °C. Samples
were washed with THF and to the isocyanate-coated MFCs suspension,
bis-3-amino propylamine and 3-diethylamino propylamine solubilized in THF were
added. Grafting diisocyanates promote the formation of a hydrophobic layer on the
surface of the microfibril. Isocyanates rapidly react with hydroxyls forming ure-
thane bonds. So reactions must occur in dry solvents and any further reaction
should occur immediately after the isocyanate graphitization. The amines were
added to the isocyanate-functionalized MFCs to introduce positive charges to its
surface because amines readily react with isocyanate forming urea bonds. For
grafting anhydrides, diisopropylamine a catalyst was added to the isocyanate-coated
MFCs dispersed in THF, under an inert atmosphere. Succinic or maleic anhydrides
were dissolved in dry THF (0.8 M concentration) and these solutions were added to
the MFCs suspension. With the introduction of anhydrides, vinyl groups were
formed on the surface of the fiber and could be a starting point for the polymer-
ization of water-insoluble monomers as an alternative to cerium-induced GMA
graphitization.

Siqueira et al. [115, 117] modified the CNCs and MFCs surfaces using a
long-chain isocyanate by different methods. After the chemical modification,
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crystalline structure destruction was not observed. Compared to CNCs, a higher
grafting density was necessary to disperse MFCs in a nonpolar liquid medium.

Lin and colleagues [81] extracted CNCs from linter by acid hydrolysis with
sulfuric acid (30% v/v) at 60 °C for 6 h, followed by centrifugation and neutral-
ization with ammonia. These whiskers were acetylated with acetic anhydride
solution and pyridine. After the reaction, the acetylated cellulose was washed,
purified and dried. Subsequently, films were prepared by casting from a mechanical
mixture of PLA solubilized in chloroform and acetylated cellulose. The
nanocomposite films showed improvement in the mechanical properties of up to
61% at the maximum tensile (with 6% acetylated cellulose) and 40% in the elastic
modulus (with 10% acetylated cellulose), when compared to the matrix, due to
introduction of filler with high stiffness and good interfacial adhesion with PLA.
Improvements in the thermal properties of nanocomposites and increase in crys-
tallinity index were also observed. van der Berg et al. [11] isolated CNCs from
tunicates via hydrolysis with sulfuric acid and with hydrochloric acid. The CNCs
were dried by lyophilization and redispersed in water and organic solvents such as
dimethyl sulfoxide, formic acid, m-cresol, dimethylformamide and dimethyl
pyrrolidone. The CNCs were not superficially treated, and even then, they showed
good dispersion in these solvents, especially those extracted with sulfuric acid and
in the proportion of 1 mg/1 mL of CNCs in the solvent. However, an excessive time
was used in the ultrasound to disperse the CNCs in the solvents, being able to cause
breakage in the cellulosic chains, reducing their length and, consequently, the
aspect ratio (L/D).

Qu and co-workers [102] extracted CNCs from wood pulp with sulfuric acid
solution (15%) at 80 °C for 4 h, the mixture was filtered and washed until neutrality,
the filtrate was placed in a flask with ethyl alcohol, and acetic acid was added to
adjust the pH between 4 and 5. MEMO (3-Methacryloxypropyltrimethoxysilane)
was added to modify the cellulose surface with silane agent and to enable its
incorporation into PLA by casting. The modified CNCs presented lower thermal
stability than the unmodified CNCs because the MEMO modifier presented lower
stability than the CNCs, but the morphological integrity of them was maintained.
The obtained nanocomposites presented higher tensile strength with 1% by mass of
CNCs and 1% of v/v MEMO.

CNCs of ramie fibers were modified by Fischer esterification HCl-catalyzed
reaction using di-and tricarboxylic organic acids (malonic, malic and citric acids)
[119]. Some properties of modified CNCs were compared to respective CNCs
obtained by acid hydrolysis using only HCl. Contrary to what the researchers
supposed, a little effect of organic acid pKa was found. The functionality of the free
carboxylic acid was introduced to the CNCs surface. The morphology and crys-
tallinity of unmodified and modified CNCs were similar. The results showed that
modifying CNCs with bio-based organic acids proved to be an efficient way to
introduce carboxylic acid functionality on CNCs surface.

Pommet et al. [100] found a preferential growth of BCs on the surface of the
natural fiber than freely in the culture medium composed by fructose, yeast extract,
peptone, Na2HPO4 and citric acid. They proposed a green way to modify natural
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fibers by attaching bacterial cellulose nanofibers to the surface of these fibers using
them as a substrate during the fermentation process of bacterial cellulose. The
fermentation process in presence of natural fibers led to the formation of pellicles
based on bacterial cellulose, preferably around the natural fibers. An increase in the
mechanical strength of the BCs coated fibers was also observed due to the strong
hydrogen bonding between the hydroxyl groups present in the BCs and the natural
lignocellulosic fibers [48, 68]. So, the coating of bacterial cellulose onto cellulose
fibers was considered a new form of controlling the interactions between fibers and
polymer matrices because facilitates the good distribution of BCs within the matrix
and improve interfacial adhesion between the fibers and the polymer matrix through
mechanical interlocking.

The hydrophilic surface of BCs became hydrophobic via esterification reaction
with organic acids (acetic, hexanoic and dodecanoic acids) [77]. The authors ver-
ified that the degree of surface hydroxyl group substitution decrease with the
increase of carbon chain length of the organic acids used.

BCs were acetylated with acetic anhydride in the presence of iodine as a catalyst
[58]. The substitution degree (DS) increased when the iodine concentration
increased. They verified that the nanostructural morphology preservation is limited
by conditions of temperature, time and iodine amount. The better conditions of
reaction were 80 °C for 60 min and the amount of catalyst must be less than
0.125 mM. The acetylated BCs showed hydrophobic surface and good mechanical
properties which favour the interactions of modified BC and the hydrophobic
non-polar polymer matrix. For more drastic reactions conditions, the crystalline
structure of BCs was lost.

Thus, there are different types of cellulose/nanocellulose modification reactions
as described above. The following three main strategies can be observed: (i) use of
a surfactant to functionalize the cellulose/nanocellulose; (ii) chemical reaction and
modification of cellulose/nanocellulose in aqueous media and (iii) chemical reac-
tion and modification of cellulose/nanocellulose in an organic solvent.

2.4 All-Based Micro and Nano-cellulose Films

In the literature, there are reported lots of studies of films obtained by casting and
still few studies about continuous casting with MFCs, NFCs or CNCs.

Iwamoto et al. [63] studied CNFs films and acrylic composites reinforced with
CNFs obtained by casting and extracted from Pinus commercial cellulose pulp. The
fibrillation process occurred in the grinder mill with the following numbers of
passes: 1; 3; 5; 9; 15 and 30. After 30 passes, the elastic modulus and mechanical
tensile strength of CNFs films and acrylic nanocomposites containing CNFs
decreased, indicating the decrease of CNFs aspect ratio. CNFs showed a decrease in
the crystallinity and in the degree of polymerization with the increase of passes
through the grinder, indicating that mechanical shear process causes degradation of
cellulose. Therefore, it is necessary to ensure the effective fibrillation of fibers
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through the grinder, but without cellulose degradation and a decrease of CNFs
aspect ratio due to mechanical shearing. In this way, it is necessary to control the
fibrilation parameters and consider that each lignocellulosic fiber needs different
procedures to obtain the desired final structure.

Siqueira et al. [115] addressed the study of films structured with MFCs by
microfluidizer and CNCs by acid hydrolysis obtained from the loofah (Luffa
cylindrical). The films were obtained by casting, i.e. by water evaporation of
aqueous suspension. CNCs had a length of 242 ± 86 nm, the diameter of
5 ± 1 nm and aspect ratio of 47. MFCs had a diameter of 55 ± 15 nm and the
length could not be measured. CNCs films achieved a tensile strength of
68 ± 24 MPa and elastic modulus of 2.4 ± 0.2 GPa, while MFCs films showed a
tensile strength of 53 ± 19 MPa and elastic modulus of 3 ± 1 GPa. They con-
cluded that CNCs films present greater mechanical resistance than CMFs films.

Sisal CNCs and MFCs were used to prepared cellulosic membranes. The films
were obtained by casting at room temperature for five days followed by drying at
60 °C overnight [10]. The water vapour sorption and gas barrier (carbon dioxide,
nitrogen, and oxygen) properties of films were evaluated. It was observed that the
water diffusion coefficients were higher for CNCs films than for CMFs. This
behaviour was associated with the presence of residual lignin, extractive and fatty
acids at the surface of MFCs based films. The CNFs films were also much more
permeable to gases than MFCs, indicating that gas molecules penetrate slower in
CMFs films because of longer diffusion path. Additionally, it was supposed that the
entanglements of these long flexible nanoparticles and lower porosity of the films
acted as barrier domains, leading to the tortuosity of the diffusion pathway.

Bufalino [14] developed CNFs films from sawdust residues of three Amazonian
species (C. goeldiana, B. parinarioides, and P. gigantocarpa) and eucalyptus (E.
grandis). The fibers were pretreated with sodium hydroxide and peroxide to remove
lignin and hemicelluloses. Films were produced by conventional casting from
CNFs obtained with the following passes in grinder: 10; 20; 30 and 40 passes.
There was observed an improvement in tensile strength and elastic modulus on
CNFs films obtained from the largest number of passes in the grinder. A decrease in
the opacity with the increase in the number of passes through grinder was also
observed. The colour of the films varied among the species and was related to the
residual lignin, different for each species. Figure 3 shows the colour variation index
and transparency of the CNFs films according to the number of passes through the
grinder and according to the four species studied. It is concluded that the number of
passes through the grinder and the plant species influence the mechanical and
optical properties of CNFs films.

Recent works report the use of continuous casting for a scale up production of
nanocellulose based films. Claro et al. [19] investigated the morphological struc-
ture, thermal and mechanical properties of CNCs and CNFs films from curaua leaf
fiber and eucalyptus pulp, obtained by continuous casting. The process of contin-
uous casting produced 6 m of dry nanocellulose film per hour and allows the films
to not crack. Figure 4 showed the continuous casting scheme and CNCs/CNFs
films obtained by this method.
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Fig. 3 Variation of color aspect index and transparency of CNFs films in relation to vegetable
origin and the number of passes through grinder [111]

Fig. 4 a Scheme of the continuous casting process, curaua and eucalyptus, b CNCs films and,
c CNFs films [19]
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Fig. 5 Mechanical properties under tensile test of fibers sheets and films of CNFs and CNCs from
curaua (C) and eucalyptus pulp (E): a tensile strength; b Young’s modulus; c elongation at break;
d stress-strain curve of machine direction (L) and e cross direction (T) [19]
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CNCs and CNFs suspensions were slowly deposited on a polyester substrate.
The coating knife regulates the thickness of the sample and disperses the suspension
on a polyester substrate in a pulling speed of 10 cm/min. The equipment presents
two drying ovens; the first was set at 105 °C and the second at 30 °C, where the
sample undergoes a rapid drying process. CNFs and CNCs films presented
mechanical anisotropy due to the orientation of the nanofibers in suspension
towards the continuous processing, as shown in Fig. 5.

CNCs films presented higher mechanical resistance (34–36 MPa) in the longi-
tudinal direction of processing and orientation of the nanocrystals. On the other
hand, CNFs films presented higher mechanical resistance (12–18 MPa) in the
transversal direction of processing and the orientation of the nanofibrils. Therefore,
the continuous casting process becomes a viable process for CNCs and CNFs films
with different properties and structural morphology than in conventional casting,
which is due to the orientation of nanofibers and the rapid drying process.

3 Processing and Applications of Micro
and Nano-cellulose Based on Biodegradable Polymers

Micro and nano-cellulose present relative high mechanical properties showing great
potential as reinforcement in new biocomposites, innovative bioplastics, and
advanced reinforced composite materials [98]. They also present high stiffness,
strength, low density and excellent biodegradability and they can be used as a
reinforcing material for different polymers, especially biodegradable ones.

Micro and nanocellulose are obtained as dilute suspension and they can be
applied to polymer matrix in aqueous solution or freeze-dried aiming better dis-
persion. CNFs or CNCs are usually dispersed in water, thus, the simplest processing
method consists of mixing the cellulose nanostructures in aqueous suspension with
water-soluble polymers. This mixture can be cast and the liquid evaporated,
resulting in films of nanocomposites, the conventional casting process. This method
frequently results in well-dispersed nanostructures, as this avoids the aggregation of
the nanomaterial due to the intercalation of the matrix and nanocellulose, preserving
its individualized state. This wet casting/evaporation processing method can be
extended to other liquids to cover a broader range of polymer matrices [39], but it
will be necessary a solvent exchange from water to the polymer solvent, in order to
guarantee the dispersion of CNC or CNF through the polymer matrix. However,
when it is necessary for high-volume production, the casting or wet processing can
be difficult to scale up. The dilute suspension presents stability when it is surface
charged by sulfate groups, resulted from acid hydrolysis (CNCs)or from the pres-
ence of residual hemicelluloses (CNFs) [39]. But the use of micro/nano cellulose as
reinforcement in polymer nanocomposites still presents some challenges and lim-
itations due to their low thermal stability compared to the polymers, their
hydrophilicity, the strong hydrogen bonds between adjacent cellulose fibrils, and
poor dispersion and compatibility with nonpolar solvents and nonpolar matrices.
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In order to overcome some of these problems of dispersion in hydrophobic poly-
mers, the nanocellulose structures can be dispersed in an organic solvent, chemi-
cally modified, or grafted with nonpolar molecules. However, the use of them as
reinforcements in a wide variety of bio-based polymers, obtained from polysac-
charides and proteins, resulted in an increase in the moisture, mechanical and
barrier resistance of these materials without compromising their biodegradability
[15]. The efficiency of micro/nanocelluloseas reinforcement depends on several
factors, such as the good interaction between the polymer and the cellulose, good
dispersion, addition of the appropriate amount of filler, among others.

The good interaction between the polymer matrix and the cellulose nanostruc-
tures, that is, the good interfacial adhesion or compatibility, together with a good
dispersion, are characteristics that provide a more efficient tensile transfer from the
polymer matrix to the rigid dispersed phase, resulting in an increase in the
mechanical strength of the obtained nanocomposite. The compatibility between the
polymer and the micro/nanocellulosecan be more easily achieved when nanocom-
posites are prepared with polar polymers, i.e. polymers that present polar groups in
their chains, such as polyesters, polyether, polyamides, etc., which could be more
compatible with the hydroxyls present in the cellulose chains, thus generating higher
interfacial adhesion, resulting in much more efficient stress transfer. This good
adhesion, allied to randomly dispersed micro/nanocellulose, may also provide a
decrease in the permeability of water or other solvents through the polymer as it
would hinder the path to be covered by the solvent molecules throughout the
nanocomposite.

An important parameter to control is the amount of CNCs that should be
introduced to the polymer in order to obtain nanocomposites with improved
properties. For fillers with fiber aspects, the percolation threshold is related to the
aspect ratio of nanofibres according to the following expression:

Uc ¼ 0:7
L=d

where (L/d) is the aspect ratio of the nanofiber, assuming a cylindrical shape, and
(Uc) is the percolation threshold in a volumetric fraction. If it is necessary to obtain
the massic fraction, Uc should be multiplied by the density, which for cellulose is
1.5 g/cm3 [47]. Below the percolation threshold, few improvements in the prop-
erties are observed, but when slightly larger amounts than the percolation threshold
are incorporated, a three-dimensional network of nanostructures is formed, where
statistically a nanocrystal will touch each other randomly, causing significant
improvements in properties, especially in mechanical.

Different techniques have been utilized to produce micro- or nanocellulose-
polymer composites: casting-evaporation, melt compounding, electrospinning and
solution blow spinning among others.

The processing of materials reinforced with micro/nanocellulose by traditional
methods in the molten state is vulnerable and susceptible to agglomeration and
poor dispersion of them in the polymeric matrix. In the specified case of CNCs,
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most studies only found interesting results when they were dispersed in a solvent,
and this suspension was mixed with the polymer solubilized in the same solvent, i.e.
via casting. Thus, most studies use diluted suspension because lyophilized cellulose
nanomaterials aggregate through hydrogen bonding and nanoscale is lost.
Normally, lyophilized cellulose nanomaterials incorporated in polymer material
request a new dilute suspension by sonication system. The simplest method consists
of mixing the dilute suspension of CNC with a polymer material such as starch, for
example, making the CNCs well dispersed in the polymer matrix.

Starches are abundant, cheap, biodegradable and a renewable resource material,
which makes them attractive, and when together with a plasticizer, under suitable
conditions of temperature and shear, the TPS (thermoplastic starch) is formed,
which can be molded or mixed with other resins. The major drawback of TPS is its
hydrophilicity, in addition to its poor mechanical properties. However, its use,
besides reducing costs, can also improve the compatibility of cellulose nanostruc-
tures with the polymer matrix, due to the similarity of its chemical structures, which
would increase the mechanical properties of the nanocomposite, that is, a com-
pensation of losses due to the use of TPS.

CNCs extracted from cassava bagasse were investigated as reinforcement agent
in natural rubber (NR) matrix. The nanoparticles in aqueous suspension were mixed
with the NR latex emulsion in fraction varying from 0 to 10 wt% (dry basis). The
films were obtained by casting of the mixtures. The favourable interactions between
the NR matrix and CNCs filler were confirmed by the relatively high reinforcing
effect. An increase from 2.2 MPa for the unfilled matrix to 102 and 154 MPa for
the NR film reinforced with the nanofiller was observed [96].

The CNFs were extracted from wheat straw using steam explosion, acidic
treatment and high shear mechanical treatment [71]. These nanofibrils were dis-
persed in regular maize starch (TPS) using glycerol as a plasticizer and high shear
mixer. The films were obtained by casting. The results revealed improvement in
crystallinity with the addition of CNFs. Mechanical properties increased with the
increase of CNFs concentration. Barrier properties also improved with the addition
of CNFs up to 10%, but further addition decreased properties due to possible CNFs
agglomeration because caused reduction in matrix homogeneity and cohesion. The
authors proposed that the increase in CNFs content led to the formation of denser
microcrystal network, thereby increasing the mechanical properties. This dense
network should decrease the diffusivity through the sample. But this increase in
CNFs content may compromise the adhesion level between the nanofiller and the
matrix, and the mechanical performance, also causes an increase in the diffusivity of
water.

Waxy maize starch nanocrystal (WSNC) and cellulose nanocrystals (CNCs)
extracted by acid hydrolysis from microcrystalline cellulose (MCC) were united in
order to investigate possible synergistic effects on the normal maize starch matrix
plasticized by glycerol [51]. A homogeneous distribution of the nanofillers was
demonstrated and the use of CNCs and WSNC upgraded mechanical results, but no
significant differences in barrier properties were obtained as compared to the use of
only WSNC.
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Thomas et al. [122] report another series of studies involving the use of cellu-
losic nanostructures (MFCs) reinforcing natural rubber (NR) latex matrix. In their
specific study, ultra-fine nanocellulose from jute fibers was prepared by steam
explosion method and it was used as the reinforcing agent in NR latex along with
cross-linking agents, as Zinc-based and sulfur were used during the processing. The
nanocomposite films were prepared from pre-vulcanized latex by casting on a glass
plate followed by drying at room temperature. The mixture of the aqueous sus-
pension in various proportions of MFCs (0–3 wt%), the latex and the cross-linking
agents were done by ball milling, followed by ultra-sonication and drying. The
results revealed that the distribution of the filler among the matrix was homoge-
neous for all the compositions. By adding 2% MFCs, a network by H-bonding
interaction was created. The increase of MFCs content in the NR matrix caused a
substantial increase in the mechanical properties of the nanocomposite. The vul-
canizing agents used for the crosslinking in the NR matrix created a kind of Zn/
cellulose complex, forming a network between the layers of NR matrix, improving
the dispersion of the MFCs in the NR matrix.

Reports regarding the environmental biodegradability of the starch/CNFs
nanocomposites were performed by Babaee et al. [7]. Their study investigated
the effect of the addition of unmodified and acetylated CNFs extracted from the
kenaf bast fibers (Hibiscus cannabinus) in starch glycerol/matrix. The nanofibers
were acetylated with acetic anhydride and pyridine under reflux. The nanocom-
posites were prepared using the solution casting method. The influence of acety-
lation of CNFs on its biodegradation by white rot fungus (T. versicolor) and
physicomechanical properties of nanocomposites into the matrix were investigated.

This study showed that both acetylated and non-acetylated CNFs can be used to
produce a starch nanocomposite. The mechanical tests showed that the tensile
strength and elastic modulus of both nanocomposites increased, in comparison to
the matrix, but these improvements were lower for the acetylated ones. The storage
modulus and the tan d peak position of both nanocomposites showed improvement
when compared to the matrix. Regardless of the type CNFs, their addition resulted
in an increase in the Tg of the nanocomposites. Besides that, the moisture
absorption of the nanocomposites reduced by addition of the acetylated nanofibers
compared to the non-acetylated one. Furthermore, the fungal biodegradability
results showed a longer decomposition period for nanocomposites. But, the
acetylated nanocomposite needs a longer time for degradation, and it became more
sustainable by replacing the hydroxyl groups with acetyl groups.

Palm oil industry generates a large amount of cellulose-rich residues as oil palm
mesocarp fiber (OPMF). Targeting the use of agro-residues as raw materials for
cellulose nanocrystals (CNCs) production, de Campos et al. [32, 33] obtained these
CNCs from oil palm mesocarp fiber via sulfuric acid hydrolysis and
microfluidization, obtaining a stable aqueous suspension and increase in cellulose
crystallinity (Fig. 6). The influence of CNCs on properties of cassava starch plas-
ticized with glycerol films was investigated. The reinforcing effect of the CNCswas
significant only for loading of up to 6 wt% of CNCs, increasing the elastic modulus.
Below percolation threshold, elongation at break was even higher than neat starch
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films. Above the percolation threshold, there was a formation of a percolating
network, leading to CNCs agglomeration and decreasing the mechanical properties
of the starch bionanocomposites.

Nanocomposites of chitosan with cellulose are environmentally friendly and the
films presented improved physical properties. The CNFs-Chitosan nanocomposites
resulted in materials with improved functional properties, in which a wide range of
applicability in the field of food packaging, biomedical, water treatment, etc. could
be developed. In general, the nanocomposites are obtained by a solvent casting
method, electrospinning, and sol-gel transition. Chitosan (cationic) and CNCs
(anionic) can be mixed to produce polyelectrolyte complexes using titration.
Besides, a two-phase (chitosan and cellulose) based nanocomposites were achieved,
and researchers also successfully developed a multi phase material with a high
capacity of heavy metal absorption. Furthermore, blends of chitosan and cellulose/
nanocellulose resulted in a material with antibacterial activity, metal ions adsorp-
tion, odour treatment properties etc. Other commonly used methods for blending
are electrospinning, casting and sol-gel transition [1].

Bionanocomposites were developed by casting/evaporation wheat gluten
(WG) and (CNCs) from bagasse pulp and TiO2 nanoparticles [42]. The results
demonstrated that CNCs and titanium dioxide nanoparticles improved the
mechanical and water vapour barrier properties of gluten films. An optimal content
of 7.5% of CNCs and 0.6% of TiO2 nanoparticles improved the functional prop-
erties of WG based materials, according to tensile tests and water resistance of the
bionanocomposites. The molecular mobility of amorphous WG chains was not
affected by the cellulosic nanofiller. But an increment in Tg of WG/CNC could be
verified with TiO2 nanoparticles incorporation. This behaviour ascribed the strong
interfacial interaction between the TiO2 nanoparticles and the matrix, without
disruption in the regularity of the WG chains. Paper sheets coated with the afore-
mentioned nanocomposite exhibited excellent antimicrobial activities i.e. 100, 100
and 98.5% against S. cervisiae, E. coli, and S. aureus respectively, for 3 layers
coated paper after 2 h of exposure to UVA light illumination.

Fig. 6 a Scanning transmission electron (STEM) micrograph of cellulose nanocrystals from oil
palm mesocarp fibers (OPMF); b stable aqueous suspension of CNC-OPMF; c XRD patterns of
OPMF [32, 33]
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On the other hand, there are some studies demonstrating that it is possible and
feasible to incorporate CNC into TPS matrices in the molten state on a torque
rheometer at 140 °C, and also using a twin screw extruder [32, 34, 36]. It was
observed that the CNCs improved the mechanical properties of TPS in addition to
decreasing their sensitivity to moisture, and any modification of these materials was
necessary due to their compatibilities and chemical similarities. Lyophilization of
CNCs has been the technique most used to ensure the effective dispersion of the
nanoparticles through the polymeric matrix obtained by extrusion, but there are still
agglomerations of nanofibers in a polymer matrix [59].

Thus, another way of incorporating cellulose nanostructures into polymers is by
the melt processing of polymer nanocomposites. Extrusion and injection-moulding
processes are industrially common methods; they are cheap, fast and solvent-free
techniques. Due to the hydroxyl groups of cellulose, better results were obtained
when cellulose nanostructures were incorporated in polar polymers or starch
because strong nanofiller-matrix interactions are expected. The use of polar poly-
mers, such as polyamides, to obtain nanocomposites with CNCs showed promising
results in the increase of mechanical properties, however, it was necessary a pre-
vious treatment of CNCs, with surface coating with polyamide 6, to increase their
thermal resistance in order to support the processing temperatures of polyamides
[22]. There are also several studies of poly (lactic acid) (PLA) or poly (Ɛ-capro-
lactone) to obtain fully biodegradable nanocomposites, because they are polar and
biodegradable polymers [29, 37], but they are still more expensive than com-
modities polymers, such as polyethylene or polypropylene. About the dispersion of
hydrophilic cellulose nanostructures in conventional hydrophobic polymers by the
extrusion process, it is generally necessary to match the surface properties of the
filler and the matrix, i.e. modify the cellulose surface using a surfactant or cova-
lently graft hydrophobic chains with hydroxyls, or also coating the cellulose
nanomaterial with chains compatible with the matrix.

In this way, the main issues to overcome for an efficient melt processing of
cellulose nanostructures reinforcing polymer nanocomposites are the aggregation of
nanocellulose due to the drying process prior to melt processing, the irregular
dispersion within the matrix, the low thermal stability, structural integrity after
shear pressure of melt processing and orientation towards processing [39].

Film extrusion is a process in which the melt polymer is forced through a planar
matrix, in which the film can be formed by blowing or not [59]. When cellulose
nanofibers are added to the melt polymer to form films, some problems may arise:
film breakdown; thermal degradation of the polymer matrix and/ornanocellulose;
alignment of the nanocellulose and increase in viscosity due to the high aspect ratio
of the particles [59]. Many studies have shown that the challenge of obtaining
extruded polymeric films reinforced with nanocellulose, with improvement on
mechanical and barrier properties, is the good dispersion of the nanocellulose
throughout the polymer matrix [59]. Martínez-Sanz et al. [86] prepared PLA films
reinforced with CNCs by extrusion and observed an elastic modulus of 2.2 GPa and
mechanical tensile strength of 61 MPa, much better results than for pure polymer.
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Thermoplastic starch (TPS) reinforced with microfibrillated cellulose (MFCs)
were prepared via extrusion. The yield strength was improved by *50% and
stiffness by *250% upon adding 20 wt% MFC compared to neat TPS [78].

de Campos et al. [29] dispersed CNCs in TPS and PCL nanocomposites by the
aqueous suspension. The authors first obtained CNCs from sisal by alkali treatment
followed by sulfuric acid hydrolysis. The CNCs neutral suspension was dispersed
in starch prior to extrusion to obtain TPS and TPS/PCL nanocomposite. They
observed greater dispersibility of the CNC with lower concentration. High con-
centration of CNC in nanocomposite presented agglomeration and compromised
mechanical performance, while lower CNC concentration improved the mechanical
properties. The displacement and narrowing of the carbonyl band of the blend with
5% CNC showed the interaction between carbonyl groups of PCL with OH groups
of CNC, and avoided the interaction between CNCs, preventing their aggregation.

Electrospinning is a technology widely used for fibers formation. This technique
uses electrical forces to produce polymer fibers with diameters ranging from 2 nm
to several micrometres using bio-based polymer solutions or synthetic polymers is a
process that offers capabilities for producing nanofibers and fabrics with control-
lable pore structure [12]. Electrospun fibers have been applied in various areas, such
as, nanocatalysis, tissue engineering scaffolds, protective clothing, filtration,
biomedical, pharmaceutical, optical electronics, healthcare, biotechnology, defense
and security, and environmental engineering, due to its smaller pores and higher
surface area than regular fibers [12]. The technique consists of feeding a polymer
solution into a stream of pressurized air using a concentric nozzle. When the
aerodynamic forces overcome the solution surface tension, a solution jet jettisons
towards a collector and the solvent is evaporated forming polymer fibers that are
collected as non-woven mats [27].

Recent studies showed that the use of poly (ethylene oxide) (PEO) as a matrix to
obtain nanocomposite fibers containing CNCs and CNFs by electrospinning [73].
The incorporation of CNCs increased the elastic modulus in two times and
mechanical tensile strength in 2.5 times in relation to pure PEO [131]. The incor-
poration of CNFs also increased the elastic modulus and mechanical tensile strength
in more than two times in relation to neat PEO, indicating the potential use of
cellulose nanofibers as reinforcement in nanocomposites obtained by electrospin-
ning [129].

Solution Blow Spinning (SBS) is a technique for commercial-scale nanofiber
production, with lower cost compared to electrospinning [27]. The SBS process is
compatible with a wider variety of solvents than electrospinning and eliminates the
necessity of using high voltages [26, 94] and it is a great advantage to be more
portable, because with the commercial airbrush systems, depositing fibers on a
broad range of collectors and surfaces are facilitated[9, 126]. The applications for
SBS include their use in sensors and biosensors, wound dressings, tissue sutures,
drug delivery materials, filter membranes and adsorbents [27, 94]. da Silva Parize
et al. [27] prepared bio-based nanocomposites of PLA and CNCs by SB-Spinning
(Fig. 7). CNCs were obtained from Eucalyptus kraft pulp by sulfuric acid
hydrolysis (CNC) and esterified with maleic anhydride (CNCAM), they were
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applied in PLA solubilized into dimethyl carbonate (DMC) as a solvent. The
authors observed that CNCs of both sulfate groups and modified with maleic
anhydride acted as nucleating agents and tends to favour the formation of PLA
crystals of higher stability since the CNCs of both methods presented crystallinity
of around 64%. It is assumed that a fraction of the CNCs are on the surface of the
PLA fibers since the hydrophilicity of the composite films increased significantly.

4 General Applications

Nanocellulose and cellulose microfibrils present various potential applications and
have the advantage of being derived from natural sources and often a vegetal
residue. There are several potential applications, such as barrier [6] for liquid and
gaseous materials, reinforcement of plastics and cement, sensors of oil and gas
industry, medical devices as special dressings and prostheses [25, 80], in paints,
coatings, films and foams, cosmetics, photonics and in electrical as field effect
transistors (FET) [49] and electronic industries, solar cells, etc. [24].

The use of nanocellulose as reinforcement is already well understood. Both
microfibrils, nanofibrils and cellulose nanocrystals improve especially the
mechanical properties as well as thermal properties. The mechanical reinforcement
is related to cellulose hydrogen bonding network within the polymer matrix.

MFCs-, CNFs- and CNCs-based polymer nanocomposites provide improve-
ments in barrier properties. These characteristics are dependent on the fibrils
morphology of cellulose because their morphology can act as a barrier for the
penetration, as well as diffusion of liquid and even gaseous materials into the
cellulose-based film [89].

Fig. 7 CNCs from Eucalyptus kraft pulp applied in PLA nanofibers. Adapted from da Parize et al.
[27]
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Cellulose-based composite has been applied also as sensor materials. The
gas-sensing material can be fabricated from inorganic semiconductor metal oxides,
inserting a small amount of metal atom or organic conducting polymer [127].
However, in both systems, they are not entirely satisfactory. The mixture of both
and the cellulose can result in a flexible and conductive material. Because cellulose
can hold inorganic particles and consequently gain flexibility, being suitable for use
as a gas sensor [127].

Lin and Dufresne [80] reported a series of applications of nanocellulose as
biomedical materials. They highlighted these nanostructures as a “gif” provides by
Nature. Its physical properties, special surface chemistry, biocompatibility,
biodegradability and low toxicity make the nanocellulosea potential source of
production of diverse biomedical materials as tissue bioscaffolds for cellular cul-
ture, drug excipient and drug delivery, immobilization and recognition of enzyme/
protein and development in substitutes/medical materials like blood vessel, cartilage
and tissue repair

Nanocellulose applied to photonic have the main interest related to have the
liquid crystalline behaviour of CNCs which gives rise to iridescent films of defined
optical character and because both CNCs and CNFs may form optically transparent
stand-alone films. The evaporation of aqueous suspensions from CNCs can form
chiral nematic, iridescent and coloured films which depends on polydispersity of
the CNC sizes [2].

Another topic of great interest is a nanocellulose-based coating for controlled
release of drugs, in the form of membranes. In addition, modified CNC can be used
with aromatic groups, which can control the release of amino acids, being a
promising candidate in the immobilization of proteins, preserving the structural
integrity of the protein and increasing the activity and long-term storage stability
[121].

In food industry nanocellulose acts as a food stabilizer. They have a better
affinity with water than with oil and in some cases, nanocellulose may be substi-
tuted for oil in some cases to produce low-calorie foods acting as a functional food
ingredient [52]. The barrier properties increase the protection and preservation of
products and can increase the shelf-life of food [76].

5 Conclusions

Microfibrils and cellulose nanofibers can be obtained by several methods and their
performance in determined applications depends on the extraction methodology and
their dispersion in the matrix. In this way, the improvements that the microfibrils
and nanocellulose could give to the polymer nanocomposite depend upon their type
and dispersion and also the good interface interactions or compatibility between the
microfibrils and nanocellulose and polymer. These are characteristics that provide a
more efficient tensile transfer from the polymer matrix to the rigid dispersed phase,
resulting in the mechanical improvement of the obtained composites.
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Extraction of Cellulose Nanofibers
and Their Eco/Friendly Polymer
Composites

Stephen C. Agwuncha, Chioma G. Anusionwu, Shesan J. Owonubi,
E. Rotimi Sadiku, Usman A. Busuguma and I. David Ibrahim

1 Introduction

According to Lee et al. [1], cellulose nanoparticles are rod-like particles that have a
diameter in the nanoscale and consist of multiple cellulose chains that are combined
with intra- and intermolecular hydrogen bonds. The long discussions that are still
on-going about the preservation of our natural resources globally, has led to
renewed interest in the natural material [2–10]. The push for renewable materials
through researches is not unconnected to the fact that traditional materials like
metals, glass, and synthetic polymer increases environmental problems [11–13].
These problems are already viewed as a disaster in waiting and if not checked
properly may consume the globe. Problems associated with the usage of these
traditional materials include, but not limited to; health problems, waste management
issues, land degradation, groundwater contamination etc. [14–16].

To solve these problems, researchers are now focusing on materials from
renewable resources. Cellulose, a semi-crystalline polycarbohydrate compound, is
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the most abundant natural polymer on the earth [17–25]. It is derived from ligno-
cellulosic biomass [26–29]. It is relatively available in abundance, renewable,
biodegradable, eco-friendly, cost-effective and energy efficient [24, 30–32]. It is a
biocompatible material obtained from plants, bacteria, algae, and animals too [25,
31–34]. It is composed of anhydroglucouse units linked by chemical
b-1,4-glycosidic bonds [35–38].

Basically, cellulose fibers consist of other components like lignin hemicellulose,
waxes, oil, and water-soluble inorganic salts [9, 30]. However, the cellulose content
remains the main component with its percentage of natural materials ranging from
45 to 90% [40, 41]. In cellulose fibers, the cellulose forms microfibers and are
surrounded by lignin and hemicellulose, which are acting as cement in the fibers.
A helically cellular cellulose microfiber embedded in cementing material is formed
from long-chain cellulose molecules [25, 42]. Through natural biosynthesis, it has
been established that about 30–100 individual cellulose molecules come together
through the chain extended conformation to form the basic unit in the cellulose
fibers [43–45]. These fibers are primarily at Nano-scale [39, 46]. This chapter will
be discussing the extraction and isolation of these nanoscale materials and their
applications in today’s world. The various extractable nanoscale materials will be
referred to as cellulose nanoparticles (CNPs).

2 Nano-Scale Structure in Cellulose Fibers

Various types of Nano-scale cellulosic structures have been extracted from cellu-
lose fibers and are classified into different groups based on their shapes, dimensions,
functions and preparation methods. These also depend largely on the source of
cellulose and the conditioning used in processing the nano-scale structures [3–10,
20–25]. Based on the proposed classification by the technical association of pulp
and paper industry (TAPPI), the following nomenclatures are used [35, 47–53]

2.1 Microcrystalline Cellulose

Microcrystalline cellulose (MCC) consists of a large multi-sized aggregate of
nanocrystals which are bonded to one another. The commercially available MCC
have been found to have spherical or rod-like shapes with sizes ranging from 10 to
200 µm

2.2 Cellulose Microfiberils

Cellulose microfibers [CMF] is said to be made up of multiple aggregates of
elementary nanofibers with width ranging between 20 and 100 nm and a length of
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0.5–2.0 µm. CMF is produced via the use of intensive mechanical refinement of
purified cellulose pulp [54–56]

2.3 Cellulose Nanofibrils

Cellulose nanofibers (CNF) are those parts that are made up of stretched bundles of
elementary nanofibers made of alternating crystalline and amorphous domains.
CNF has dimensions ranged from 20 to 50 nm for the width and 0.5 to 2 µm in
length. CNF and CMF have been used interchangeably in many kinds of literature.

2.4 Cellulose Nanocrystals

Cellulose nanocrystals (CNC) are rod-like in shape. They are more rigid when
compared to CNF. This may be adduced to its high crystalline nature [3, 22, 24].
CNC is also referred to as monocrystalline cellulose, nanowhiskers, nanorods or
rod-like cellulose crystals. CNC can vary widely in their geometrical dimension
diameter ranging from 5 to 50 nm and 100 to 500 nm in length. This is because
CNC is generated by splitting the amorphous domains as well as the breaking of
local crystalline contact between the nanofibers done by hydrolysis using highly
concentrated acid [57–60].

2.5 Amorphous Nanocellulose

Amorphous nanocelluloses (ANC) are obtained by acid hydrolysis of regenerated
cellulose followed by ultrasound is integration [61–63]. ANC particles are found to
have elliptical shapes with diameters of 50–200 nm. ANC is said to exhibit high
accessibility due to their porosity with its irregular pattern, enhanced sorption and
thickening ability. However, it has poor mechanical property.

2.6 Cellulose Nanoyarm

Cellulose nanoyarn (CNY) is prepared by electrospinning a solution of cellulose or
cellulose derivatives [64–66]. Although, knowledge and understanding of CNY are
still limited to date because the study on CNY has been very low. However, the
majority of the obtained CNY have diameters of 500–800 nm. CNY has low
crystalline with very low thermal stability.
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3 Source of Cellulose Nanofibers

The different types of nanocellulose particles that were described earlier, in the last
section, are all derived from cellulose fibers. It is the mode of preparation that
determines the final products. Cellulose fibers are extracted from different sources
including plants, animals and bacteria. The source of the cellulose is very important
because it influences the type of treatment required and by extension, the size and
properties of the extracted cellulose [67–70].

Studies have shown that plant materials vary widely, and so, are the cellulose
extracted from them. For example, cellulose from woods has porous antistrophic
structure and exhibits a unique combination of high strength, stiffness, toughness
and low density [71].

Algae are another source of cellulose. It varies in species. There are green, red,
grey and brown types [72]. CMF from an algae cell wall was successfully extracted
using a combination of hydrolysis and mechanical refining [4]. Although, other
methods have also been used [72–75].

Tunicates are marine invertebrates. Although, research focus has largely been
channelled towards Sea squirts (Ascidiacea) which is just one of the classes of
tunicates. The tunicates produce cellulose in the outer tissue referred to as tunic. It is
from the tunic that the tunicin, a fraction of cellulose is extracted [76–81].

Bacterial cellulose is produced from the primary metabolism in certain types of
bacteria [7, 14]. Gluconacetobacter xylinus is the most widely used species for
bacterial cellulose. All these are viable sources of cellulose fibres, emphasizing the
bioavailability and renewability of these natural materials [6, 9, 14].

4 Extraction and Isolation of Cellulose Nanoparticle

The extraction method for CNPs can be classified into three main groups, namely
mechanical, chemical and biological methods. For the purpose of this chapter, we
will concentrate more on the chemical methods and procedures. However, some
very important mechanical methods available will be mentioned passively. Such
mechanical methods include high-pressure homogenization, microfludization,
grinding cryocrushing and ultra-sonication.

High-pressure Homogenization involves the use of force to push a suspension of
the cellulose pulp through a very narrow channel using a piston, under a high
pressure. It is widely used for large-scale production of CNP. However, this method
is associated with problems such as high energy consumption, excessive mechan-
ical damage to the crystalline structure of the CNP and incomplete disintegration of
the pulp fibers [35].

Micro fluidization is a mechanical method that uses the application of the
constant shear rate to prepare CNPs. Morphological characterization of CNPs from
microfludization showed that it produced more homogeneous size distribution than
high-pressure homogenization [82]. However, both methods have similar problems.
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Grinding involves the passing of the cellulose slurry through two grindstones.
One static and the other rotating at approximately 1500 rpm. This helps to apply a
shearing stress to the fibers to separating cellulose fiber into nano-sized particles
[35].

Cryocrushing involves the freezing and subsequent crushing of water-swollen
cellulose fibers using liquid nitrogen. The cryocrushedfibers are then dispersed
uniformly in water using disintegrator [35].

5 Chemicals Methods

Chemical method of extraction and isolation of CNPs can be categorized into three
steps. These do not involve the mechanical size reduction of the fibers. Step one
involves the purification of the raw fiber material to remove the non-cellulosic
components, step two involves a controlled chemical treatment to isolate
nanocrystals and step three involves the use of chemical or ultrasound treatment to
concentrate and dry the CNP. These steps have been summarized in the following
order of chemical processes: extractives pre-alkalization, alkalization, acetylation/
bleaching and acid hydrolysis [2]. Whichever theory is adopted, the same processes
are involved chemically. We will take the extraction processes step by step.

Step one—removal of no cellulosic components

This step is mostly carried out using alkali solution containing 1–5% sodium
hydroxide at elevated temperature, ranging between 30 and 70 °C for 1–4 h,
depending on the concentration of the NaOH Solution been used. The alkali
treatment removes a certain amount of lignin, hemicellulose, wax and oil. The alkali
treatment also helps in depolymerizing the native cellulose structure, defibrillating
the external cellulose micro fibrils and by extension exposing the short length
crystallites of the cellulose material [45].

Different authors have approached the alkalization of the raw fibers in different
ways. This is due to the fact that different plant fibers contain these components in
different proportions [17, 24, 26, 29, 35, 83–86]. Therefore, factors such as fiber
source, plant history and weather and soil type are very important considerations. In
addition, some authors have carried out pre-alkalization using ethanol and water
(in the ratio of 1:1, v/v), to remove grease and oil stains on the fibers before the
actual alkalization procedure. Table 1 presents different methods used by different
authors to carry out the alkalization process [87–95].

Under this step, the bleaching or acetylation of the fibers is done too. The
bleaching process is done to further purify the alkaline treated fibers, so as to
remove the lignin and hemicellulose left to a large extent, if not completely. These
components act as the cementing material in the fibers. Hemicellulose is a
water-soluble polysaccharide while lignin is a complex organic compound soluble
in alkali medium. Therefore, the bleaching is to improve the quality of the cellulose.
Published works have shown that authors have used the different chemical
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combination to achieve the desired results [3, 6, 8, 25, 26, 31, 83, 84, 90–95]. Some
have used sodium chlorite (NaClO2), others have used hydrogen peroxide (H2O2),
TEMP (2,2,6,6, tetramethylpiperidine-1-oxidant)

Ng et al. [24] listed some various bleaching treatments on fibers after alkalization
(Table 2). This table shows that conditions can vary widely, even with the same
type of chemical combination. However, bleaching is carried out by heating the
alkali-treated fibers in a solution of sodium chlorite to the boiling point under acidic
condition [87]. Such conditions (acidic) are created by the use of buffer which can
be prepared using NaOH and acetic acid and diluted appropriately. In the presence
of the acetic buffer, the NaClO2 is broken down to form chlorine dioxide (ClO2)
leading to the liberation of chlorine dioxide throughout the duration of the
bleaching. The use of H2O2 had improved the removal of lignin and hemicellulose.
This is because H2O2 is able to break the linkage formed between the lignin and
hemicellulose during the alkalization process which led to the ineffective removal
of the lignin. The bleaching can be repeated several times to ensure the complete
removal of the cementing components. The resulting white colour fiber after
bleaching is an indication that the bleaching process is complete and successful.
Literature has shown that the number of times the bleaching steps were repeated has
a significant effect on the final properties of the CNP obtained [24]. CNP with more
bleaching steps gives CNP that are slightly more thermally stable, better mor-
phologies with higher crystallinity [88]

Table 1 Different methods of alkali treatments of cellulose fibers as published by different
authors [24]

Sources Chemicals/
equipment

Conditions References

Coconut husk
fibers

2 wt% NaOH
solution

80 °C, 2 h, mechanical stirring, 2 times [88]

Kenaf fibers 4 wt% NaOH
solution

80 °C, 3 h, mechanical stirring, 3 times [89]

Kenaf fibers NaOH-AQ
(anthraquinone)

Cook in a digester for 45 min at 160 °C [90]

Kenaf fibers 12% NaOH, 0.15%
AQ

Cook in a digester for 45 min at 120 °C [91]

Rice husk Alkali solution (4 wt
% NaOH)

Reflux mixture at 120 °C for 1 h in a
round bottom flask

[92]

H. sabdariffa
fiber

2 wt% NaOH
solution

120 °C, 1 h, 15 lbs for [93]

Soy hull,
Wheat straw

17.5% w/w NaOH
solution

2 h [94]

Wood fiber 3 wt% potassium
hydroxide

80 °C, 2 h, [95]

6 wt% potassium
hydroxide

80 °C, 2 h,

42 S. C. Agwuncha et al.



Step two—Isolation of CNP

After the alkali and bleaching processes, the new material obtained is referred to as
cellulose fibrils (CF). The CF has improved crystalline structures that appeared to
be very compact in the nanocrystal form and kept in hydrogen bond interaction
among cellulose chains adjacent to each other. The cellulose crystals as a whole are
bonded together by the presence of disordered amorphous sections which exhibit
imperfect orientation along the axis (as shown in Fig. 1). Therefore, to obtain an
isolate with high crystallinity and purity CNP, the disordered amorphous region has
to be removed selectively. This is done by the use of chemical and mechanical
methods. For the chemical methods, the most common method adopted is the acidic
hydrolysis [87, 91, 95, 96]

The acidic hydrolysis method is a very convenient process that has been used in
time past and is still being used to obtain single and well-defined cellulose
nanocrystals (CNC). The acid attacks the amorphous region preferentially, leaving
the crystalline region insoluble [24, 35, 93, 97]. However as reported by some
author, the conditions of the acid hydrolysis, may determine to a large extent the
properties of the final CNC obtained. These conditions include time, temperature
and concentration of the acidic reagents. Table 3 listed some of the commonly used
chemicals that have been employed to carry out this hydrolysis process [94, 98–
101]. Chemically speaking, by subjecting the bleached cellulose fibrils to the
concentrated acid solution, the hydronium ions attacked the oxygen on the gly-
coside bonds between the two anhydroglucose units through the amorphous region
which is seen as structural defects. Hence, a hydrolytic cleavage of the glycosidic
bond along the amorphous chain [94, 102]. Also, the glyosidic bond can be cleaved
away from the oxygen element. This is followed by two anhydroglucouseunits of
separation and splitting into fragments of shorter chains [90, 97].The H2SO4 acid
solution is most preferred because it forms charged stable crystallites that remain
intact and can be easily isolated. If HCl acid solution is used the uncharged CNP

Table 2 Different methods used for the bleaching process of cellulose fibers [24]

Fiber
sources

Chemicals requirement Temperature/time requirements References

Coconut Sodium chlorite, glacial acetic
acid

60–70 °C, 1 h, mechanical
stirring, 1 and 4 times

[88]

Kenaf 2% NaClO2 and3% acetic acid 70 °C, 180 min [90]

1.5% NaOH and 1% H2O2 70 °C, 90 min

1.25% NaClO2 snd 3%acetic acid 70 °C, 90 min,

Kenaf 2% NaClO2and 3%acetic acid
1.2% NaOCl

70 °C, 90 min
25 °C, 60 min

[91]

Rice husk Acetic acidic buffer, aqueous 1.7
wt% NaClO2and distilled water

Reflux in a silicon oil bath at
100–130 °C for 4 h, four times

[92]

H.
sabdariffa

A solution of NaOH/acetic acid/
sodium hypochlorite mixture

25 °C, one hour [93]

Wood Acidified aqueous NaClO2 75 °C, 1 h, 5 times [95]
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tend to flocculate in aqueous dispersion making it difficult to isolate from the acidic
solution. For H2SO4, it reacts with surface hydroxyl groups leading to the formation
of the negatively large sulfonic group [103–111]. The condition used for the acidic
hydrolysis vary widely and depends largely on the precursors. Ng et al. [24] listed
some acidic hydrolysis methods with the condition used by various authors shown
in Table 3.

Step three—Mechanical Dialysis and Drying of Isolated CNPs

This stage involves the concentration, isolation and drying of the CNPs obtained
from the acid hydrolysis process. Once the hydrolysis process is assumed to be
completed, the process needs to be rapidly stopped. Many authors have applied a
different method to achieve this objective at this stage. No matter the method
employed or condition used, the most important thing here, is to recover most CNP
isolated. So authors have argued that hydrolysis alone may not give CNP of uni-
form sizes. Therefore, additional step mechanical agitation or homogenization may
be used to improve uniformity in size [115–117]. To stop the hydrolysis reaction, a
large quantity of water or iceberg is added to the reaction to stop any further
reaction on the cellulose. Then the solution formed is centrifuge repeated to remove
the acidic solution and isolate the CNPs. This is done repeatedly until the super-
natant becomes turbid. The supernatant is then homogenized using homogenizer or
micro-fluidizer or microfluidics. The aggregate CNPs can also be homogenized
using mechanical shearing. However, removing water from the CNP suspensions is

Fig. 1 Schematic diagram emphasizing the sources of cellulose fibers and the nanostructural
arrangement of their unit molecules [39]
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a delicate process. Therefore, drying the aqueous suspensions and understanding
the drying process is highly necessary. The major drying process include

(i) oven drying
(ii) freeze drying
(iii) supercritical drying and
(iv) spray drying [24, 118, 119]

In summary, the process of extracting CNPs from cellulose can be given in the
following steps as below and as exemplified in Fig. 2:

i. reduction of the cellulose fiber size into 2–5 mm by suitable mechanical process
ii. alkalization of the chopped fibers using alkaline solution which may be

repeated as desired
iii. bleaching of the alkaline treated fibrils, this process may be repeated as desired
iv. acid hydrolysis of the bleached fibrils to isolate CNPs
v. mechanical centrifuge of an acid solution containing the isolated CNPs
vi. drying of the isolated CNPs

Table 3 Selected procedure used for acid hydrolysis of cellulose nanoparticles isolation [24]

Fiber sources Chemicals/equipment Conditions References

Cotton 47% H2SO4 solutions 60 °C, 2 h, strong agitation [98]

64–65% (w/w) H2SO4 solutions 10 mL/g cellulose at45 °C for
1 h,

[102]

Conc HCl 20 mL/g cellulose at45 °C for
1 h

[112]

Kenaf 30% H2SO4 solutions 80 °C, 4 h, with strong
agitation

[101]

65% H2SO4 solutions
(preheated)

50 °C, 60 min, constantly
mixing using magnetic
stirring

[113]

2.5 M HCl solution 105 °C, 20 min, stirring [113]

Corncorb 9.17 M H2SO4 solutions 15 mL
of H2SO4 solutions per grams
of fibers,

45 °C, 60 min [114]

H.
sabdariffafiber

Oxalic acid 3 h in an autoclave at 20 lbs [94]

Coconut husk
fiber

HNO3 (0.05 N nitric acid
solution)

70 °C for 1 h [88]

Concentrated sulfuric acid
solution (64 wt%)

10 mL/g cellulose at 45 °C
for120, 150, and 180 min

Rice husk 10.0 mol L1 of sulfuric acid
(pre-heated)

strong agitation with a fibre
content of 4–6 wt% at 50 °C
for40 min

[93]

L. cylindrica 65 wt% sulfuric acid
(pre-heated)

mechanical agitation at 50 °C
for 40 min

[115]
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Feng et al. [83] extracted cellulose nanofibrils from sugarcane bagasse (SCB) and
described the method used as environmentally friendly. According to their work, the
SCB fibers were treated in a laboratory designed continuous steam explosion
extruder [83]. 5 kg of the SCB was wetted with deionized water until the moisture
content reached 45% before been transferred to the steam explosion extruder where
it was treated four times at 120–130 °C temperature and 1.1–1.5 MPa pressure and
then allowed to dry in air. This step was followed by alkali-catalyzed hydrothermal
treatment and bleaching with H2O2 at 80 °C for 3 h. The bleached fibers were
separated, the washed unit it attains pH � 7 before it was freeze dried. The
freeze-dried bleached fibers were further blended to disintegrate the nanofibrils. This
was done by first forming a suspension of the freeze-dried fiber and then blended
using a blender at 4800 rpm for 5 min. The suspension is then treated with

Fig. 2 Schematic diagram showing the main steps in the isolation of CNPs [24]
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ultra-sonication in an ice/water bath for 40 min. From the SEM and TEM results
obtained, the morphology of the nanofibrils showed uniform diameters, although the
CNPs were slightly agglomerate due to the presence of hydrogen bonding on the
surface of the CNPs. Also, the thermal analysis showed that the CNP prepared had
improved the thermal stability of about 14% increase. They concluded that dilute
solution of NaOH at 200 °C elevated temperature was able to remove most, if not all,
of the hemicellulose and destroyed the structure of the lignin. The CNPs was
obtained with the high-speed dispersion coupled with ultra-sonication. This method
completely eliminated the acid hydrolysis step and still gave CNF of uniform
diameter.

Neto et al. [120] extracted CNPs from agro-industrial waste using Soya hulls. In
their work, the soya hulls were first treated with a diluted solution of NaOH for 4 h
at 100 °C under mechanical stirring the treated fiber was washed to remove the
alkali solution completely and then dried at 50 °C for 12 h. The alkali treated fibers
were then bleached using acetate buffer (prepared with 27 g NaOH and 75 ml
glacial acetic acid and diluted to 1L) and sodium chlorite. The bleaching was
carried out at 80 °C for 4 h. At the end process, the fibers were washed until it was
neutral and then dried at 50 °C. CNPs isolation was done by first blending the
bleached fibers and sieved through a 35-mesh before the acid hydrolysis step. The
hydrolysis was performed at 40 °C for 30 min under vigorous and constant stirring.
On completion, the mixture was diluted with cold water to 10-fold. This is to stop
the reaction, then the diluted mixture is centrifuged twice for 10 min at 7000 rpm to
remove the excess acid and the precipitated was dialyzed until it is neutral
(pH � 5–7). Subsequently, the resulting suspension was treated using a disperser
for 5 min at 20,000 rpm and sonicated for 5 min before the colloidal suspension
was stored in the refrigerator at 4 °C with the addition of some drop of chloroform.
From their results, they concluded that the extraction process gave stable CNPs with
a high content of cellulose and fairly uniform diameter and aspect ratio.

In other work, Nascimento and Rezende [13] used a combined approach to
obtain cellulose nanocrystals (CNC) and nanofibrils (CNF) from elephant grass.
Their methods involved repeated alkali and bleaching treatment on the same fibers
and using a different concentration of reagents. Furthermore, the isolation tem-
perature, using 60% (w/w) H2SO4 solution, was varied from 20 to 60 °C with a
1:30 (g/cm3) fiber to solution ratio. The results showed that the amount of CNPs
obtained decreased as the number of repetition is increased. Also, as the concen-
tration of the chemical reagent was increased, the CNP yield decreases.
Furthermore, the extraction time of 20 min was grossly inadequate to isolate the
CNP. This is because in all the reagent combination used, none was able to isolate
CNP within 20 min. However, with a minimum of 40 min, CNP was isolated. This
is dependent on other parameters such as concentration and reagent mixture.

Whether the solution is a concentrated or diluted alkali or acidic solution, the
issue of environmental pollution is always there. Therefore, some authors have
tagged the use of steam explosion as a green method that is more environmentally
friendly [36, 37, 43, 83, 121–125]. In these cases, the fibers were placed in a reactor
(e.g. autoclave) at high pressure and temperature of 20 lb and 110 °C respectively

Extraction of Cellulose Nanofibers and Their Eco/Friendly … 47



for 1 h. Most fibers treated with steam explosion are bleached with a combination
of NaOH/acetic acid and sodium hypochlorite solutions [43]. The attempt to avoid
the use of chlorite (NaClO2) is due to health and safety concerns.

Many of the focus in cellulose nanocrystal extraction are targeting nonwoody
plants such as sugarcane [13, sugar palm [19], rice husk [50], sisal [126–128].
However, the extraction process still remains the same since the extraction process
is all about the removal of lignin (i.e. delignification), hemicellulose and all another
non-cellulose component.

6 Applications of CNPs

CNPs have unique properties that are very useful to man. Properties like low
density, large surface area, high stiffness and crystallinity, high aspect ratio, bio-
compatibility, biodegradability and renewability [127]. These properties have
enabled its application in many industries including medicals, pharmaceuticals,
packaging, water treatment, built and construction, and many others [40, 128, 129].

7 Medicals

So many medicals devices are now manufactured using polymer blends, composites
and nanocomposites. Some two decades ago, these devices were prepared using
only polymer materials. However, the health and environmental risk associated with
this practice have necessitated the development of more health and environmentally
friendly material. Research has shown that compounding the polymer blends has
made these devices, not only environmentally friendly but also biocompatible and
biodegradable [22, 26, 40].

Different types of medical devices have been made possible with the use of
cellulose nanocrystals. Achaby et al. [26] compounded some selected biopolymers,
namely chitosan, alginates and K-carrageenan, with CNC to evaluate their effect on
the tensile properties of the polymer film. Although the selected polymers are
considered as water-soluble polysaccharides, hence their treatment with water is
made easier. Also, CNC hydrolyzed with sulfuric acid has free OH−and anionic
sulfate groups on their surfaces. This made the CNC highly dispersible nanoma-
terial in water. The compatibility between CNC and biopolymers makes the CNC
dispersity in the biopolymer uniform [26]. Therefore, films of CNC and biopoly-
mers such as chitosan, alginates and K-carrageenan can be prepared more easily, if
all conditions are controlled. In their work, Achaby et al. [26], utilized their
properties to prepare a film of CNC and their biopolymer. The CNC-biopolymer
composites were found to have smooth faces and good flexibility.

Biopolymer-based composite films are usually known to have low tensile
properties. This has limited their possible applications. These drawbacks have been
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overcome with the compounding of the biopolymers using CNCs as shown by the
number of literature on this issue [123–126, 130]. CNC has been reported to have a
significantly reinforcing impact on the mechanical properties of the biopolymer.
Figure 3 shows samples of films prepared by compounding chitosan, alginate and
K-carrageenan with CNC intended for medical applications. This was made pos-
sible due to their relatively high aspect ratio and elastic modulus. Base on the
application of CNC various medical devices are fabricated using biopolymer-based
nanocomposites. For example screen and pin for orthopaedic surgery [131], a
scaffold for tissue engineering [35] and many more.

8 Drug Delivery Systems

Drug delivery is a modern technology in which drugs are loaded on special
materials and when administrated, are made to gradually release the drug depending
on the design condition. Drug delivery system improves the bioavailability of the
drug, preventing premature degradation, enhancing uptake, maintain drug con-
centration and reduce the side effect by treating disease site target cell [132–135].
The uploading of the drugs can be physical if it was just absorbed by the material or
chemical if there was any chemical bond formed. Many of the drug delivery
materials are pre-design to have these properties for specific target [132, 133]. One
of the properties of these materials is hydrophilicity and ability to chemically
modify the surface of the selected materials. Cellulose nanocrystals have been
found to meet all these requirements.

Fig. 3 A schematic representation of nanocomposite films based on CNC as nanofillers and
alginate, k-carrageenan and chitosan biopolymer materials [26]
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CNC are hydrophilic materials that are rich in OH groups on their surface. They
can be chemically modified with easy and still maintain their biodegradability (50,
34, 36, 22, 41, (1)). The CNP is able to bind and release water-solution molecules
through ionic interaction and this enables them to act as drug delivery materials
[32, 136–138]. Below are some reported applications of CNPs in drug delivery and
release technology.

According to [139], who studied the chemically conjugated molecules to CNCs
through the covalent and noncovalent bond, so as to functionalize the CNC.
Tetracycline and doxorubicin which are both water soluble and ionizable drugs
were found to have bound significantly in large amount to functionalized CNCs and
were also released within a period of one day.

Furthermore, cetyl trimethyl ammonium bromide (CTAB) was used to func-
tionalize the surface of CNC in order to make the material more hydrophobic. This
led to an increase in the Zeta potential value of the CNC functionalized material
(i.e. from −55 to 0 mv). The functionalized CNC were found to bound large
qualities of some anticancer drugs namely docetaxel pacitaxel and etoposide. These
drugs are hydrophobic and were found to be released in a regular pattern for a
period of two days [139].

CTAB was also used to modify the surface of torispherical CNCs. This was to
improve the loading capacity for anti-cancer drugs that are water insoluble such as
Luteolin and lueoloside [140]. CTAB is commonly used in conjugating nanoma-
terials in order to improve the hydrophobicity which will eventually lead to
improving loading of hydrophobic drugs such as most anticancer drugs [141].
However, this method should be used with caution as it has been shown that CTAB
can interact with the phospholipid bilayers of cells [32].

Again, CNCs was modified using cationic porphyrin (por) by [142]. This
interesting conjugation which forms suspended particles in aqueous systems was
found to be very effective for photodynamic inactivation of staphylococcus aureus
and mycobacteriumsmegmatis. However, it showed discrete activity against
Escherichia coli. In addition, [143] showed that CNC-Por was also very effective on
microorganisms such as Acinetobactorbaumannii.

Curcumin (CUR), an anticancer drug for treating prostate cancer was conjugated
to CNC (CNC-CUR) [144]. This particle which was found to be in the nanosize
range (5.2 nm) showed a high level of cellular uptake. This led to a maximum
ultrastructural change on apoptosis. When the CNC-CUR was compared to the
efficacy of CUR alone, The CNC-CUR drug showed increased efficacy in it anti-
cancer activity better than the free CUR. The results obtained showed that conju-
gating CUR with CNCs improved the drug’s availability and also its suitability for
the treatment of prostate cancer [144].

Also, [145] described a similar approach for the preparation of drug carrier
nanosize CNC for animated biologically active molecules and drugs. A spacer
molecule (gamma-aminobutyric acid) was grafted on CNCs through periodate
oxidation and Schiff base condensation reaction. However, due to fast releases of
the targeting moiety, syringyl alcohol (a releasable linker) was attached to CNC to
help control the release to the targeting moiety.
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Furthermore, [146] carried out three-step covalent binding procedures that
convert CNC into fluorescent labelling nanoparticles. The fluorescent labelling
nanoparticles were prepared by conjugating CNC with pyrene (Py-CNC). The
prepared nanomaterial was found to be highly selective toward Fe3+. Based on the
selectivity, it was suggested that the material might be useful as a chemosensor for
Fe3+ for applications in chemical, biological and ecological systems. [147] prepared
water-soluble photosensitizer–CNC (PS-CNC) by combining CNC with polyami-
nated chlorine p6. This improved greatly the cancer cell targeting potential of the
drug, indicating possible biomedical applications. Subsequently [148], used
Chitosan polysaccharide to react with CNC that was modified using TEMPO. This
modification helps introduced carboxyl moieties on the CNC surface.

In a review by [138], it was reported that 5-(4,6-dichlorotriazinyl) aminofluores-
cein (DTAF) was grafted onto cotton–derived CNCs (DTAF-CNCs). This helped to
create different charge densities on the surface of the CNC. These Charges influenced
the labelling efficacy which was observed to be within nmol/g range. Although, the
amount of DTAF bound to the CNCs was found to depend on the surface charge
density the amount increases with decreased charge density.

Folic acid (FA) link to CNCs drug delivery system which was observed in an
in vitro experiment to have good mediated uptake by rat brain tumour was prepared
by [149].

Tosufloxacin osylate (TFLX) was covalently attached to maleate-modified CNC
(MA-CNC) surface to prepare a prodrug using L-leucine as a spacer molecule
[150]. The investigation was conducted to evaluate the release behaviour in stim-
ulated fluids of the colon, gastric and intestine. Based on the results obtained, the
MA-CNC was effective in entrapping the drug with very good release behaviour for
colon specificity. Although more research may be required in this area, the
MA-CNC has shown good properties for it to be used as a drug delivery system for
a colon-treatment.

In all the examples provided above, it can be said that CNPs are finding good
application in medicine and medical related fields. The drug delivery system is one
of such active area that a lot of researches are ongoing. However, a lot of caution is
required at the moment. Many of the drug-related researches are on cancer, HIV/
AIDS, tuberculosis and diabetes [151]. Therefore, there is still a lot to be done. The
good news here is that it is possible with the right commitment.

9 Industrial Application

Functionalized CNPs have been utilized greatly in the area of filtration for water
treatment. Water treatment goal is to improve the aesthetic qualities of domestic and
industrial water. Contaminants can be organic or inorganic particulate matters [152,
153]. However, molecular pollutants have defiled the traditional methods of filtra-
tion. Hence, the introduction of functionalized materials that can interact chemically
with the contaminants at molecular level becomes very important [12, 18].
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This method has been used for the removal of organic persistent pollutants. Today
domestic water filtration systems are fitted with candles made of functionalized
CNPs composites that can remove organic pollutants as well as heavy metals
(Fig. 4ai, aii). Also, industrial water treatment system has filtration column too that
are packed with nanocellulose materials, functionalized to remove chemicals
impurities (Fig. 4b). The presence of OH group on the surface of cellulose
nanocrystals has made it possible to modify the CNPs for different functionality
[152–154].

Zhang et al. [31] prepared cellulose beads (CBs) with the amino functional group
and porous structure for the removal of the active ingredient by adsorption as a new
application for nanocellulose particles. The CBs were prepared by the inverse
suspension, coupled with a water-in-oil thermal regeneration method. The CBs
were then modified using epichlorohydrin, diethylenetriamine and triethylenete-
tramine. The CBs and modified CBs (MCBs) were then used for adsorption of
hyper in (Hy) and 2-o-galloyhperin (Ga), the active ingredient of pyrola (pyrola
incarnata), a medicinal plant that is traditional to China. The adsorption capacity of
the MCBs and ten other commercial resins for Hy and Ga were investigated. From
the results obtained, the adsorption capacities of the MCBs were much higher than
all the commercial resins. The investigation showed that some of the MCBs had
adsorption capacity that were three times higher when compared to the commercial
resins. Based on their explanation, the effective interaction between the MCBs and
the active ingredient were due to the ability to form chemical bonds such as van de

Fig. 4 Typical examples of candles (ai and aii) and column (b) for domestic and industrial water
filtration respectively, researched are on-going to replace these materials with nanocellulose
composites [155–157]. Image source: Adapted from google image
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Waal forces, hydrogen bonding and electrostatic interactions. Furthermore, the 3D
porous structure of the MCBs enhanced the surface area significantly, thereby,
providing more sites for adsorption of the active compounds [158–161].

Application of CNPs as adsorption material has aroused interest due to multiple
hydroxyl functionalities on the surface of the nanocellulose. These sites offer many
active sites for chemical modification. Based on this, CNPs materials have been
successfully used in various fields [31]. In recent time, cellulose have been modified
with alkenes [162, 163], Oxiranes [164], Amines [165] and carbonyls [166, 167].
Such modification has improved the adsorption efficiencies and physical stability of
the CNPs. Reported works have shown that these modified CNPs have been suc-
cessfully applied to the adsorption of metal ions [168, 169] and organic compounds
[170, 171].

10 Preparation of Polymer Composites

The compounding of polymers, either neat or blends of polymers, with CNPs has
helped to diversify their possible application. Many polymer materials suffer from
water permeability limitation. Some polymers suffer from poor mechanical and
thermal properties [172]. However, the addition of CNPs to such polymeric matrix
as the filter has helped improved the wettability, or water permeability, mechanical
properties (Youngs modulus and impact strength) and thermal stability.

Furthermore, the compounding of polymer with CNPs filters has been shown to
improve the degradability of the polymers [30, 36, 55], thereby increasing the
possibility of wider applications with little fear of environmental pollution issues. In
the building and construction industry concrete waste generated pose a serious
disposal problem. However, the substitution of the concrete with biodegradables
composites has greatly reduced the problem [173]. This is because many
biodegradable composites can either be reused, recycled or compose as manure on
farmland.

The aspect ratio for these CNPs has led to improved mechanical properties
[88, 129]. The surface area, which is in range of nano, has been reported to be
responsible for the improvement in the mechanical properties of the composites.
However, the compounding of the polymer matrixes with CNP fillers have con-
ferred on the composites many other properties including oxygen permeability,
water absorption and permeability, wettability, e.t.c [7, 14, 17, 20, 24, 25]

10.1 Packaging

The formation of films and preparation of composites using CNPs has revolu-
tionized the packaging industry. The problems of the packaging industry in the past
include waste management and environmental pollution [30, 32, 173]. The polymer
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materials in use then do not undergo degradation easily. Therefore their disposal
becomes a serious issue. However, the replacement of these materials with the ones
prepared using cellulose fiber extracts, especially CNPs, has solved many of the
associated problems [1, 2, 24, 25].

CNP films and composites are applied in different packaging industries. These
include (i) film for food and fruit wrapping, which also improve the shelf life of the
food items; (ii) multi-layer functionalized packaging items for food extracts like
juice extract; (iii) easy-to-serve or take-away pack used in fast food centers and
shopping malls; (iv) drug and medical packages.

Nanopaper structure is one of the important applications of MFC suspension
which are mainly converted films of MFC [174]. Cellulose gels which are also
obtained from MFC can be converted into a film by different methods. Among them
are casting method and vacuum filtration. The removal of the water content of the
MFC gel leads to the formation of a cellulose nanofiber network. This is made
possible because of the inter-fibrillar hydrogen bond formed inside the material.
The process involved in the film formation and the quality of MFC used will greatly
affect the quality of the film produced. A number of these processes have been
developed in order to obtain more uniform films from the MFC. Films prepared by
the vacuum filtration method have been observed to have a thickness which varies
widely from 60 to 80 µm. However, using the dynamic sheet former, films with
homogenous thickness have been obtained [175, 176]. The method is said to be fast
and leads to the formation of highly transparent films if the appropriate instrument
is used. Solvent exchange process has also been used to prepare a film of good
qualities. Such films have displayed porosities of varying thickness ranging
between 70 and 90 µm [174]. Other methods used in the preparation of MFC film is
the spraying or the classical solvent casting method [177–180]. In all these meth-
ods, the concentration of the MFC in the solvents is left below 1 wt%. In whichever
method is employed, the objective is to remove the solvent in a controlled manner
that combines different conditions of temperature, relative humidity and time. This
process often last for 2 h regardless of the method used [181, 182].

10.2 Emulsifiers and Solvent Thickner

CNPs are been used as emulsifiers for so many products these days [179]. CNPs
have been used in the preparation of products like paints, liquid detergents and
many more [109]. The neutral nature of the CNPs has made their utilization for
these purposes very possible. Also, CNPs forms a stable colloid when dissolved in
water or suitable solvents. Although, this may depend on the process by which the
CNPs were prepared.
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11 Conclusion

Cellulose is the most common natural raw material available on earth with a
biosynthesis production of 1011–1012 tons per year. It has many benefits which
include low cost, lightweight, renewable, biodegradable and environmentally
friendly. They can be extracted from plants and animals. The extraction and iso-
lation of cellulose nanoparticles (CNPs) from cellulose fibers has led to the dis-
covery of these new renewable, biocompatible, biodegradable, nanosize materials
of different kinds and shapes. The processes used in the isolation determine the final
properties of these materials. The processes can be categorized as follows: fiber size
reduction, alkalization, bleaching, hydrolysis and mechanical isolation. The
extraction of nanocellulose particles has led to the isolation of such materials as
cellulose nanocrystals, cellulose nanofibrils (CNF) and cellulose microfibrils
(CMF). These nanosize materials have different shapes which also affect their
chemical properties. In recent time, the CNPs have found very useful applications
in our society. They are used as fillers for composites preparation, film formation,
biomedicals and industrial materials.
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Synthesis, Characterization
and Applications of Polyolefin Based
Eco-Friendly Polymer Composites

Akash Deep, Deepanshu Bhatt, Vishal Shrivastav, Sanjeev
K. Bhardwaj and Poonma Malik

1 Introduction to Polyolefins

Polyolefins are the term for polymeric materials which ensembles polyethylene
plastics of different types including low-density polyethylene (LDPE), linear
low-density polyethylene (LLDPE), high-density polyethylene (HDPE), and
polypropylene (PP). In another word, polyolefins are the class of synthetic polymers
which are formed by polymerization of olefin monomer units. They are commonly
produced from the carbon-rich resources such as coal, oil and natural gas. These
polymers are prevalently used in a wide array of applications such as food industry,
hygiene, medical instrumentation, toys manufacturing, agricultural sector, geotex-
tiles, electronics (as an insulator), apparels and household accessories, sports items,
transport systems, ropes and twines, packaging material, etc. Their properties and
applicability are highly influenced by molecular properties and branching. In
general, Polyolefins can be without any polar group (non-functionalised polymers)
or with polar groups (functionalized polymers). Almost all the polyolefin manu-
facturing processes involve the use of either free radical initiators or coordination
catalysts. Currently, polymers bearing polar functionalized side groups are highly
desirable materials compared to non-functionalised ones as the former category
offers beneficial properties of strong adhesion, toughness, easy print/paintability,
good miscibility and favourable rheological properties [1].
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2 Non-functionalised Polyolefins

Non-functionalised Polyolefins or simply Polyolefins are one of the most essential
polymers in modern life. It is impressive to consider that Polyolefins, made from
simple monomers containing only carbon and hydrogen, can be used in a wide
variety of applications [2]. Polyolefins can be manufactured by the injection
molding and extrusion method and they are characterized by excellent rigidity,
toughness, and temperature resistance. At present, Polyolefins are the most sig-
nificant commodity plastics. The large impact of Polyolefins in the market has been
created because of their low production costs, relatively low environmental impact,
and flexible and tunable physical and mechanical properties [3].

Polyolefins can be broadly classified into two main types, polyethylene, and
polypropylene. Polyethylene (PE) are further categorized according to their short
and long chain branch (LCB) structure in three major types: low-density poly-
ethylene (LDPE), linear low-density polyethylene (LLDPE), and high-density
polyethylene (HDPE) [4].

3 Synthesis of Polyolefins

Low-density polyethylene (LDPE) is produced commonly by free radical polymer-
ization. The manufacturing is carried out in reactors at pressures of 1000–3000 atm
and temperatures of 200–275 °C. Under these extreme conditions, the starting
material ethylene becomes a supercritical fluid with a density of 0.4–0.5 g/mL.
Initiation of reaction can be carried out either by oxygen or peroxides. Here, branching
controls the density of high-pressure polyethylenes. In general, as the branching of
polymeric chain increases, it leads to reduce the density of the polymer. The rate of
propagation steps increases by increasing the pressure and controls the termination
and branching steps. Commonly, high pressure favours the production of higher
densities, less branching and high molecular weight of polymers.

The synthesis of HDPE and LLDPE is achieved with the help of coordination
catalysts [4]. This process is known as coordination polymerization. Most HDPE
and LLDPE resins are prepared with either Ziegler-Natta or Phillips catalysts. The
use of coordination catalysts is very common for olefin polymerization. Here, the
catalytic property depends on the type of transition metal and the geometry and
electronic character of the ligands. In most cases, the activation of the catalyst is
carried out by some sort of complexes (known as precatalyst or catalyst precursor).
The activation is made just prior to the injection of catalyst in the polymerization
reactor or inside the reactor itself. The activator further alkylates the pre-catalyst
complex to form the active sites and stabilizes the resulting cationic active site.
Besides activation, the precursor also works as a Lewis acid (electron acceptor)
which helps to scavenge the polar impurities (e.g., oxygen, sulfur, nitrogen com-
pounds) from the reactor.
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The polymerization process involves two main steps (Fig. 1). The monomer
coordination takes place to the active site followed by its insertion into the growing
polymer chain.

Prior to insertion, the double bond in the monomer coordinates to the active site
of the transition metal. After the insertion into the polymer chain, another olefin
monomer can coordinate to the vacant site and the process continues at a fast
frequency until a chain transfer reaction takes place. In the case of copolymeriza-
tion, there is a competition between comonomers for the coordination site and their
insertion into the growing polymer chains.

4 Polypropylene

Polypropylene can be produced in a variety of stereochemical configurations
(Fig. 2). The isotactic polypropylene has the methyl groups on the same side of the
backbone; the syndiotactic candidate carries on alternating sides, and the atactic
polypropylene possesses the methyl groups in a random fashion along the chain.
Among these, the atactic polypropylene is amorphous and has little commercial
value. Both isotactic and syndiotactic polypropylene are semi-crystalline in mor-
phology with high melting temperatures. Isotactic polypropylene is the most
dominant material of its class in the market. It is easily produced with the appli-
cation of heterogeneous Ziegler–Natta, and metallocene catalysts. In comparison to
isotactic polypropylene, the syndiotactic polypropylene can be produced only with
the help of metallocene catalysts and has much less commercial value.

Fig. 1 Activation, initiation and propagation steps for coordination polymerization. Reproduced
from Soares et al. [5]
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4.1 Controlled Polymerisation of Polyolefins

In comparison to the early generation of multi-site Ziegler-Natta catalysts, modern
metallocene catalysts have only one type of catalytically active center, which can
readily be fine-tuned to produce some uniform homo- and copolymers with
extraordinary properties. These metallocene structures, especially ligand substitu-
tion patterns, can then be tailored to control the final polymer microstructure, their
molecular weights, end groups, and morphology with utmost precision [7, 8]. The
use of metallocene catalysts for the production of Polyolefins became significant
since the 1980s. Metallocenes function very actively for olefin polymerization when
activated with methyl aluminoxane (MAO), instead of trimethylaluminum
(TMA) which was commonly used in a case with Ziegler-Natta catalysts. The
presence of MAO in the process enhances the activity of metallocenes by a factor of
about 1000 [9–11].

4.1.1 Future of Metallocenes or Single-Site Catalysts

As describes earlier, metallocenes have some unique advantages over conventional
Ziegler-Natta catalysts. They allow the realization of tailor-made polymers which
were not possible by conventional catalysts. The innovation of single-site catalyst
by metallocenes and some other organometallic catalysts from multi-site catalysts
was a remarkable event in polyolefin industry. It is estimated that metallocenes will
overpass all the other kind of catalytic processes in next few years. However, more

Fig. 2 Main polypropylene types: isotactic, syndiotactic, and atactic. Reproduced from
Koltzenburg et al. (2017), [6]
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varieties of tailored multi-site catalysts should be discovered in near future to
catalyze the production of next-generation eco-friendly highly functionalized
homopolymers and copolymers.

5 Synthesis of Functionalised Polyolefins with Better
Eco-Friendliness

The recent research in the area of Polyolefins has been focussed on making their
functionalized forms, e.g., complex, mixtures, block copolymers, and micro-and
nanocomposites with inorganic and organic fillers. Such approaches are helpful to
realize the development of more efficient and environmentally friendly Polyolefins.
Functionalized polyolefins play a fundamental role in improving the properties of
morphology and thermal and mechanical behaviours. The functionalized
Polyolefins also help in discovering new materials which were otherwise difficult to
be obtained by conventional synthesis approaches.

The starting material for the synthesis of polar functionalized polymers is simple
polyolefins (e.g., polyethene or polypropylene). An introduction of small amounts
of polar functionalities into the alkene chain makes a tremendous effect on the
surface properties of resulting polymers [12, 13]. The functionalised Polyolefins, on
the basis of their structure, can be classified into four categories (Fig. 3): (a) ran-
domly functionalized copolymers that exist as either branched, (b) linear structures,
(c) end-functionalised copolymers, (d) block copolymers, and (e) graft copolymers
[14, 15].

Fig. 3 a Randomly functionalized copolymers that exist as either branched, b linear structures,
c end-functionalized copolymers, d block copolymers, and e graft copolymers. Reproduced from
Franssen et al. (2013), [16]
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5.1 Randomly Functionalised Copolymers

Randomly functionalized Polyolefins, as the name indicates, have functional groups
in an unsystematic way. A slight change in their structure allows the introduction of
new properties. Such copolymers can be synthesized in a variety of ways as
depicted in Fig. 4.

5.1.1 Polymer Post-functionalization

Polymer post-functionalization is currently one of the most favored approaches.
The post-functionalization of polymeric structures can be carried out in the bulk as
well as on the surface [12]. For instance, the reaction of free radicals with C–H
bonds of a polymer backbone can result in the H abstraction and the subsequent
formation of a polymeric radical. In a different approach, insertions of carbenes or
nitrenes into the C–H bonds of the polymer backbone is practised. In an industrial
setting, surface modification is also processed via plasma, corona and flame treat-
ment [17]. Non-functionalised polyolefins have no reactive groups and therefore
their chemical modifications (inert C–H bonds) may generally require harsh con-
ditions [17, 18]. Note that such treatments can also cause many undesirable side
reactions to happen; for example, cross-linking or chain scission. This can lead to
severely alter the properties of the polymer.

Fig. 4 Different synthesis pathways for the synthesis of randomly functionalized copolymers.
Reproduced from Franssen et al. (2013), [16]
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5.1.2 Ring-Opening Metathesis Polymerization (ROMP)

ROMP of the functionalized cyclic alkenes, followed by subsequent hydrogenation
of the resulting polyalkenamers offer a viable approach to obtain functionalized
Polyolefins. The development of more efficient and polar-tolerant catalysts (mainly
based on ruthenium) has sparked the growth of ROMP based treatments [19]. The
method provides controlled sequence distributions of copolymers which in turn has
a major effect on the crystallinity and physical properties of the produced polymers.

5.1.3 Acyclic Diene Metathesis Polycondensation (ADMET)

ADMET process is very much similar to ROMP synthetic route. However,
ADMET requires the use of special symmetrically functionalized a,o-diene
monomers instead of cyclic monomers. The presence of polar functionalities in
monomers leads to catalyst poisoning. As a result, the protection of the functional
group is often required prior to polymerization [20, 21]. The recent discovery of
certain metal complexes has allowed the production of a wide variety of side group
(e.g., alcohol, acetate, ether, ester, amine/amide, halide, etc.) containing functional
polymers. ADMET allows gaining precise control over the polymeric microstruc-
ture. Hence, it can function as a complementary technique to another process like
radical polymerization.

5.1.4 Radical Polymerization

Radical polymerization of olefins and polar vinyl monomers (e.g. acrylates, vinyl
acetate and acrylic acid) is a widely applied approach on commercial scales. The
resulting copolymers find many applications in our daily life. The radical poly-
merization of non-polar olefins and polar vinyl monomers is not necessarily feasible
due to the poor reactivity of olefins and lack of stability of the generated radicals for
smooth polymerization. The product formation is often dependent upon harsh
polymerization conditions (such as high temperatures and pressures).
Consequently, the formation of highly branched Polyolefins is realized with these
processes [22, 23].

5.1.5 Catalytic Routes

Transition-metal (TM) catalyzed routes facilitate the synthesis of functionalized
copolymers. These processes allow control over the number of polar functionalities
and their distribution along the polymer backbone which is a special advantage of
TM catalyzed methods over the radical polymerization reactions [24]. The TM
catalyzed routes involve either early transition-metal catalysis or late
transition-metal catalysis with both of the methods having their own pros and cons.
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5.2 Chain-End Functionalized Copolymers

Chain-end functionalization is a key step in the synthesis of Polyolefins. This is, in
fact, the starting point for constructing more complex macromolecular architectures
including block copolymers and graft copolymers from otherwise unreactive
polyolefin chains. Polyolefins bearing a terminal functional group at either one end
or both ends (i.e. telechelic polymers) can be prepared by different chain-end
functionalization routes. These strategies may contain controlled end-capping of
living TM-catalysed polymerization, in situ chain transfer reactions during TM
catalyzed coordination polymerization, and modification of preformed unsaturated
chain ends [25, 26].

5.2.1 End-Capping of Living Polymerizations

The end-capping of living polymerization is a classical approach for the intro-
duction of terminal functionalities. This approach is rather less suitable for
end-functionalization of Polyolefins with polar groups. The process is
metal-consuming and requires the use of specific catalysts [27].

5.2.2 Chain-Transfer Reactions

End-functionalisation via chain transfer is a fairly efficient approach because of it
being very metal-efficient and attainment of desired end functionality of
Polyolefins. The chain-transfer reactions can be carried out in a variety of ways as
elaborated in Fig. 5.

Fig. 5 Overview of chain-transfer reactions used for the end-functionalization of Polyolefins.
Reproduced from Franssen et al. (2013), [16]
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5.2.3 Functionalisation of Unsaturated Chain Ends

The chemical modification of preformed unsaturated chain-ends of Polyolefins has
been used for the introduction of several functionalities. The associated process
may involve hydroboration, hydrosilylation and hydroalumination reactions [26].
This approach is not free from certain limitations which ultimately undermine its
utility for the synthesis of end-functionalised Polyolefins. As such, the chain-end
unsaturation of the preformed Polyolefins should be nearly to quantitative amounts
to guarantee complete functionalization.

5.3 Segmented Copolymers: Block and Graft Copolymers

The segmented copolymers can bear a large quantity of functional groups with
simultaneous preservation of the original properties of precursors (i.e.
non-functionalised polyolefin chains). In this way, the crystallinity, melting point
and hydrophobicity of the original Polyolefins are retained even after the func-
tionalization. Both block and graft copolymers are ideally suited to act as com-
patibilisers in polymer blends. The functionalised segments can ensure desired
adhesion to the polar surfaces whereas the non-polar segment can interpenetrate
into Polyolefin homopolymer domains [28].

5.3.1 Synthesis of Block Copolymers

The synthesis of polyolefin-based block copolymers is often processed in a
multi-step manner that involves the application of two or more mechanistically
distinct polymerisation techniques [29]. Most of the popularly used synthesis
pathways for block copolymers involve transformation reactions, which are pro-
cessed via cross-over between distinct polymerization mechanisms. Figure 6 gives
an overview of the transformation reactions used for synthesis of block copolymers.

Mechanistic transformations are performed in various living/controlled poly-
merization for the synthesis of block copolymers. In Fig. 6, the solid lines are
indicative of pathways which are suitable for the synthesis of functional Polyolefins.
The dashed pathways do not provide desired results.

5.3.2 Synthesis of Graft Copolymers

Graft copolymers can commonly be prepared via transformation reactions. Such
reactions involve two mechanistically distinct polymerization mechanisms. The
modification of one chain end is more or less straightforward in the of block
copolymers. In contrast, the synthesis conditions for graft copolymers are more
challenging. These methods require modifications on multiple sites along the
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backbone of the polymer. In summary, three major routes are used for the synthesis
of graft copolymers which include grafting onto, grafting from, and grafting
through approaches (as described in Fig. 7) [30, 31].

The “grafting onto” method requires the polymer backbone to be synthesized
with randomly placed functionalities. A subsequent step for the coupling of the two
functionalities then allows the formation of graft copolymers which have
end-functionalized polymers as branches of the main chain. The “grafting from”
methods involves the synthesis of a polymer backbone through ETM-catalysed
insertion polymerization. The functionalities are thereafter incorporated via direct
copolymerization of selected functional monomers in the presence of either ethene
or propene (or both) [25, 32]. In the “grafting through” or macro-monomer method,
a polymer–oligomer chain (containing a polymerizable end group) is formed which
can subsequently be copolymerized to yield graft copolymers [16, 33]. The vari-
ations of the degree of polymerization of the side chains and polymer backbone can
allow the selection of the length of the grafts and the final grafting density,
respectively. At the time, incompatibility of the monomers (e.g., in their viscosities)
may pose some difficulties in the grafting though processes. In such cases, the
multi-step reaction must be carried out to ensure the desired success.

Overall, a remarkable volume of research work has been carried out over the past
decade to prepare functional Polyolefins. As can be expected in the world of
chemistry, each method (described above) has its own advantages and limitations.
The synthesis of functional Polyolefins in a controlled way with the tuneable
amount of functionalities still remains a challenge despite many recent advances in
this field. Researchers are working in the direction of improving the quality of new
catalysts.

Fig. 6 An overview of different transformation reactions used in the synthesis of block
copolymers. Reproduced from Franssen et al. (2013), [16]
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6 Synthesis of Eco-Friendly Polyolefin Composites

With the functionalization of Polyolefins, they become amenable towards the for-
mation of composites with other materials, e.g. natural fibers. The constituent
materials define the properties (e.g., strength and stiffness) of the composite. In
recent decades, there a great interest has generated toward the development of green
composites which shows the advantages of being fully sustainable, biodegradable,
and environment-friendly. The addition of biodegradable additives in Polyolefins at
the time of their manufacturing may allow the resulting composites to undergo
faster degradation after their use. During recycling of such composites, the bacterial
action leads to the release of additive and breakage of the long chain of Polyolefin
molecules into smaller ones. Thus, it becomes possible to degrade Polyolefins
composites with the help of naturally occurring bacteria.

Researchers have proposed the formation of Polyolefin composites with natural
materials like wood and natural fibers, wood flour, wood waste, sugar cane, rice
hulls, paper waste and industrial fibers. The above mentioned natural sources are
easily available and their addition helps in the realization of biodegradation and

Fig. 7 General methods for the synthesis of graft copolymers. Reproduced from Franssen et al.
(2013), [16]
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disposable polyolefins. The next few paragraphs of information are devoted to the
discussion on different industrial synthesis methods employed to produce polyolefin
composites.

Industry uses different synthesis methods to prepare the composites of polyolefin
inefficient and cost-effective manner. The condition, such as processing tempera-
ture, the rate of cooling, pressure, and the steps in general influence the properties
and shape of the final product to a large extent. In this way, one can control the
materials’ mechanical stability, crystallinity, elastic modulus, tensile strength, etc.
For example, the extrusion method is one of the simplest and oldest methods which
is used to mix two or more polymers or elastomers (e.g. wood-thermoplastic
composites). The same product having a lighter weight and more complicated shape
can be obtained by injection or compression molding methods [34].

6.1 Extrusion and Pultrusion

Extrusion is the process in which plasticized polymers are forced to pass through a
die under pre-optimized conditions of temperature, pressure, and dosing. The
materials of the desired shape such as such as tubing, pipes, hose, sheet and film,
continuous filaments, or coated electrical wire are obtained. Currently, this tech-
nique is used in many industries for the production of polyolefin composites
because of cost-effectiveness and continuous working characteristics [35–38]. This
process allows the formation of a variety of plastic products like bags, pipes, thin
sheet, etc. Pultrusion is a technique similar to extrusion with the major difference
that the workpiece is pulled from the die. Nowadays it is the most cost-efficient
technique for the production of Polyolefins composites. It can also yield continuous
production of products with constant and straight cross-sectional profile. The
instrument for pultrusion has a heating die, in which the materials get cross-linked
with each other and then are released with a desired cross-sectional profile.

6.2 Injection Molding

Though extrusion process is one of the oldest techniques and successful to produce
Polyolefin composites, it is limited to form a simple basic structure in forms of
pipes, cylinders, sheets, and so on. For complex geometry, alternative techniques
have to be used. The injection molding technique overcomes such limitations and is
used to produce complex 3D structures. The injection molding is considered as one
of the best “net shape” (i.e., the production of desired products using only one
process) manufacturing processes. This technique offers the advantages of sim-
plicity, reliability, versatility, and efficiency [39]. One-third of total polymer pro-
duction is processed by injection molding. The injection molding technology gives
advantages like complex structure production and automation. However, some
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drawbacks are also observed at times. For instance, it is not necessarily suitable for
low production purposes due to high-cost of tool, and requirements of auxiliary
equipment and mold.

6.3 Calendering

The calendering process to prepared Polyolefin composites involves the passage of
two or more materials through a series of heated rollers. Thus, it decreases the
thickness of the material and provides the production of thin sheets of about 1 mm
thickness. The cost of calendering equipment is high but it can work continuously
once the production starts. Calendaring is used to make Polyolefin composites with
paper, wool, silk and other natural fibers [40].

6.4 Compression Molding and Thermoforming

Compression molding and thermoforming are also used for the preparation of
Polyolefin composites. Compression machine mimics a press oriented vertically
with top and bottom halves wholly interlocked with each other. The materials are
placed between the above two halves and then compressed under the influence of
heat and pressure. Thermoforming is similar to compression molding. The only
difference being the presence of additional holes that can be used to alter the air
pressure.

7 Improvement of Composite Compatibility Between
Polyolefins and Natural Additives

As a common problem, polyolefins are incompatible with other constituents like the
natural fiber with which they are going to be blended for the formation of
eco-friendly composites. Such a situation can be countered with the application of
compatibilizers. For instance, polylactide (PLA)/polyethylene (PE) composites
have been prepared with the application of E-GMA and EMA-GMA (glycidyl
methacrylate groups) as compatibilizer [41]. PLA’s role is to maintain a good
mechanical strength and toughness, whereas GMA increases the elastic modulus of
the final product [42]. The above technique is useful method when nature fibers
(containing –OH group) are used for the Polyolefin composite preparation. The
natural fibers are hydrophilic while Polyolefins are hydrophobic, which leads to
incompatibility. As another example, bio-polyethene/curaua fiber composite can be
processed in presence of hydroxyl-terminated polybutadiene (LHPB) as a
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compatibility agent. Note that bio-Polyolefins are the biodegradable materials
whose olefin monomers are extracted from naturally available sources.

The Polyolefin composites can be modified (stabilized) by various physical,
chemical, physical-chemical and mechanical methods. The selection of the appro-
priate method depends upon the nature of both Polyolefin and the additive as well
as the processing conditions deployed during the formation of the composite.

7.1 Chemical Methods

The use of the chemical can stabilize the composite. As already discussed by few
examples, surface modification or compatibilization can be achieved by chemical
reactions utilizing the hydroxyl groups. Besides this, copolymerization can also be
an option. Silanes can couple with a hydroxyl group to form a layer of hydrocarbon
which is hydrophobic. Hence the use of silanization chemistry is helpful to reduce
wettability of the fiber and improve the stability of composites [43–46]. Similarly,
isocyanates also react with the hydroxyl group of natural fibers to form the urethane
linkage [47–49]. Since the presence of acetyl group can also decrease the water
content or absorption, the acetylation of materials can also stabilize the composites
by increasing the hydrophobic behaviour. For example, acetylation of wood
increases its interfacial compatibility with polypropylene [50].

Chemical compatibilizers help to stabilize the composites while also simulta-
neously enhancing certain other properties, such as tensile and mechanical
strengths. The processing of natural fibers by benzoylation and maleic acid are
some useful examples wherein not only the hydrophobicity of the fiber could be
improved but better mechanical strength and thermal stability of the composite
(e.g., benzoylated wood/HDPE composites) are realized [51, 52]. The treatment of
Jute with succinic acid followed by the composite formation with PP was found to
be useful in yielding composites of improved toughness [53].

7.2 Physical Methods

Physical methods have also been demonstrated for improving the compatibility
between Polyolefins and natural additives. The treatment with gamma-rays, laser,
and plasma cause the polarity of the surface to change. The change in polarity of the
surface results in the modification of hydrophobicity nature of constituents.
Likewise, the use of enzymes coating and steam explosion process is much simpler
and less costly than the chemical methods. However, the composite property can
get greatly affected by the treatment condition and duration. The enzyme modifi-
cation of Abaca and Palm fiber was suggested during its composite preparation with
PP [54]. This treatment improved the tensile strength and hydrophobic nature of the
composite. Steam explosion process is also helpful to improve the adhesion of

78 A. Deep et al.



fibers with Polyolefin matrices. Furthermore, vibratory ball milling and compres-
sion milling are primarily used mechanical means to enhance the compatibility
between thermoplastic and lignocellulosic fiber.

8 Characterization of Polyolefins and Composites

8.1 Microstructural Properties

The microstructural properties of Polyolefins and their composites are characterized
by their chemical composition, molecular weight, and long or short chain
branching. Gel permeation chromatography (GPC) [55], differential scanning
calorimetry (DSC) [56], nuclear magnetic resonance spectroscopy (NMR) [57],
Viscometry [58], Fourier-transform infrared spectroscopy (FTIR) [4], Osmometry
[58], temperature rising elution fractionation (TREF) [59, 60], crystallization
analysis fractionation (CRYSTAF) [59, 60], crystallization elution fractionation
(CEF) [59, 60], and Raman analysis [61] are some of the techniques used to
characterize Polyolefins. These techniques are briefly discussed in the subsequent
subsections.

8.1.1 Gel Permeation Chromatography (GPC)

Gel permeation chromatography (GPC), also known as molecular sieving or size
exclusion chromatography, is a widely used analytical method for measurement of
the molecular weight distribution of olefins and other polymers. It is a fractionation
technique where polymer molecules are fractionated according to their molecular
size. The instrument for chromatographic procedure usually consists of columns
connected in series along with a pump, a sample injection port, and a detector. The
columns are packed with a bed of porous particles, also referred to as stationary
phase through which the mobile phase containing the mixture of polymers is
passed. The column packings have different pore sizes that allow the separation of
the molecules by the mechanism of size exclusion. Short chains of molecules
penetrate the pores of the packing material, while the larger molecules diffuse
through the voids and thus get fractionated faster on the basis of their retention
time. Consequently, chains with higher molecular weights will take a shorter time
to exit the column set than chains with lower molecular weights. The column
elutions are then passed through various detectors intended for monitoring either
concentration, viscosity, refractive index or light scattering of the polymer. Finally,
the elution times or elution volumes are converted to molecular weight distribution
(MWD) using a calibration curve obtained using polystyrene standards. The effi-
ciency of this technique is governed by various factors such as the type of polymer,
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concentration and molecular weight of the polymer, branching of polymers, type of
mobile phase used and the working temperature [4, 62].

High-temperature GPC (HT-GPC) technique based on simplified triple detection
can be used for the determination of long chain branching and molar mass distri-
bution in Polyolefins and their composites [55]. An example is given in Fig. 8 to
show the overlay of GPC chromatographs of PyO-PP, PyO-POPP40 and distilled
pyrolyzed oil PyO-POPP40-A [63]. These samples are of pyrolyzed oil from neat
polypropylene, potato-peel powder/polypropylene, and distillate (200 °C fraction)
of potato-peel powder/polypropylene components, respectively. A difference in the
molecular weight range of PyO-PP and PyO-POPP40 would help confirm the
formation of an eco-friendly composite of PP. The average molecular weight
(Mw) of PyO-PP, PyO-POPP40 and PyOPOPP40-A oils were estimated as 341,
263 and 248 daltons, respectively. The shift in molecular weight was ascribed to the
presence of higher molecular weight oligomers in PyO-PP compared to
PyO-POPP40 (presence of 40% potato-peel powder). This addition led to chemical
reactions which in turn resulted in the cleavage of high molecular weight oligomers.

Fig. 8 Overlay GPC chromatogram of pyrolyzed products of polyolefin composites—PyO-PP,
PyO-POPP40, and PyO-POPP40-A (Pyrolysed oil from neat PP and POPP40 biocomposite
(potato-peel powder/polypropylene) designated as PyO-PP and PyO-POPP40 respectively.
A distillate of boiling point up to 200 °C obtained from of PyO-POPP40 designated as
PyO-POPP40-A. Reproduced from Sugumaran et al. (2017), [63]
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8.1.2 Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry (DSC) is a thermo-analytical technique and was
developed by Watson and O’Neill in 1962. DSC thermal fractionation technique is
used for the calculation of short-chain branching distribution (SCBD) in olefins.
The DSC instrument determines the change in heat flow by measuring the tem-
perature difference between the reference and the sample as a function of temper-
ature. During the DSC analysis, the weighed sample is placed in a sample crucible
pan against a reference pan. The sample cell is either heated or cooled at a controlled
rate to obtain the melting or the crystallization/glass transition temperature. The heat
flow difference between the sample and the reference cells is continuously monitored
and displayed as a function of temperature/time. DSC is frequently used to calculate
glass transition temperatures, the heat of fusion, crystallization temperatures, and
degradation temperatures of various polymeric materials. Further, the integration of
the area under the melting peak gives the heat of fusion from which the degree of
crystallinity can also be derived [4, 118].

As an example, the DSC properties of a new class of toughened Polyolefin
biocomposites (composite of pyrolyzed miscanthus based biocarbon, poly(octene
ethylene) (POE) elastomer, and polypropylene (PP)) have been elaborated in Fig. 9
[64]. The DSC curves of composite samples were characterized with the shift in the
crystallization peak of PP toward higher temperatures. The effect is found more
pronounced with larger biocarbon particles.

8.1.3 Nuclear Magnetic Resonance (NMR)

Nuclear magnetic resonance (NMR) is a commonly used technique for the deter-
mination of chemical structures of a variety of polymers. Among different types of
NMR, 1H and 13C MNR are frequently utilized for characterization of olefins.
These studies determine branching types and help in the identification of

Fig. 9 DSC graph of the first
cooling cycle for the
Polyolefin matrix and
biocomposites. Reproduced
from Behazin et al. (2017),
[64]
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comonomers in the polymeric structures [4]. The change in the number, relative
position, number and kind of branching can result in entirely different properties of
olefins, and thus the determination of such change becomes very significant. 1H
NMR is used for the characterization of copolymers, such as ethylene-1-butene
(EBR) and ethylene 1-octene copolymer (EOR). 13C NMR can be used for the
quantification of monomer distribution in olefin plastomers/elastomers [65]. Note
that 13C NMR may require long analysis durations. Alternatively, high magnetic
field coupled improved proton NMR technique provide rapid analysis of complex
spectra (1-olefin comonomer) within 1–2 min. The application of NMR in
Polyolefin composites can be understood by the example of blue agave fibers which
were used to enhance the fiber/HDPE interfacial interaction after their modification
by acetylation with acetic anhydride in octanoic acid [66]. The fibers were char-
acterized with a peak at 172 ppm to provide a useful indication of a successful
modification (Fig. 10).

8.1.4 Fourier Transform Infrared Spectroscopy (FTIR)

Fourier transform infrared (FTIR) spectrum is produced by a sample when it is
exposed to varying IR frequency. During the process of analysis, some frequencies
are absorbed while other frequencies pass through and get transmitted. The IR
spectrum denotes the absorption and transmission data of sample molecule

Fig. 10 CP/MAS 13C NMR spectrum for blue agave fiber after esterification. Reproduced from
Tronc et al. (2007), [66]
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corresponding to frequencies of vibrations between the bonds of the atoms. Since
no two compounds reflect exactly similar infrared spectrum, the vibration frequency
spectra become fingerprint for a particular compound [4]. FTIR is a very rapid
analytical technique for the determination of short chain branching type in olefins.
Small dissimilarities in the region of 1300–1400 cm−1 have been studied for the
identification of different polyethylene types. Researchers have reported a linear
relationship between the absorptions ratio at 1378 cm−1 (arising from methyl
groups deformation) and the branching length in the copolymer [67]. As such, the
FTIR ASTM test methods can be used for the quantification of the methyl group
content in a-olefin copolymers [4].

Figure 11 shows FTIR spectra of samples of 100% wood pulp and 30% wood
pulp-PP bio-composite fiber bearing different fractions of MAPP (maleated
polypropylene) [68]. The C–H stretching vibrations (2800–3000 cm−1) were
observed in all the samples of pure wood pulp and bio-composite fibers. Particularly,
the FTIR spectra of bio-composite fibers were significantly more intensive because
of the reason that PP and MAPP would react with pure wood pulp. This reaction
influenced the peak intensity of C-H stretching in the bio-composite fibers.

8.1.5 Crystallization Analysis Fractionation (CRYSTAF)
and Temperature Rising Elution Fractionation (TREF)

Crystallization analysis fractionation (CRYSTAF) and temperature rising elution
fractionation (TREF) are used for the determination of chemical composition

Fig. 11 FTIR spectra of 100% wood pulp and 30% wood pulp-PP bio-composite fiber with
varying fractions of MAPP. Reproduced from Awal et al. (2009), [68]
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distribution (CCD) and comonomer distribution in olefins. Both the methods study
the crystallization temperatures distribution [69, 70]. TREF works on the principle
of measuring crystallization and elution temperature cycles followed by computa-
tion of the distribution of copolymers in the composition [60] (schematic of the
process shown in Fig. 12). The olefins sample is first dissolved in a solvent
(maintained at high temperature) and subsequently injected into a column com-
posed of an inert support. The column is then cooled at a very slow rate to achieve
crystallization. The chains crystallize in order of their increasing crystallinity. In the
next step, elution temperature cycle is introduced to isolate the fractions physically.
For this, the temperature of the column is gradually increased while the solvent is
passing through. With the increasing temperature, the fractions are dissolved cor-
responding to their branching. The technique is frequently used to validate the
presence of copolymers during the polymerization of olefins [71, 72].

CRYSTAF with simpler hardware design was introduced as a new analytical
technique that avoids the additional elution temperature cycle step and physical
separation of fractions. It helped to accelerate the CCD analysis of Polyolefins. The
process works on crystallization based separation like TREF, but the fractionation
takes place during the crystallization step itself. The instrument for CRYSTAF is
composed of a filter containing crystallization vessel and an infrared detector [60,
73]. The latter component monitors the concentration of polymer solution after
filtration and crystallization of olefins as induced by the decrease in temperature
(normally used cooling rate of 0.1 °C/ min) [69, 73]. The presence of alike
copolymers in olefins can lead to co-crystallization at a same cooling rate during
CRYSTAF analysis. In such cases, TREF is preferred for analyzing copolymers
because it is least affected by co-crystallization [4].

Fig. 12 Schematic presentation of the TREF process which involves crystallization and the
dissolution/elution steps. Reproduced from Pasch et al. 2016, [60]
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8.1.6 Crystallization Elution Fractionation (CEF)

Based on the similar principles of crystallizability, another separation technique was
discovered in 2006. This approach comprised the use of a packed column and
physical segregation of fractions in the crystallization step (like TREF and
CRYSTAF technique). This new analytical approach is known as crystallization
elution fractionation (CEF) and is relatively faster while offering higher resolution
quantification of the CCD of semicrystalline polymers compared to TREF and
CRYSTEF [4, 74]. The instrument of CEF is composed of an injection valve, a
packed column, a pump and an IR detector. The sample is injected into the column
through a pump flow and then dynamic crystallization process starts at a previously
set cooling rate (generally 3 °C/min) and crystallization flow rate. The flow and
cooling rates need adjustments such that the column temperature should be equal to
room temperature when sample arrives to end of the column. The oven begins the
heating program at the end of crystallization process and then the elution flow starts.
Finally, the concentration and composition of species are determined through a dual
wavelength IR detector attached at the end of the column [60, 75].

8.1.7 Osmometry

Polyolefin molecules are normally comprised of an asymmetric distribution of chain
lengths. Some of them may have chains of very high molecular weight. Osmometry
technique is used routinely for the assessment of molar mass of Polyolefins. This
technique evaluates the number average molecular weight (Mn) [76]. Membrane
osmometry (MO) [77] and vapour pressure osmometry (VPO) [58, 76] are the two
types of osmometries used for the evaluation of the kinetic data during polymer-
ization and copolymerization reactions. The membrane osmometer analyses the
osmotic pressure by employing a pressure transducer. It is commonly used for high
molecular weight polymers. However, problems with membrane permeation and
polydispersity if polymer samples limit the usage of this technique [59, 77]. Vapour
pressure osmometry, on the other hand, can be used for the determination of
molecular weight of polymers with Mn less than 20,000 g/mol [58, 76].

8.1.8 Viscometry

Viscometry is a conventional method for the characterization of polymers. The
analysis is used to measure the intrinsic viscosity which is related to molecular
mass. Viscometry technique uses the universal calibration method to determine the
molecular weight distribution, Mark-Houwink coefficients, and branching/structural
information of the olefins and copolymers. Viscosity index so obtained, are also
used to assign the class type to the olefins [58]. The technique can additionally
detect the presence of oligomers and other small molecules. The above points make
Viscometry as a preferable option over light scattering methods. Two types of
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technique, i.e. Ubbelohde viscometer [78] and capillary viscometer [79] are most
commonly used. In the former technique, the melted solution is allowed to pass
through a vertical capillary under gravity, opposed by capillary forces. The time
needed for some defined volume of solution to pass through the capillary is mea-
sured [80]. In the capillary viscometer, the solution is passed using inlet pressure at
either side of a capillary and the difference in pressure is measured [81].

8.1.9 Raman Spectroscopic Analysis

Raman spectroscopy is a powerful chemical analysis technique owing to unique
advantages of being a non-invasive and non-destructive method. Raman spectra of
materials are their fingerprint characteristics. As such, it requires no sample
preparation and only a small amount of material is sufficient for the analysis.
Furthermore, Raman analysis is completed in a short period of time (e.g. few
seconds to few minutes). Thus, Raman analysis is highly useful for real timing
monitoring of chemical reactions. With reference to plastic materials characteri-
zation, Raman spectroscopy can be profitably utilized for the following purposes: in
real-time monitoring of polymerization reactions to control the processing time,
quantitative compositional analysis of polymer melt streams, and waste plastic
characterization in the recycling sector, especially for Polypropylene (PP) and
Polyethylene (PE) identification [61].

As such, the initial use of real-time Raman spectroscopy for the estimation of
crystallinity of Polyolefins was realized during blown film extrusion process [82–
84]. The study established Raman spectroscopy as a robust and non-destructive
technique to monitor crystallinity evolution in industrial settings. This analysis
offers remote sampling capabilities when coupled via fibre optics. Raman spec-
troscopic systems (real-time polarized Raman spectroscopy) can also be used to
analyze the molecular orientation evolution of trans C–C bond during the blown
film extrusion of low-density polyethylene (LDPE). Spectra can be obtained at
different locations along the blown film line, starting from the molten state and
extending up to the solidified state [82]. In a study, composites of linear low-density
poly(ethylene-co-butene) (PE) or maleated linear low-density poly
(ethylene-co-butene) (M-PE) and cellulose (CEL), cellulose acetate (CA), cellulose
acetate propionate (CAP), or cellulose acetate butyrate (CAB) were synthesized
[85]. Raman spectra analysis was used to investigate the extraction of one phase
with a selective solvent. Figure 13 shows the collected Raman spectra for M-PE,
CAP, and the M-PE-CAP composite before and after extraction with acetone. The
samples of PE-CEL and M-PE-CEL composites, for which the polyolefin chains are
extracted, show intensity ratio of I1373/I1440 in an increasing order increase after
extraction. Whereas, the composites prepared with M-PE and CAP or CAB show
practically same intensity ratio of I1740/I1440 after extraction. The composites pre-
pared with PE were characterized with a decrease in the intensity ratio of I1740/I1440
after extraction to reveal that cellulose esters can be more easily removed in the
absence of MA.
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Some researchers have utilized Raman Spectroscopy for the characterization and
identification of Polyolefins from the post-consumer plastic waste. The data pro-
cured was set up to define quality control logic that could be applied at industrial
plant level for Polyolefins recycling [86].

8.2 Morphological Properties

8.2.1 Optical Microscopy

Optical microscopy of Polyolefins is frequently used for investigating the details of
olefins microstructures. For instance, Fig. 14a, b show the optical microscopic
image of a sample of polypropylene particles embedded with catalyst particles. As
this example highlight, one can study and assess the completion of the polymer-
ization process [87].

Similarly, an optical photograph of polyolefin biocomposites prepared with
waste cardboard (CB) is shown in Fig. 8c [89]. This simple analysis reveals that
large shear and compressive forces imparted to the material during the solid-state
processing has resulted in major filler size reduction in the polymer composite.

8.2.2 Scanning Electron Microscopy (SEM)

Scanning electron microscope (SEM) technique probes the sample with
high-intensity electrons. The collection of subsequently generated secondary elec-
trons allow the study of surface morphology and measurement of particle sizes.
Note that secondary electrons are emitted from the surface. SEM images provide
useful information on the surface of relatively thicker and bigger samples. At times,
SEM is used to produce a good representation of the 3-D structure of the sample

Fig. 13 Raman spectra
obtained for a M-PE b CAP
c M-PE-CAP composite
before extraction with
acetone, d M-PE–CAP
composite after extraction
with acetone. Reproduced
from Kosaka et al. (2007),
[85]
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and also have some major advantages of higher magnification and greater depth of
field over conventional microscopes [90].

SEM is used to analyze the phase morphology of Polyolefins and their com-
posite materials. These analyses can include the study of surface roughness and
fracture toughness [91]. SEM can also reveal interface adhesion between the
polymer fiber and matrix in which it is used. The measurement of adhesion allows
assessing the stress transfer from matrix to fiber. The analysis of phase adherence
between fibers and polymeric matrix can also reveal the propagation of the cracks
generated during impact tests [92–94]. In some studies, SEM has been used to
analyze the effects of addition of organo-montmorillonite and maleated Polyolefins
on the phase morphology of the PP/HDPE blend. Such analysis was used to
evaluate the change in two-phased morphology of the PP/HDPE blend [95]. As an
example of SEM analysis of Polyolefin biocomposite, the investigations on the
samples of low-density polypropylene (LDPP) with microcrystalline cellulose
(MCC) and PP with cardboard (CB) are shown in Fig. 15 [89]. The fractured
surfaces showed no signs of pull-out, highlighting that the filler did not agglomerate
during the composite formation process. MCC, as such, can show strong inter-
particle affinity due to the presence of numerous hydroxyl groups on the cellulose
surface but SEM investigations of LDPE/MCC composites showed very good
dispersion.

8.2.3 Atomic Force Microscopy (AFM)

Since its invention in 1986, the atomic force microscopy (AFM) has assumed a
paramount significance for probing the samples at the nanoscale [96]. Different
variations of AFM-based methods have been developed to generate information
about electrical, magnetic, morphological, and mechanical parameters from various

Fig. 14 Optical microscopic images of molten poly(propylene) particles showing catalyst
fragments inside the polymer melt: a polymer particle produced by reaction of 10 min b polymer
particle produced after 30 s. Reproduced from Abboud et al. (2005), [88]. c Optical photographs of
2–3 cm size waste cardboard (CB) pieces employed in the preparation of a polyolefin/CB
composite [87, 89]. Reproduced from Iyer et al. (2015), [89]
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materials. AFM has the ability to generate images based on mechanical properties
which makes it particularly significant for the analysis of polymers (including
Polyolefins). In such analyses, AFM can be operated in tapping mode (or amplitude
modulation mode) phase imaging which is one of the most popular and routinely
used mode the study of polymers [97]. Some other AFM based techniques used for
the quantitative nanomechanical characterizations, include force modulation [97,
98], peak force quantitative nanomechanical mapping (QNM) [99], intermodulation
spectroscopy [100], pulsed force mode [97, 101], contact resonance
(CR) techniques [97], and force volume imaging [102]. In particular, the contact
resonance (CR) techniques (or dynamic contact modes of AFM) were developed to
study the elastic properties of stiff materials, such as polymer nanotubes [103, 104].
CR-FM can also be utilized for the study of viscoelastic properties of materials and
storage [105, 106] and loss moduli of individual components in blends [99, 107].

The application of AFM studies on polymer composites can be elaborated by
citing the example of a novel class of injection-moulded, toughened biocomposites
which was engineered from pyrolyzed miscanthus based biocarbon, poly(octene
ethylene) (POE) elastomer, and polypropylene (PP) [64]. The addition of maleic
anhydride grafted PP (MAPP) controlled the morphology and adhesion between the
filler and the matrix. AFM scans of the biocarbon interface in the presence and

Fig. 15 SEM images of a 90/10 wt% LDPE/CB, b 85/15 wt% PP/CB, c 90/10 wt% LDPE/MCC,
d 90/10 wt% PP/MCC. Reproduced from Iyer et al. (2015), [89]
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absence of MAPP (Fig. 16) are highlighted by few specific observations. The green
colour in both the images represents the phase with the lowest modulus (i.e. POE
phase). The blue and pink colours attribute to stiffer phases, i.e, PP, MAPP, and
biocarbon particles. Biocarbon particles in the composites are found surrounded
mainly by the blue phases in a compatibilized sample, whereas interphase mostly
consists of the green phase in uncompatibilized composite. Thus, AFM studies
helped to confirms that rubber was dispersed separately from biocarbon in the
presence of MAPP.

8.2.4 X-Ray Diffraction (XRD)

XRD studies are used to elaborate crystal forms and dispersibility of different
Polyolefins, such as PP and HDPE in the polyolefin blends/composites. XRD
analysis can resolve both iso- and syndiotactic crystallinity. The small-angle X-ray
scattering (SAXS) has been found useful to determine the lamellar thickness of
Polyolefins and crystalline fibril morphology [108]. Whereas, the wide-angle X-ray
scattering (SAXS) investigations can reveal the degree of crystallinity and dis-
crimination between crystalline and amorphous phases [108]. SAXS also enables a
direct access to the morphology and can quantitatively determine the thicknesses of
alternating layers between the crystalline and amorphous regions of the lamellae
morphology. The temperature-dependent SAXS measurements are used to verify
the location of the order-disorder transition temperatures. SAXS also reveals critical
information about the hydrophilic and hydrophobic phase separations in polyolefin
composites [39, 109].

The application of XRD analysis for the characterization of ultrahigh molecular
weight polyethylene (UHMWPE), which is considered as one of best options for
biopolymer materials, is shown in Fig. 17 [110]. The application of UHMWPE as
biomaterial implants of human bone can be processed via surface plasma treatment,
UV curing, chemical and physical surface treatment, and reinforcements.

Fig. 16 AFM modulus mapping of a biocarbon–matrix interface in the small particle composites:
a with 5% MAPP and b uncompatibilized. Reproduced from Behazin et al. (2017), [64]
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Specifically, the reinforcement of metal nanoparticles (Fe, Cu, Ag, Zn,), ceramics
(Fe3O4, Al2O3, ZrO3, ZnO, AgO, MgO, Si3N4) or natural materials serve the
purpose well. Figure 17 shows the XRD patterns of one such sample, i.e., Al2O3

reinforced UHMWPE compression-moulded composites. The dominant involve-
ment of UHMWPE has suppressed the peaks of Al2O3. The presence of UHMWPE
is evident with two main characteristic peaks, i.e. at 21.9° and 24.18°. The
involvement of Al2O3 is suggested with peaks observed at 35, 37.9 and 43.58°.
Thus, it can be concluded with XRD analysis that starting phases did not experience
any degradation during the compression molding of UHMWPE-Al2O3 composites.

8.2.5 Transmission Electron Microscopy (TEM)

TEM also uses electrons like SEM, but here electrons are allowed to pass through a
sample. As electrons strongly interact with the sample and need to pass through the
sample, the samples are needed to prepare as very thin sections [90]. TEM is used to
determine the lamellar thickness of polymers [111]. For instance, the morphology of
isotactic polypropylene (iPP) as studied by TEM is shown in Fig. 18. The structure of
iPP after non-isothermal melt-crystallization and melt-crystallized at a rate of cooling
of 750 K/s have been shown as examples. It is clear that one can study the effect of the
application of temperature programs during the annealing process of iP [111].
Similarly, TEM can be applied to study the biodegradation of Polyolefin composites.

Fig. 17 XRD spectra of
UHMWPE-Al2O3 composites
pellets [110]
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8.3 Mechanical Properties

Mechanical characterization of Polyolefins is important to understand the material
behaviour under the influence of applied loading. Mechanical testing machine (e.g.
from MTS, Instron) can be used for this purpose, where the material is loaded in its
bulk form to evaluate its various mechanical properties, such as yield strength,
fracture stress or ultimate strength, elastic modulus or stiffness, Poisson’s ratio and
elongation [112].

8.3.1 Three-Point Flexural Test

Bending tests or flexural tests determine the mechanical properties of
uni-directional composite materials. Flexural modulus and strength are obtained
through three-point or four-point test configurations. In the former example, the
contact zone between the specimen and cylindrical supports is changed as a result
of the rotation of the cross sections in the deformation process. The four-point
bending test involves contact between cylindrical loading noses and specimen
[113]. For brittle polymers, the study of flexural strength is an essential parameter.
The analysis of modulus of elasticity (i.e., the rigidity of the material) is also
revealed during the flexural test. The three-point flexural test is a preferred option to
evaluate the flexural strength of Polyolefins because of low values of data variation
and less procedural complicacy [114, 115].

Fig. 18 TEM analysis of iPP, melt-crystallized at 750 K/s, and annealed a for a period of 60 min
at 393 K; b for a period of 60 min at 433 K. Reproduced from Zia et al. [111]
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8.3.2 Tensile Test

Tensile properties of Polyolefins are measured before their applications in actual
designs [116]. For instance, the tensile test method is useful to assess the
improvement in the in-plane tensile properties of polyolefin matrix composite
materials when they are reinforced by the high-modulus fibers. The measurement of
tensile properties is important from the point of view of material specifications and
quality assurance. The tensile tests can yield information about the ultimate tensile
strain, ultimate tensile strength, Poisson’s ratio, tensile chord modulus of elasticity
and transition strain [117].

8.3.3 Dynamic Mechanical Analysis

Viscoelastic property of Polyolefins can be assessed by dynamic mechanical
techniques which are among the most popular one of different available methods.
The dynamic mechanical analysis (DMA) can be readily applied to both polymeric
solids and liquid samples. In this method, a small cyclic strain is applied to a sample
followed by the measurement of the resultant stress response, or sometimes
vice-versa [118]. DMA can be used to determine polymer properties like molecular
relaxation processes, inherent mechanical or flow properties with respect to time
and temperature, viscoelastic transitions or relaxations, glass transition temperature,
(Tg), and secondary transitions in amorphous and crystalline polymers [118].

9 Degradation of Polyolefins and Composites

9.1 Ageing and Corrosion

Ageing of plastics is a relatively complex process. Under the influence of harsh and
aggressive environments, polymers may experience a change in their material
properties due to the involvement of physical and/or chemical processes [119].
Such ageing of polymers can be accounted by the action of sunlight, oxygen,
temperature, or other harmful atmospheric emissions [120]. Therefore, the
Polyolefins and their composites can also reflect sudden changes in their macro-
scopic properties after a certain induction period. The ageing of Polyolefins can also
result in their catastrophic failure in form of embrittlement and sometimes total
disintegration [121, 122].

The corrosion type of degradation of Polyolefins can happen because of their
unavoidable interaction with air pollutants (e.g, particulate matter, SO2, hydrocar-
bons, NxOy, atomic oxygen, ozone, singlet oxygen, etc.). The corrosion can lead to
affect the material properties like loss of gloss by abrasion, loss of reinforcement
and breakup, crazing and cracking, and or leaching [8]. Sometimes, the

Synthesis, Characterization and Applications of Polyolefin … 93



electrochemical corrosion can also be observed in the polymer (e.g., in EVA, PE,
Butyl Rubber coated metal surfaces) [123–125].

9.2 Chemical Degradation

Stereoregular Polyolefins are often inert toward the attack of chemical reagents. The
reagents like alkalis, aqueous acid and basic salts, inorganic and organic acids; or
even KMnO4, K2Cr2O7, and KNO3 do not necessarily have much effect on stere-
oregular Polyolefins [8]. Their chemical degradation is achieved by strong oxi-
dizing agents, such as H2SO4 [126] For example, H2SO4 can cause rapid
deterioration of the mechanical properties of PE through acidolysis [127]. Likewise,
it can also be achieved through the action of liquid or gaseous chlorine or fluorine
[128, 129]. Specifically, the use of dry chlorine may not cause embrittlement of
LDPE but bromine or iodine can get absorbed and diffused through polyethylene
(PE) to cause serious harm to the mechanical integrity of Polyolefins [8].

9.3 Biodegradation

The microbial attack does not normally affect the properties of Polyolefins as the
associated action limits only to the chain ends. Nonetheless, the paraffin with
MW � 450 can show some biodegradability, while low MW Polyolefins could be
partially degraded [130, 131]. Therefore, strategies have been suggested to first
reduce the MW of the Polyolefins with some additional process, which can then
follow the action of microbes under suitable conditions [8, 132].

Apart from the other degradation methods, Polyolefins can also be subjected to
mechanical [133–135], ultrasonic [136], radiation-induced [137], oxidative [132],
photolysis [132], and thermolytic degradation [138] approaches.

10 Applications of Polyolefins and Eco-Friendly
Composites

Polyolefins are used in a wide range of applications, ranging from our daily-life
materials to high-end industrial products. Among all, Polyethylene is one of the
most widely used commodity thermoplastic. The consumption of HDPE is extre-
mely large in many sectors followed by LLDPE and LDPE. They are very com-
monly employed in the building and construction, electronics, electrical, consumer
goods, automotive industries, etc. [139–143]. The application of PE in the manu-
facturing of various consumer goods includes the production of items like pipes,
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toys, containers, lids, plastic bags, buckets, covers, plastic wraps, sheets, films,
stretch wraps, bottles and extrusion coated paper cartons [144–147]. Isotactic
polypropylene (i-PP) is probably the second most important Polyolefin finding
applications in many industries just like PE. It is a competitor of HDPE in various
areas [148, 149]. When compared with HDPE, i-PP has characteristics of the higher
melting point, improved crack resistance, an increased heat deflection temperature,
and improved tensile strength. Nonetheless, HDPE is superior to i-PP with regard to
thermal stability, exposure to light (UV) and susceptibility toward oxidative
degradation. As far as application areas are concerned, i-PP enjoys better accept-
ability in case of more demanding applications. HDPE is more useful when material
specification requires high resistance against thermooxidative degradation.

Another Polyolefin, Polyisobutene (PIB) is not produced on high production
scale but is particularly employed in applications like sealants, chewing gum,
adhesives, cable filling, synthetic rubber (butyl rubber), roofing membranes, and
lubricants. Its low molecular grades variants are viscous oily liquids in nature, while
the mid-range is more sticky materials. The high molecular grades PIBs are gen-
erated as elastic rubbery materials. Polybutene-1 (PB-1) is a low volume polyolefin
which is highly compatible with polypropylene as both of them bear similar
molecular structures. Their composites help in to improve the mechanical properties
at elevated temperatures. PB-1 is used in applications like the pressure pipes for the
supply of hot and cold (drinking) water, and consumer and medical packaging. Its
low molecular weight variants are used in the production of paper laminates,
adhesives, and sealants to manage tack and peel strength. They are also compatible
with a variety of nonpolar resins including PP, PE, SIS, EVA, and SBS. A summary
of applications of Polyolefins is presented in Table 1.

The applications of thermoplastic natural fibre-containing eco-friendly com-
posites include their deployment in door and window frames, railings for the
parapet wall systems, and decking and furniture material. The applications of
eco-friendly composites are expected to increase significantly in near future. The
favourable economics of natural fiber composites seems to popularize their use to a
great extent as such types of composites can facilitate sustainable development of
cost-effective and ecological technologies. The demand for lighter and strong
polymer materials is increasing in many sectors, such as environmental friendly

Table 1 Summarized of applications of major categories of Polyolefins

Type Applications

Low-density polyethylene
(LDPE)

Shrink film, carry bags, heavy-duty refuse bags

High-density polyethylene
(HDPE)

Crates and boxes, bottles (used in food products, detergents,
cosmetics), food containers, industrial wrappings, carry bags,
drums for food, beverages, and chemicals

Linear low-density
polyethylene (LLDPE)

Stretch film, industrial packaging film, thin-walled containers,
heavy-duty medium and small bags

Polypropylene (PP) Food packaging (e.g. yoghurt and margarine tubs)
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automotive components. For instance, the hemp mats in glass-fibre reinforced
thermosets have been reported more ecoefficient than the conventional glass-fibre
alternative. Likewise, the life cycle of the wood-fibre reinforced PP composites
suggests better environmental protection than PP. The addition of biodegradable
waste (e.g., rice husks, cotton linter) during the formation of composite materials
can also present a viable way of solving the problem of waste disposal.

11 Conclusion

Traditionally used polymers involved synthesis approaches which posed serious
health hazards and evolution of toxic gases. Their recycling was also not envi-
ronmentally sustainable and complete. In this particular context, various classes of
polyolefins have enabled an environmentally sustainable use of polymers.
Polyolefins synthesized from natural resins generate fewer waste products during
production while also helping in safer disposal. The enormous physical properties
of polyolefins, such as mechanical strength, durability, elasticity, etc. can be tai-
lored via selection of suitable synthesis conditions and optimized functionalization.
Polyolefins support the addition of biodegradable materials (e.g., natural fiber and
waste) in them to make composites having features of low-cost, strength, low
density, and more importantly, an ecological efficiency. Future development of
polyolefins is more focused on achieving lightweight designs, and even better
recyclability, reusability.
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1 Introduction

The eco-friendly polymers which are also known as green polymers comprise the
materials which are either biodegradable or derived from biobased renewable sources.
Therefore, these polymers and their corresponding composites trim down the negative
human footprint on the environment. In the current scenario, due to the growing
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environmental issues; it is indeed necessary to put together the great importance for
developing “green materials” in both R&D as well as in industries [1]. Photosynthetic
components extracted from plants and wood biomass; such as starch, cellulose,
hemicellulose, lignin produced from atmospheric carbon dioxide, can be used as
renewable carbon resources [2]. Based on the concept of “carbon neutrality”; when
biodegradable polymers such as polylactic acid (PLA), polyhydroxyalkanoate
(PHA), polysaccharide derivatives are burnt, they are considered as green materials,
because the liberated carbon dioxide is again transformed into biomass [3].

NCs are known as the materials of the 21st century; having a unique design and
different properties which are lacking in conventional composites [4]. A number of
biodegradable polymers and their layered silicate NCs are widely being used for
different applications. NCs, as the term indicates are the composites in which at
least one of the dimensions falls under nanometre range (1–100 nm). NCs consist
of one or more discontinuous phases which are distributed over single continuous
phase. The continuous phase is known as matrix whereas discontinuous phase as
reinforcing material. Mechanically, NCs are having high aspect ratio and high
surface to volume ratio of the reinforcing material. Green composites are made from
both renewable sources based on biopolymers and biofillers (including nano-type
fillers), with a positive environmental impact.

NCs are the alternative materials for overcoming the lacunae of microcomposites
and monolithic; however, NCs may go through the formulation challenges related
to the control of elemental composition in nanocluster. NCs possess multifunctional
advantages due to some unique properties like smaller filler size, improved ductility
with the same strength, light transmission characteristics, flame retardancy, thermal
stability and chemical resistance. Three different techniques are usually followed to
prepare eco-friendly polymer NCs (EFPNC) which include solution casting, in situ
polymerization, and melt processing. Additionally, as dimension reaches the
nanometre level, interactions at phase interfaces improved significantly, and this is
important to enhance the properties of the material [1].

Polymers which are used as NCs can be classified based on their (a) native
biomass such as plants, animals, microbial and synthetic based and (b) chemical
structure (polysaccharide and polypeptide based). Eco-friendly polymers can be
extracted from the natural sources mainly by chemical treatment and mechanical
method including grinding, milling, sonication, and ultrasonication. The prepared
polymer NCs are very useful in making lightweight sensors, producing structural
components with a high strength to weight ratio, aerospace, automotive, electronics,
biotech, and pharmaceutical industries [3].

2 Isolation of Eco-friendly Polymers

This part of the chapter briefly describes different processes used for the isolation of
eco-friendly polymers from their natural sources. The described eco-friendly
polymers were classified according to their origin viz., plant, animal, microbial and
synthetic based (Scheme 1).
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2.1 Eco-friendly Polymers of Plant Origin

Plant-based polymers have gained tremendous attention in recent years due to their
high sustainability. In the next section, attempts have been made to concisely report
different extraction techniques available in the literature for isolation of plant-based
biopolymers.

2.1.1 Cellulose Extraction

Cellulose, with *1011 tons of annual turnover, is the most abundant natural poly-
mer, containing vital skeletal polysaccharide component, composed of the b(1–4)
glycosidic bond [5]. The biosynthesis of cellulose takes place not only in the plant
but also in bacteria viz. Acetobacter, Acanthamoeba, Achromobacter and fungi
[6, 7]. Cellulose is an extensive linear-chain polymer with a large number of hydroxy
groups (three per anhydroglucose unit). Cellulose from its natural precursor sources

Scheme 1 a Pictorial representation of different eco-friendly polymers classified according to
their source. b Schematic representation of different components of polymer nanocomposites and
their characterization techniques
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can be isolated in two stages. The first stage involves pretreatment of raw material for
purification and homogenization depending on the source material and desired
morphology of cellulose particles. The pretreatments for plant biomass involve the
complete or partial removal of matrix materials (hemicellulose, lignin etc.) and the
isolation of individual complete fibers. Detailed descriptions of several of these
pretreatment methods are already available in literature [8, 9]. The plant cellulose
extraction methods include chemical and mechanical treatment as well as a com-
bination of both. The chemical treatment involves acid hydrolysis [8, 10, 11]
whereas the mechanical treatment includes high pressure homogenization [12, 13],
grinding, cryo-crushing [14] and sonication [15]. Appropriate treatment of cellulose
fibers leads to increase in the inner surface, alters degree of crystallinity, breaks
hydrogen bonding and increases the reactivity of the cellulose to further facilitate the
process of nanocellulose formation [10].

2.1.2 Hemicellulose Extraction

The hemicelluloses usually comprise off 20–30% of the dry weight of wood. It is
the monomer of mixed sugar of short polymer length, consist mainly of mannose
along with xylose, glucose, galactose and arabinose, where the main chain is
connected to b(1–4) glycosidic bonds. The presence of hydroxyl group on the
backbone of hemicellulose creates an opportunity for the chemical modification and
can lead to the development of new nanobiocomposite. Lignin content was
removed from plant biomass using concentrated NaOH and ethanol, and the
resulting holocellulose solids were then extracted using NaOH (10%) to provide a
filterate rich in hemicellulose. After the addition of ethanol, the precipitates were
collected which predominantly contain xylose based hemicellulose [16, 17].

2.1.3 Lignin Extraction

Lignin is one of the abundant biopolymers after cellulose which is derived from
plants and their wastes [18] and acts as connecting bridge between cellulose and
hemicellulose. Lignin with cellulose combines to form large lignocellulosic bio-
mass which has a high potential for production of biomaterials and chemicals [18–
20]. Lignin can be isolated via different techniques viz., physical and chemical
pretreatments and oxidation [21], enzymatic cellulose hydrolysis [22], acidification
of black liquors (liquid-lignin) through sequential liquid lignin recovery process
(SLRP) [23], pre-hydrolysis using kraft pulping [24] and microwave-assisted aci-
dolysis [25]. Lignin has also been isolated from reed straw via thermomechanical
process through attritor-type laboratory ball mill [26].
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2.1.4 Starch Extraction

Starch is one of the major dietary sources of carbohydrates and it is found abun-
dantly in the form of polysaccharide in plants. This is an important polymer, formed
from long chains of a-glucose units joined together by glycosidic linkages con-
taining two types of molecules i.e. amylose and amylopectin [27]. It is commonly
found in roots, tubers, cereal grains and also occurs in a variety of foods, fruits and
vegetable tissues etc. Starch and its derivatives have been used as capping and
reducing agents for the synthesis of many metallic nanoparticles [28]. Starch is
mostly isolated from white rice through alkali extraction method [27]. Acid
hydrolysis at 37 °C was used to extract starch from peas to form pea starch
nanocomposite [29]. Similarly, starch nanocrystals were also prepared from native
pea granules through acid hydrolysis using mild stirring [30]. Enzymatic treatment
of waxy maize through a-amylase hydrolysis was also one of the approaches used
for starch isolation [31]. Few other techniques include ultrasonication [32], com-
bined enzymatic hydrolysis couple with chemical or physical treatment and acidic
treatment was also used for starch isolation [33, 34].

2.1.5 Alginate Extraction

Alginate is the derivative of alginic acid widely distributed in the cell wall of brown
algae in the form of calcium, magnesium and sodium salt of alginic acid. These are
anionic linear polysaccharides containing b-D mannuronic and a-L-guluronic acid
residues linked by b 1–4 glycosidic bond forming homo- and heteropolymeric
structures. Alginate biopolymer and its NCs are biocompatible and inexpensive
which allows them to be used for various biomedical applications [35]. Alginate
extraction was done using broken seaweed pieces, which was then stirred with a hot
solution of an alkali, usually sodium carbonate. Alginate nanocomposite can be
prepared in a two-step procedure based on the ionotropic pre-gelation of polyanion
with calcium chloride salt followed by polycationic crosslinking [36].

2.1.6 Zein Extraction

Maize, a major cereal grain throughout the world, is being used for the isolation of
zein. Zein is a protein that is exclusively found in corn. However, there are some
other proteins with similar prolamin characteristics, which can be isolated from
common cereals such as wheat, barley, rye, and sorghum [37]. Zein extractions
require a complex balance between yield, quality, and purity. Dry-milled corn
(DMC), acts as a good material to extract zein. Wet milling of corns can also be
used to create a co-product that is rich in zein [38].
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2.1.7 Soy Extraction

The consumption of soy has gained popularity in the world during recent decades
due to (i) increased awareness of the consumer, (ii) drive for a healthier lifestyle,
(iii) predominance of lactose intolerance cases and (iv) improved processing of
soybeans with reduced off-flavors. Common process of soy extraction steps
involves soaking of the soybeans, followed by grinding of the materials in cold
water. Subsequently, these materials were then filtered and cooked at 100 °C for
30 min. This method can be further modified by grinding the soy extracts in hot
water, which has the advantage of lipoxygenase (LOX) inactivation in the final
extract [39].

2.2 Animal-Based Eco-friendly Polymers

This section includes different biopolymers isolated from animal origin viz., col-
lagen, gelatin, chitin and chitosan, casein and hyaluronan.

2.2.1 Collagen Extraction

Collagen is a fibrous protein which is predominantly present in the connective
tissues of animals. It offers a wide range of applications in the food, pharmaceu-
ticals, cosmeceuticals and photographic industries. Before the extraction of colla-
gen, a pretreatment is performed using an acid or alkaline process which depends
on the origin of the raw material. Collagen can be extracted by both chemical and
enzymatic hydrolysis process. Although, chemical hydrolysis is frequently used in
many industries, enzymatic hydrolysis shows more potential in obtaining products
having high nutritional significance and improved functionality. Furthermore, the
enzymatic processes require less processing time and have the advantage of min-
imal waste generation [40].

2.2.2 Gelatin Extraction

Gelatin is a fibrous denatured polymer derived from collagen protein. It is an
important biodegradable polymer having a broad range of applications in food and
pharmaceutical industries. Due to its inherent cross-linking property, it has been
widely used for nanoparticle synthesis [41]. There are mainly two types of gelatin
viz., Type A and Type B which can be obtained via acid and base treatment [42]
respectively in combination with thermomechanical process [43].
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2.2.3 Chitin Extraction

Chitin is the second most abundant naturally occurring polysaccharide after cel-
lulose and mostly found in crustaceous shell or in cell walls of fungi. Chitin is
consisted of repeated homopolymeric b(1!4) linked N-acetyl-D-glucosamine units
[44]. It has limited industrial application due to its insolubility in commonly used
solvents. Further, the isolation of pure chitin from natural sources is difficult. The
general methodologies for isolation of chitin involves three main processes viz.,
demineralization, decolourisation followed by deacetylation. After initial washing
and drying, the raw scales were soaked in HCl (1%) solution for 36 h. These were
then washed, dried in oven and kept in NaOH (2N) solution for 36 h to complete
demineralization. Finally, these scales were immersed in potassium permanganate
solution for 1 h, followed by addition of oxalic acid to achieve decolorization.
Chitin isolated from the above process was further subjected to NaOH treatment
(50% w/v) to obtain deacetylated chitin [45].

2.2.4 Casein Extraction

Casein is an essential protein which approximately counts for 80% of the total
protein content of cow milk. Casein is also termed as globular protein, because it
generally forms globules in the milk, and is mainly responsible for white color of
the milk. Casein in its native form exists as calcium salt, hence termed as calcium
caseinate. Casein can be extracted from reconstituted nonfat powdered milk using
acetic acid treatment. This procedure allows the extraction of casein in the form of
precipitated mass [46].

2.2.5 Hyaluronan (HA) Extraction

HA is a high-molecular-weight unsulfated polysaccharide. HA is mainly composed
of subunits of D-glucuronic acid and N-acetyl glucosamine which is coupled by
b(1–3) and b(1–4) glycosidic linkages. High water-retention capacity, mucoadhe-
sion property, viscoelasticity, non-immunogenicity and biocompatibility make it an
ideal candidate for healthcare applications [47]. HA can be obtained from various
animal sources, such as umbilical cords, rooster combs, bovine submaxillary glands
and zones of maturing chondrocytes. Muscle and skeleton comprises off *35% of
human HA. Extraction procedure of HA mainly includes dissection of bigeye tuna,
followed by repeated thawing and filtration of vitreous at 4 °C to isolate the car-
bohydrate content which was further precipitated by adding cetylpyridinium
chloride (CPC) to the filtrate. The HA-CPC complex was separated by
re-suspending the precipitated mass in sodium chloride solution followed by cen-
trifugation. Using a series of continued chemical followed by centrifugation process
HA was finally isolated as freeze-dried material [48].
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2.3 Bacterial-Based Eco-friendly Polymers

2.3.1 Bacterial Cellulose Extraction

Bacterial cellulose shares almost identical chemical structure as that of
plant-derived cellulose, though it possesses high degree of polymerization, purity,
crystallinity, water holding capacity compared to the later one [49]. This interesting
biopolymer has been widely used in food, pharma, paper industry etc. [50]. For the
successful production and isolation of BC, several factors such as physiological and
nutritional conditions, temperature, incubation time, agitation etc. plays an impor-
tant role. Standard static condition of bacterial growth is required for the isolation of
bacterial cellulose. Glycerol improved the dry mass production of bacterial cellu-
lose approximately 2–3 times as compared to when mannitol and glycerol in
combination was used as carbon source [51].

2.3.2 Pullulan Extraction

Pullulan is an extracellular hydrophilic polysaccharide produced by different strains
of yeast-like fungus e.g., Aureobasidium pullulans. It is synthesized intracellularly
at the cell wall and secreted out to the cell surface to form a loose and slimy layer. It
comprises of mixed linear linkage of a-D-glucan which consist mainly maltotriose
units coupled by a-(1!6) linkages [52]. Pullulanase, is an enzyme belonging to the
a-amylase family, identified as glycoside hydrolase and breaks a-(1!6) linkages
present in various biopolymers like pullulan, starch and amylopectin [53].
Extraction of pullulan involves the use of fermenter; in which production medium
was inoculated with 10% seed culture. Finally, the fermentation was performed at
an optimized temperature (27 °C) and air flow condition under optimized revolu-
tion (*210 rpm) for one week to isolate pullulan [52].

2.4 Synthetic Eco-friendly Polymers

2.4.1 PLA Synthesis

PLA is a synthetic biodegradable polymer of lactic acid with two optically active
stereoisomers viz., L(+) and D(−). Isolation of lactic acid in industry is mainly
accomplished by fermentation process using bacterial strains of Lactobacillus genus
viz., Lactobacillus delbrueckii, L. amylophilus, L. bulgaricus and L. leichmanii at a
pH range between 5.4–6.4 and temperature range of 38–42 °C. PLA can be sub-
sequently produced from lactic acid through polymerization process [54].

Spectroscopy and Microscopy of Eco-friendly Polymer Composites 113



2.4.2 PLGA Synthesis

Poly(D,L-lactide-co-glycolide) (PLGA) is amongst the most widely used FDA
approved biodegradable polymer for bio-applications since it produces metabolite
monomers lactic acid and glycolic acid, after its hydrolysis. This copolymer can be
synthesized by treating D, L-lactide and glycolide at 175 °C in the presence of
stannous octoate and lauryl alcohol. PLGA-nanoparticles are internalized in cells
partly through fluid phase pinocytosis and also through clathrin-mediated endo-
cytosis process [55, 56].

2.4.3 Polyesters Synthesis

Polyesters are a class of polymers which can be synthesized as a result of poly-
condensation (step-growth polymerization) reaction between dialcohol and diacid/
or diester. Unsaturated polyester (UP) resin is widely used in various industrial
applications such as marine, automotive, coatings, storage tanks, piping and con-
struction [57].

3 Spectroscopic and Microscopic Characterization
of Biopolymers and Their NCs

This part of the chapter includes different spectroscopic and microscopic techniques
which were used for the characterization of the described eco-friendly polymers and
their corresponding NCs. For the ease of understanding, the discussion in this
section was classified based on the chemical structure of the polymers viz.,
polysaccharide, polypeptide and synthetic based materials.

3.1 Polysaccharide-Based Biopolymers

Polysaccharide-based biopolymers are composed of long chains of monosaccharide
units, which are connected by glycosidic bonds. Polysaccharide NCs have become
increasingly important materials over the past decade, since these offer a green
alternative to synthetic polymers. These have also been used as composites with
hard nanomaterials, such as metal nanoparticles and carbon-based nanomaterials
(Fig. 1).
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3.1.1 CHNS Analysis

The elemental analysis of lignin suggested that organosolv and kraft lignin have
higher percentage of carbon and lower percentage of nitrogen content compared to
other sources of lignin. However, the nitrogen content was higher for aminated
lignin of epoxy resin polymer [58]. It was also reported that corn straw and wheat
straw contains approximately equal amount carbon, hydrogen, nitrogen, and sulfur
[59]. CHNS analysis of modified nanocrystalline cellulose (CNC) revealed higher
amount of carbon content and less amount of sulphur and oxygen content as
compared to native CNC [60].

3.1.2 FT-IR Spectroscopy

FT-IR has been one of the most common spectroscopic techniques that were used
for the identification of different chemical functional groups present in the
biopolymers. Numerous studies were already performed on natural fibers by FT-IR

Fig. 1 Chemical structures of different polysaccharide based biopolymers
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[61]. The peak observed at 3349 cm−1 represents the stretching vibration of O–H,
related to hydroxyl groups present in lignin, hemicelluloses and cellulose [10]. The
C–H stretching vibrations in cellulose, hemicelluloses and lignin were identified at
the spectrum range of *2900 cm−1. The transmittance peak observed at
*1645 cm−1 was attributed to the O–H bending vibration which resulted from the
interaction between cellulose and the absorbed water molecules [62]. The peak
position at *1462 cm−1 present in the spectrum was attributed to the symmetric
bending of –CH2 present in sugar backbone whereas the peak at *1313 cm−1 was
due to the existence of bending vibration from C–H and C–O bonds in the
polysaccharide aromatic rings of cellulose. The peaks observed at*1216 cm−1 and
1157 cm−1 were assigned to C–O–C of arylalkyl ether present in lignin and C–H
rocking vibration, respectively. The characteristic anhydroglucose chains showed
peak at *1047 cm−1 due to C–O stretching. Further, the peak at *898 cm−1 was
identified as C–H glycosidic deformation or b-glycosidic linkage and was also
known as the amorphous band [10]. Spiridonov et al. [63] reported decrease in
–COO– peak in presence of Fe3+ coordination for maghemite carboxymethylcel-
lulose NCs. Further, FT-IR studies were also used to evaluate cellulose stability for
TiO2-cellulose nanocomposite prepared by microwave solvothermal process [64].
In another report, a hemicellulose-diethylenetriaminepentaacetic acid (DTPA)-
chitosan nanocomposite was characterized by FT-IR studies. The corresponding
spectra showed new peaks at *3030 and 2780 cm−1 which indicated the car-
boxylic acids present in DTPA [65]. The FT-IR spectra of bacterial cellulose almost
correspond to the peaks already mentioned for other cellulose species [66]. Foong
et al. [67] reported appearance of new IR peaks at *1720 and 1449 cm−1 which
corresponds to acetyl and CH3 groups of PLA and indicated conjugation of PLA on
bacterial cellulose surface. A mixed nanocomposite of chitosan and alginate
nanoparticles was prepared in presence of glutaraldehyde and characterized using
FT-IR. The bands obtained at *3360–3440 cm−1 were assigned as N–H and O–H
stretching modes of vibrations for chitosan/alginate NCs. Further, the broadening of
IR band confirmed the formation of intermolecular hydrogen bonding for chitosan/
alginate NCs [68]. FT-IR spectroscopic analysis of chitin/chitosan revealed that the
absorption bands of chitosan were similar to those for standard chitin. IR bands
observed in the range of *3425–2881 cm−1 were assigned to N–H stretching for
primary amines whereas the bands at *3425–3422 cm−1 were indicative of dif-
ferent vibrations of N–H, O–H and NH2, present in chitin. When chitin undergoes
deacetylation, a higher intensity peak was observed at *1597 cm−1 which sug-
gested effective deacetylation and prevalence of NH2 group [45]. The chitin and
chitosan isolated from Fusarium solani present in marine soil revealed the presence
of amide I region (*1657–1642 cm−1), amide II stretching with C–O group
(*1560–1550 cm−1) and amide III region (1381–1375 cm−1) [69]. The herbal
nanocomposite of chitosan showed IR peaks of lower intensity at *3474/
3468 cm−1 and 1745/1654 cm−1, possibly due to the presence of intermolecular
hydrogen bonding between chitosan and corresponding active ingredients [70].
Pullulan nanocomposite prepared using lysozyme nanofibres (LNF) and polysac-
charide solutions were characterized by FT-IR and showed characteristic bands for
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both the reactants [71]. The existence of both a-(1!4) and a-(1!6) glycosidic
linkages in the pullulan structure was confirmed by the presence of IR band at
935 cm−1 [72]. Chemometric analysis of lignin isolated from different sources was
also studied using infrared spectroscopy [73]. Although there are various sources of
lignin or lignocellulosic biomass, the best quality material can be screened by
monitoring characteristic FT-IR spectra [74, 75]. IR peaks at *800, 1350, 1540
and 3300–3500 cm−1 were assigned for N–H vibration, C–N vibration, N–H
bending vibration, and N–H stretching vibration of aminated lignin respectively.
Further, the peak at *3400 cm−1 was assigned for O–H stretching of demethylated
lignin [58] while the peak at*1270 cm−1 was designated for aromatic ring
vibration of guaiacyl lignin [74, 76].

Similarly, FT-IR spectra were used for the chemical characterization of corn
starch, starch nanoparticles (SN) and citric acid modified starch nanoparticles
(CASN). The key difference between CASN compared to corn starch and SN was
the appearance of a new peak at *1738 cm−1 for an ester group and at
*1017 cm−1 for C–O bond stretching of the C–O–C group of the anhydroglucose
ring which was exclusively present in CASN. It was being inferred that in corn
starch and SN, the oxygen of the C–O–C group could form the hydrogen-bond with
the hydroxyl groups and the ester bonds in CASN, shifting C–O bond stretching of
the C–O–C group to 1026 cm−1 [77].

3.1.3 Powder XRD

Powder XRD technique has been used widely for the identification of crystalline
and amorphous nature of the concerned polymers and their composites. The XRD
was used to investigate the crystalline structure of the raw fibers, mercerized cel-
lulose, and CNS. It was observed that the XRD patterns of raw fibers and com-
mercial cellulose were clearly different compared to the mercerized cellulose and
cellulose nanoparticles. For the raw fibers, a characteristic 2h band between
13° (101), 17° (101) along with a broad peak at 22.5° (002) were observed, which
corresponds to the cellulose-I structure. These results were in agreement with those
observed for native cellulose [78]. It was also observed that the peaks for the
amorphous region at 14° and 16° were hard to distinguish due to their close
proximity [79]. Further, it was found that in case of mercerized cellulose and CNS,
the corresponding peaks were shifted to 12°, 20°, and 22° and were related to same
crystal planes mentioned earlier. The crystallinity index for raw material, mercer-
ized cellulose and CNS were found to be *68, 64 and 88%, respectively [80]. In
case of TiO2–cellulose nanocomposite additional peaks at 34.3° (004), 38.2° (004),
48.0° (200) and 70.11° (220) were observed corresponding to the tetragonal
structure of TiO2 and reflected no change in the crystalline structure of the wood
cellulose fibers [64]. Observation of a broad peak at 19° in powder XRD indicated
the conversion of hemicellulose to xylitol [81]. Xylan hemicellulose (XH)/cellulose
fiber NCs showed the presence of crystalline peaks whereas freeze-dried XH
powder showed no distinct crystalline peaks [82]. Bacterial cellulose showed three
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characteristic peaks of cellulose at 2h = 14.7° [39], 16.4° [39] and 22.6°
(200) which were attributed to the elementary cellulose crystalline structure. Carbon
sources used for bacterial growth can also affect the degree of crystallinity in
bacterial cellulose. Further, the crystallinity of bacterial cellulose produced in
agitated condition was found to be lower than the static culture due to the presence
of structural disorder [83]. XRD studies of the bacterial cellulose (BC) and
drug-loaded BC matrices were carried out by varying the scanning angle in the
range of 10° to 60°. The distinct peaks observed in the diffractogram for BC at
14.12°, 16.8°, and 22.72° demonstrated the crystalline structure of BC. The surface
modified BC showed peak pattern similar to as-synthesized BC with lower inten-
sity, indicating a reduction in the crystallinity as a result of acetylation. Apart from
the peaks at 26.90°, 28.54° and 29.82°, BC-famotidine matrices have strong peaks
at 11.58° and 17.76°, confirming the entrapment of drug into matrices. The
appearance of distinct peaks in the pattern for BC-tizanidine matrices at 25.06° and
26.46° showed lower crystal growth of the drug nanocomposite [84]. XRD patterns
of calcium alginate/graphene oxide NCs revealed an amorphous structure, whereas
those of barium alginate/graphene oxide composites indicated the presence of
semi-crystalline structure which might have resulted from the preferential binding
of barium ions to mannuronic acid blocks [85]. The XRD patterns of chitin and
hydrolyzed chitosan confirmed that all chitin samples exhibited strong reflections at
a 2h value between 9 and 10°. XRD spectra further suggested that chitin is
amorphous in nature whereas chitosan is crystalline [45]. Chitin/cashew gum
(CT/CG) nanocomposite showed sharp peaks at 2h = 9.28° and 17.54° corre-
sponding to diffractions of CT and CG segments respectively when blended with
metal oxide nanoparticles. Furthermore, peaks at 2h corresponding to 21.65° and
26.13°, indicated the semi-crystalline nature of the blend matrix [86]. The XRD
patterns of carbonized lignin showed peaks at 26.7° (002), 43.2° (100/101),
54.7° (004) and 78.1° (110) confirming the structural changes happened in lignin
after carbonization whereas untreated lignin did not show above-mentioned peaks,
which revealed its non-crystalline nature [87]. Pure pullulan has no crystalline
peaks implying that the material is fully amorphous [88]. Unfilled glycerol plasti-
cized and non-plasticized pullulan films were characterized by a broad peak cen-
tered at around 19°, typical of fully amorphous materials [89]. Rice starch showed
A-type diffraction pattern peaks at a 2h value of 9.9°, 15.0°, 17.0°, 18.1° and 23.5°.
Extensive hydrolysis of rice starch showed less intensity diffraction patterns which
indicated that hydrolysis occurred in the amorphous region [31]. A native starch
granule was pre-treated with b-amylase and glucoamylase and found that pretreated
starch granules have semi-crystalline nature as compared to native starch [33].

3.1.4 NMR

NMR is a one of the strongest technique which is used for characterization of
chemical moiety present in most of the compounds. Microcrystalline cellulose
(MCC) biopolymer was converted into spherical cellulose container (SCC) by the
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sonochemical method and investigated by 13C MAS NMR. The spectra depicted
that peak of different carbon atoms of the glucose pyranose repeating unit in MCC
and SCC were quite similar [90]. 1H-NMR spectra of acetylated and demethylated
lignin showed peaks corresponding to 6.0 and 8.0 ppm for two of its important
aromatic precursor’s viz., syringyl and guaiacyl respectively. Further, the peak at
6.96 ppm was assigned for a proton of C5 position in the 9 carbon units of lignin
while 3.82 ppm peak was designated for a proton of methoxy group of the same
material [91]. 13C NMR spectrum of the aminated lignin was observed and showed
a peak around 130 ppm which corresponds to ortho- and para- positions of the
aromatic ring. Further, peaks were observed at d value 16.5, 17.8, 59.5, 82.2, 136.8
and 137.3 ppm for methyl groups, CH group of the aromatic ring and amine, CH
connected to oxygen and amine connected aromatic carbon atoms respectively [58].
2D NMR analysis of mild wood lignin showed typical lignin substructures such as
b-O-4, b-b, b-5, benzaldehyde and cinnamaldehyde units [92]. 31P NMR is a
powerful tool for hydroxyl group analysis in lignin biomass. Softwood lignin
showed characteristic peaks of hydroxyl groups present in an aromatic moiety of
lignin [93].

3.1.5 DLS and Zeta Potential

The stability of CNS is mainly related to the ions present during the acid hydrolysis.
For sulfuric acid treatment, the formation of sulfate ester groups allows water
dispersion of CNSs and prevents aggregation. The zeta potential of 0.1% CNS in
water indicated an average zeta potential of −23.3 ± 3.2 mV [94]. The DLS size of
CNSs was found to be in the broad range 30 nm to 1 µm which indicated the
anisotropic properties of the CNS suspension which were attributed to the different
aggregate states CNSs in solution [95]. Similarly, for hemicellulose broad particle
size distribution ranging from 50 to 400 nm was observed. Further, hemicellulose
showed negative zeta potential value which can be due to the presence of pectic
substances (anionic polysaccharides) and oxidized lignin structure on hemicellulose
surface [96]. Silver-chitosan nanocomposite showed particle diameter of *1553
nm whereas, simple chitosan showed the diameter of 78.8 nm. The zeta potential
analysis of silver chitosan nanocomposite revealed that the prepared nanocomposite
was negatively charged (−3.4 mV at neutral pH) [97]. Zeta potential and particle
size of chitin nanocomposite was found to increase as the amount of chitin (wt%)
were enhanced in the corresponding NCs [98]. The hydrodynamic diameter of
magnetic nanoparticles coated by a series of carboxymethylated polysaccharides,
such as dextran, cellulose, and pullulan was found to be 229, 719, and 330 nm,
respectively. The f potential in all of these cases had slightly negative values, which
increased with increasing magnetite content present in the composite [99].
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3.1.6 UV-Vis

The formation of gold-carboxymethylcellulose (CMC) NCs was confirmed by
UV-Vis spectroscopy by monitoring the appearance of Au surface plasmon band at
522 nm which was otherwise absent in case of both the precursors [100]. The
absorption intensity of Au was found to gradually increase with increasing CMC
concentrations in NCs. Moreover, absorption peak width became narrower sug-
gesting uniform size distribution of synthesized Au nanoparticles in presence of
carboxymethyl cellulose [101]. The absorption peak of chitosan ZnO nanocom-
posite was observed at 360 nm, which was having lesser intensity than macro-
crystalline ZnO absorption found at 372 nm. This was attributed to the quantum
size effect of chitosan-ZnO nanoparticles [102].

3.1.7 SAXS

SAXS was used to determine pair distances distribution function (PDDF) profile
related to the shape and the conformational arrangement of macromolecules.
The PDDF profile of the CNS before sonication (CNS-BS) and after sonication
(CNS-AS) showed different geometries. Interestingly, the non-sonicated CNS
exhibited an elongated curve due to agglomerated particles, whereas the CNS-AS
exhibited a Gaussian curve corresponding to spherical particles [103].

3.1.8 TGA

TGA was used to characterize the thermal behaviour of raw fibers, mercerized
cellulose and CNS and the values were found to be dependent on components
present in the plant cell wall. In fact, the cellulose decomposition was reported in
the range of 315–400 °C whereas for hemicellulose and lignin it was found to be
between 200–315 °C and 160–900 °C respectively [104]. For the raw fiber,
mercerized cellulose and CNS, decomposition started at 218, 223 and 209 °C and
the maximum degradation was observed at 346, 342 and 326 °C respectively. It
was found that compared to the CNS, the thermal stability of raw fibers and
mercerized cellulose was higher, possibly because of the presence of sulfate group
at the surface of the CNS. The difference in thermal behaviour between mercerized
cellulose and raw fibers was explained based on the presence of hemicellulose and
lignin material in the raw fibers [105]. Further, it was found that TiO2–cellulose
nanocomposite was more stable than pure cellulose [64]. Xylan-rich hemicellulose
(XH) and cellulose nanocomposite showed good thermal stability than freeze-dried
XH powder because of the presence of crystal structure [82]. Further, hemicellulose
Fe3O4 hydrogel NCs were also studied using TGA [106]. Similarly, bacterial cel-
lulose and its NCs were also evaluated for their thermal stability using TGA studies
and found that it resembles quite well with the thermal properties of the plant
cellulose. Literature reports suggested that the presence of mineral phase has
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changed the thermal degradation profiles of the bimetallic–alginate nanocomposite
samples when compared with the non-mineralized composite. This might have
resulted from the presence of mineral phase which improved the thermal stability of
the NCs by lowering the rate of alginate decomposition [107]. TGA thermogram of
AgCl/chitin nanocomposite suggested a reduction in the area under endothermic
peak in DSC and weight loss in TGA; thus confirming better stability for NCs
[108]. The aminated lignins were studied in detail to evaluate their thermal stability
[58]. TGA curves for freeze-dried raw starch samples suggested that the maximum
loss of mass happened around 260–330 °C and for the same composite, it was
noticed at *300 °C [32].

3.1.9 TGMS

Thermogravimetric- mass spectroscopy (TGMS) has been used to understand the
pyrolysis mechanism for hemicellulose. Under inert atmosphere and elevated
temperature condition carbonaceous material undergo aromatization. The decom-
position of the hemicellulose was observed between 200 and 580 °C and the mass
spectroscopy (MS) result showed peaks for CO2 (m/z = 44), CO (m/z = 28), CH4

(m/z = 16), and H2O (m/z = 18) [109].

3.1.10 DSC

DSC is one of the best analytical techniques to find the polymer crystallinity. The
same technique can also be used to study oxidation reaction as well as other chemical
reactions. DSC thermogram of chitosan-alginate (CS-AL) NCs prepared with glu-
taraldehyde showed one broad endothermic peak at *112.1 °C for crystallization
temperature whereas the glass transition temperature was found to be *350 °C. The
studies suggested that the crosslinker increases the thermal stability of the corre-
sponding NCs [110]. In a different study, glass-rubber transition (Tg), melting point
(Tm), and the degree of crystallinity for the synthetic poly (caprolactone) (PCL) was
found to be around *60, 69 °C, and 58%, respectively. For the developed chitin
whiskers/PCL composites, it was found that both Tg and Tm was almost independent
of the whiskers concentration [111]. Thermal analysis of developed lignin-epoxy
resin suggested enthalpy values were directly proportional to the amine content
present in the composites [58]. Further, it was also observed that the enthalpy values
of lignin may vary depending on their biomass [18].

3.1.11 ICP-MS

Inductive coupled plasma mass spectroscopy is used to determine the concentration
of metallic nanoparticles absorbed on the surface of the nanocomposite. In case of
silver/cellulose NCs, prepared by different concentration of silver nitrate in presence
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of a-cellulose, carboxymethyl cellulose and amino-cellulose as stabilizers, showed
that the quantity of silver nanocluster present on cellulose sample was directly
proportional to the concentration of silver nitrate in the precursor solution [112].

3.1.12 SEM

SEM was used to understand the surface morphology of raw fibers before and after
each treatment for cellulose extraction. The morphology of the fibers changed due
to the purification process. In general, the raw fibers are constituted by bundles of
cellulose microfibrils and are covered by different layers. The structural morphol-
ogy of microfibrils cannot be visualized, as they are still buried inside lignin and
hemicellulose [113]. For mercerized cellulose, the surface was found to be more
clean, smooth and the available microfibrils can be clearly seen. Thus, SEM
characterization clearly distinct between raw fibers and the mercerized cellulose.
Similarly, CNSs obtained after the acid hydrolysis showed a narrow size distri-
bution of particle size in the range of 46 ± 17 nm. SEM image revealed the
three-dimensional structure of hemicellulose/chitosan nanocomposite having con-
tinuous cell pore structure [106]. Similarly, the SEM studies on BC showed
structure composed of a random network of cellulose nanofibers. It was reported
that the outer surface consists of dense layers covering an internal microstructure in
the shape of honeycombs whereas the inner region is composed of fibers forming
large pores [114]. SEM images of the alginate-zinc oxide NCs appeared to be rough
which may have resulted from the interaction between the nanoparticles and the
alginate matrix. The presence of ZnO-NPs in the alginate matrix was observed as
bright spots with a moderate degree of agglomeration. The presence of elemental
Zn was also confirmed by EDS analysis. [115]. The diameter of chitin nanowhisker
determined by SEM was found to be much higher compared to the actual whiskers
diameter. This resulted from a charge concentration effect due to the emergence of
chitin whiskers [116]. Drug-loaded pullulan films appeared to have a random
distribution of drug particles with no sign of complete phase separation, thus
indicating a nanocomposite structure in the films [117]. Carbon microparticles
derived from lignin were analyzed using SEM and the data were compared with
untreated lignin, thermo-stabilised lignin and carbonized lignin. The average par-
ticle size for untreated, thermostabilised and carbonized lignin was found to be 9.1,
7.0 and 5.3 µm respectively [87]. SEM analysis of dilute acid pretreated corn stover
revealed the formation of semispherical and spherical structures on its surface
which led to the hypothesis that the droplet formations evolved from the ligno-
cellulosic matrix of corn stover during pre-acid treatment [118]. The microstruc-
tures of maize, mango, and banana starch granules were observed by SEM imaging.
Mango starch granules were found to be spherical and domeshaped with some
non-uniform growth and spoting having 5–10 µm particles size, which clearly
indicated that the starch particles may have collapsed during drying. In case of
maize and starch granules, regular spherical shaped particles were observed.
Banana starch granules were elongated and lenticular in shape, and the average
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longitudinal dimension was found to be 40 µm with a radius around 20 µm [34].
Citric acid modified starch nanoparticles (CASN) and native starch nanoparticles
(SN) was found to have a size range between 50–100 nm and 50–300 nm
respectively [77]. In one of the reports, the fractured structure of lamella indicated
the homogenous dispersity of SN on soy protein matrix [30].

3.1.13 TEM

In TEM, CNS samples showed mainly the presence of aggregates created during the
slow drying process [119]. Interestingly, white regions were observed inside the
particles and have been related to the entanglement or local twist of the crystalline
regions [120]. TEM studies were performed for alginate-ZnO nanocomposite to
monitor size, morphology and dispersion of ZnO NPs on the nanocomposite. It was
observed that the polymer conjugated ZnO NPs represented an irregular spherical
shape with size variations between 20 and 100 nm which was almost comparable to
the bare ZnO NPs [115]. Interfacial adhesion between lignin nanoparticles and PVA
matrix was observed through TEM. Lignin nanoparticles showed no change in
aggregation states even after incorporation of PVA matrix which suggested an
interaction of lignin hydroxyl groups with PVA [121]. The TEM images of super-
paramagnetic nanoparticles coated by pullalan revealed that the average size for all
of the samples varied between 3.4 and 9 nm depending on the amount of magnetite
present in the nanocomposite [99]. TEM image of chitosan-ZnO NCs revealed that
the particles possess mostly rod-like structure with a size close to 100 nm [102].
HRTEM studies were also used for such characterization [86]. TEM images of pea
starch nanoparticles suggested aggregated NPs having a length of *60–150 nm and
width of 15–30 nm [30]. Another report suggested the formation of well dispersed
and spherical shaped starch colloids of sizes *200 nm [32].

3.1.14 AFM

AFM is an imaging technique used for characterizing the surface topology of solid
materials. AFM based morphological studies reflected the existence of absorbed
nanoparticles on the surface of hemicellulose NCs [96]. Films formed by xylan
hemicellulose and chitosan showed a very smooth surface with few nodules.
Studies further suggested that cellulose nanofilm have higher roughness factor as
compared to cellulose nanofibers [82, 122]. AFM images of GO-alginate
biopolymer suggested an average thickness of the sheets was about 1.0 nm,
which indicated the formation of single-layered exfoliated GO for the nanocom-
posite [123]. AFM has been directly applied for the surface analysis of lignin and its
polymer composites. The AFM images of hydrothermally pretreated wheat straw
and corn stover revealed that the parenchyma cell lining has an aggregate of cel-
lulose fibers and the integrity of microfibers remained intact. The AFM images of
pullalan nanocomposite of magnetite nanoparticles revealed that the magnetite
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nanoparticles had a strong tendency to form agglomerate in the dry state. The
magnetite nanoparticles were found uniformly distributed throughout the samples;
whereas the aggregation was observed at a higher concentration of magnetite [99].
The AFM images of cross-linked chitosan/chitin NCs showed well isolated
nanometer-scale crystals of chitin. The diameter of chitin nanocrystals was found to
vary between 13 and 20 nm [124]. In another literature report, the homogeneity of
regenerated chitin (RChi) films was investigated by AFM [125].

3.2 Polypeptide-Based Biopolymers

Peptides are emerging as a new class of biomaterials due to their unique chemical,
physical, and biological properties. The development of peptide-based biomaterials
is driven by the convergence of protein engineering and macromolecular
self-assembly. The next section focuses on different spectroscopic and microscopic
techniques used for characterization of polypeptide-based polymers (Fig. 2).

3.2.1 CHNS Analysis

Elemental analysis of the collagen waste from goat skins revealed the % of C, N, H
and S to be approximately 41.5, 14.7, 7.1 and 0.2%, respectively. Further, XPS and

Fig. 2 Chemical structures of different polypeptide based biopolymers
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CHNS analysis of carbon materials derived from collagen waste at elevated tem-
perature abundantly showed the presence of carbon, oxygen and nitrogen in the
range of 72–82, 6.2–15.4 and 2.9–13.6%, respectively [126]. The amount of zein
adsorbed on the surface of montmorillonite (MMT) was determined by CHNS
analysis; and it was found that biohybrids based on extracted phase (EXT) showed
a lower amount of adsorbed protein than those prepared from precipitate [127].

3.2.2 FT-IR

Collagen is the principal structural constituent present in tissues; found most
abundantly in the body. FT-IR spectra of type 1 collagen obtained from bone and
skin tissues showed peaks of amide I at 1690, 1660, 1630 cm−1 corresponding to
stretching vibration of C=O and amide III peak at 1235 cm−1 corresponding to
stretching vibration of C–N and bending of N–H. Carbohydrate moieties present in
collagen exhibited stretching vibration of C–O and C–O–C at 1100–1005 cm−1

[128, 129]. In another literature report, it was observed that the collagen-
immobilized poly (3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) and hydrox-
yapatite nanocomposite scaffolds showed IR peak at *1722 cm−1 corresponding
to vibrational bands of C=O present in PHBV whereas a peak at *1039 cm−1

suggested the presence of PO3�
4 group exists in hydroxyapatite. In the same,

characteristic peaks were observed at *1640 and 1572 cm−1 for both amide I and
amide II bonds of collagen, respectively [130]. The hybrid polymer/inorganic NCs
of hyaluronan can be prepared either by in situ or ex situ method using both
chemical and physical methods. The FTIR spectrum of HA/ZnO nanocomposite
showed the peaks at *3412, *1616, *1411, *1149, *1066, *946, and
*661 cm−1; thus confirming the presence of HA in the nanocomposite. The for-
mation of ZnO nanoparticles was confirmed by distinct peak obtained at 441 cm−1.
The asymmetric sulfate stretching vibration band was observed at 1270 cm−1 and
the peak at 1066 cm−1 was attributed to symmetric C–O vibration related to C–O–
SO3 or due to the weak C–OH stretching resulting from ZnO coordination. On the
other hand, the peaks at *1632 and 1433 cm−1 corresponded to stretching of (NH)
C=O and –COO− or –OH groups, respectively. These peaks became strong and
shifted slightly in the presence of ZnO nanoparticles, indicating that interactions
between the (NH)C=O, –COOH, and OH groups of HA and ZnO nanoparticles
[47]. Major peaks in FT-IR spectra of gelatin isolated from scales and bones of fish
were observed in amide region. Scales gelatin showed amide-I and amide-III peaks
along with phosphate stretching peaks which indicated the presence of calcium salts
in scales gelatin sample. Interestingly, bone gelatin samples showed N–H stretching
vibration of amide A at *3340 cm−1 along with the amide-I, amide-II, and
amide-III peaks [131]. FT-IR of glutaraldehyde-crosslinked gelatin nanoparticles
showed a peak at 2927 cm−1 for asymmetric stretching of –CH2 groups present
in gelatin [132]. The FT-IR spectra of casein-acrylate TiO2 nanocomposite
suggested the successful grafting of acrylate monomers on the casein matrix.
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Similar spectroscopic studies were also performed for hollow casein nanospheres
[46] or poly(n-butyl acrylate)–casein NCs [133, 134]. Zein-based biodegradable
nanopesticide containing geraniol and citronellal as active ingredients were syn-
thesized and characterized using FT-IR. The spectra of zein showed bands between
3100 and 2800 cm−1, which corresponds to –C–H groups present in fatty acids and
amino acids. The spectrum of the geraniol loaded zein nanoparticles showed
characteristic zein amides I and II peaks along with minimal shifts which may have
resulted from the interactions of zein nanoparticles with the corresponding essential
oil [135]. Similar FT-IR studies were also performed for soy protein isolate-carbon
nanotube (SPI/CNTs) composites [136].

3.2.3 Powder XRD

XRD patterns for silica nanoparticles doped in hydroxyapatite/collagen and
hydroxyapatite/gelatin showed crystalline planes for hydroxyapatite which was
independent of doping material. Further, the crystallite size of hydroxyapatite
gelatin silica nanocomposite and hydroxyapatite collagen silica composite was
found to be 10.73 and 4.19 nm respectively [137]. In the X-ray diffraction pattern
of HA/ZnO nanocomposite, prominent peaks were observed and assigned to the
hexagonal wurtzite structure of nanometer ZnO particles with a degree of crys-
tallinity [47]. The main peak in the XRD diffractogram of zein films with and
without oleic acid appeared at the 2h value of 19° which was susceptible to the
number of cellulose nanofibrils (NF) present in the composite [138]. XRD patterns
of raw zein and zein nanoparticles suggested amorphous nature for both the
material which was further reduced in presence of high flow rate of CO2 [139].
XRD pattern of gelatin and its corresponding drug loaded counterpart was found to
show peaks at 2h = 20 and 22° respectively, suggesting increase in the crystalline
nature upon drug entrapment [132]. The XRD pattern for casein calcium phosphate
nanocomposite revealed amorphous nature for the material [140].

3.2.4 NMR

Conformational study of a collagen peptide by 1H NMR spectroscopy revealed an
interesting temperature dependant 1:1:1 pattern of sharp resonance bands and
slightly broader peak at*6.95 ppm, which was found to become even more broader
with decreased temperature conditions. Further, 14N–1H spin-spin couplings were
also observed because of quadrupolar relaxation which induces severe resonance
broadening [141]. In another study, NMR spectra of collagen were investigated to
compare between native and collagen present in biological tissues, such as bone,
cartilage and skin. Characteristic signals from all collagen amino acids were
obtained with a unique signal at 71.1 ppm, which can be assigned to the Cc carbon of
hydroxyproline. The 13C MAS NMR spectra provided supports to resolve the fin-
gerprint region of collagen whereas, 31P cross polarization magic angle spinning
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(CPMAS) studies on bone and bone implants have allowed to depict the biomin-
eralization process [142]. 1H-NMR spectra of methacrylic acid modified gelatin
composite showed d values between *0.86 and 3.57 ppm which indicated char-
acteristic peaks of methyl groups present in the amino acid residue of gelatin [143].

3.2.5 DLS and Zeta Potential

The particle size of zein nanoparticles was found to be *300 nm which showed a
constant decrease with increase in homogenization speed [144]. The zeta potential
of zein nanoparticles coupled with gum arabic (GA) was found to be negative
because of the presence of carboxylate groups in GA [145]. The DLS measure-
ments revealed that the casein NCs showed the diameter of *40–65 nm at pH 7.0
and the net charge was found to be negative [46].

3.2.6 UV-Vis and Fluorescence Studies

The presence of characteristic ZnO absorption band at 344 nm confirmed incor-
poration of ZnO into HA [47]. It was found that with increasing zein concentration,
the plasmon resonance band of silver nanoparticles shifted from 458 to 428 nm and
confirmed the formation of small size zein-silver nanoparticles [146]. The
fluorescence of electrospun zein nanofibers conjugated with CdS QD (Quantum
dot) showed emission at 561 nm. The emission intensity was found to be directly
proportional to the CdS QD concentration. Further, the uniform fluorescence
emission profile confirmed that the nanohybrid structure was stable in nature [147].

3.2.7 Circular Dichroism (CD) Spectroscopy

CD studies were carried out to confirm the presence of triple helix structure for type I
collagen obtained from bovine calf skin [148]. Again, collagen obtained from strep-
tococcal proteins showed unfolding of helix structure at 220 nm after denaturation
[149]. CD spectroscopy studies were also carried out for gelatin composites [150].

3.2.8 TGA

The thermal stability of collagen was tested using TGA and results indicated that
beyond denaturation temperature (Td) collagen mostly converts into lower molec-
ular weights elements. The specific viscosities started decreasing between 25 and
30 °C for skin collagen and between 30 and 35 °C for bone and muscle collagens
[151]. TGA analysis showed that the in situ prepared silver/hyaluronan bio-
nanocomposite increased the thermal and mechanical stability of resultant fibres [152].
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Again, the TGA profile for the synthesized soy carbon nanotubes showed a weight
loss of about 2% when the temperature was varied from 25 to 450 °C [136].

3.2.9 DSC

Collagen extracted from bovine tendon showed higher denaturation temperature for
crosslinked collagen scaffolds due to highly stable triple helix conformation [153].
Collagen helix and their crosslinking nanocomposite showed changes in enthalpy
and also in melting temperature [154]. Similar studies were also performed for
casein and its developed composites [134].

3.2.10 SEM

SEM characterization of type I collagen extracted from equine tendon has been
carried out to observe microscopic changes on the polymer surface [155]. Collagen
obtained from bovine tendon suggested the presence of 50–150 µm pores on the
nanocomposite surface [153]. FESEM image of HA/ZnO nanocomposite showed
that ZnO nanoparticles of 3–8 nm size were present on the HA surface [47]. The
majority of zein particles obtained via liquid-liquid dispersion was spherical in
shape and possess particles size of less than 200 nm [144]. SEM images of prepared
functionalized carbon nanotubes (FCNTs) showed homogeneous dispersion in the
modified SPI adhesive, although individual CNTs could be observed as agglom-
erates [136]. Similar SEM studies were also carried out for SPI–MMT (montmo-
rillonite) bio-nanocomposite [156] and casein NCs [46].

3.2.11 TEM

TEM studies were successfully carried out for HA-ZnO composites which showed
the presence of 10–12 nm ZnO particles on the HA surface [47]. Similarly, gelatin
nanoparticles of *100 nm size were also observed [132]. Both zein and its cor-
responding silver-zein nanocomposite were characterized using TEM and size of
the nanoparticles were found to be*60 nm [146]. Similar studies were also carried
out for casein and casein/calcium phosphate NCs [134, 140].

3.2.12 AFM

The AFM studies of collagen isolated from bovine vertebrae showed fibrils having
a diameter in the range of 50–200 nm [157]. In another AFM study, the surface
morphology of type 1 collagen showed thin film formation on nanocomposite
surface [158]. Similar AFM studies were also performed for Zein–GA composites
which suggested the formation of uniform spherical particles with average size of
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143 nm and height of 43.8 nm [145]. AFM images revealed that casein nano-
spheres were spherical in shape with an average height of 21.0 ± 1.3 nm [134].
Further data on roughness factor for different casein NCs indicated that higher
casein concentration allows homogeneous and smooth film formation [133]. The
microstructure of the nanocomposite prepared from CNCs and soyabean oil was
also characterized via AFM [159].

3.3 Synthetic Based Polymers

Eco-friendly synthetic based polymers have gained a lot of attention in current
scenario due to their versatile nature and various applications in different fields.
Different types of green NCs have been derived from modified synthetic polymers
such as polylactic acid, poly(D,L-lactide-co-glycolide) (PLA, PLGA) and polyesters.
This section draws the attention towards various techniques available for charac-
terization of above mentioned synthetic biodegradable polymers (Fig. 3).

3.3.1 FT-IR

The FT-IR spectrum of PLGA-superparamagnetic iron oxide (SPIONs) nanocom-
posite with and without BSA showed prominent peak at *2950–2850 cm−1,
assigned to C–H stretching of oleic acid on the SPIONs’ surface whereas carboxylic
acid present in PLGA showed sharp peaks at 1765–1750 cm−1 (C=O stretching),
1300–1090 cm−1 (C–C–O stretching), 1190–1085 cm−1 (C–O–C stretching) and
3100–2950 cm−1 (O–H stretching). However, BSA protein exhibited small sig-
nalling peaks at *1650 cm−1 (C–O stretching of amide) and *1540 cm−1 (N–H
bending of amide) due to its lower concentration in the corresponding nanocom-
posite [160]. In another study, FT-IR spectra of PLA NCs showed peaks at *2992,
*1373, and *1454 cm−1 for stretching vibration, symmetric and asymmetric
bending vibration of –CH3 groups respectively. The nanocomposite of PLA poly
(butylene adipate-co-terephthalate) nano-attapulgite (PLA/PBAT/AT) exhibited
native PLA peak for stretching vibration of C=O group confirming the presence of

Fig. 3 Chemical structures of different synthetic biopolymers
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PLA in the composite. Moreover, peaks at*3057 and 740 cm−1 were attributed for
stretching and bending vibrations of C–H present in benzene [25]. FT-IR spectra
were observed for unsaturated polyester/styrene (UP) nanocomposite filled with
nanodiamonds (NDs) containing carboxyl and methacrylate functional groups and
exhibited a peak at 980 cm−1 which was assigned to the C–H out-of-plane bending
in polyester molecules. Whereas, peak at 1730 cm−1 corresponds to C=O group
which remained unchanged in UP/NDs nanocomposite [57].

3.3.2 Powder XRD

XRD pattern of pristine montmorillonite (Mt) and insulin-Mt-PLGA NCs showed a
characteristic peak at a 2h value of 6.4° (001) with a corresponding d spacing of
13.6 Å. However, no XRD pattern was observed for Mt due to its low concen-
tration. Besides this, a hump corresponding to amorphous PLGA matrix also
appeared at a 2h value between 10 and 25°. XRD data depicted that Mt concen-
tration could not influence the encapsulation efficiency of insulin in the composite
[91]. XRD pattern observed for PLA and polylactic acid/poly-caprolactone
(PLA/PCL) nanocomposite revealed their crystallinity indices to be 31.43, and
17.34% respectively. Further, two peaks of PLA at a 2h value of *16.4° and
*22.6° were observed from the same studies [161].

3.3.3 NMR

13C solid-state NMR spectra of chitosan-PLA modified CNT NCs showed peaks at
65 and between 20 and 22 ppm for chitosan-CNTs and the composite respectively
[162]. In another literature report, 1H NMR spectra suggested chemical shift in poly
(D,L-lactide-co-glycolide) (PLGA) copolymer with d value between 1.46–1.68,
4.67–4.90 and 5.13–5.30 ppm assigned to –CH3, –CH2, and –CH functional groups
respectively [56]. 1H NMR of unsaturated polyester-styrene cured resin showed the
integration of the broad bands at*6.8 and 0.8–4.0 ppm which were assigned to the
ring protons of styrene and esterified fumarate residues of aliphatic chain [163].

3.3.4 TGA

It was found that carbon dot (CD) conjugation improved the thermostability of
polyesters by shifting the initial degradation temperature of the nanocomposite
towards higher temperature. The increased thermostability of the NCs can be
ascribed to high cross-linking density and secondary interactions imparted by CD
with the polyester chains [164].
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3.3.5 DSC

The positive influence of CNTs on the thermo-mechanical properties of unsaturated
polyester NCs (UP) was studied using DSC. DSC thermogram provided the
information of chain intercalation and thermal transition for the studied NCs.
Interestingly, the NCs exhibited a split in the melting endotherm whereas the
corresponding polyester showed a single peak, suggesting bond formation between
CNT and UP for the former case [57].

3.3.6 SEM

SEManalysis of the nanocomposite preparedusing ironoxide and lysine/BSAmodified
PLGAwere studied and was used for protein antigen delivery and immune stimulation
in dendritic cells [160]. The surface morphology of the fractured PLA nanocomposite
(PLA/PBAT/AT) was observed by SEM studies [25]. In a separate study, the native
PLA showed irregular microfibril structure compared to PLA nanocomposite
(PLA/PCL) when both were dissolved in the phosphate saline buffer [161].

3.3.7 TEM

The TEM studies suggested that the mean particle size of Fe3O4 and Fe3O4-3-
(trimethoxysilyl)-propyl methacrylate (MPTMS) was 8.8 ± 1.8 and 8.7 ± 1.8 nm
respectively. Further, TEM images of Fe3O4-MPTMS-PLGA NCs showed 1–2 nm
polymer coating thickness [165]. The surface morphology of PLA and PLA
nanocomposite (PLA/PBAT/AT) were also studied using TEM [25].

The signature peaks for the described eco-friendly polymers have been sum-
marized in Scheme 2.

4 Future Perspectives

For the sustainable development of the society, next‐generation eco-friendly
polymer composites are required to produce from renewable sources which possess
superior physicochemical and biological properties. Globally BASF, Nature Works,
Arkema, Novamont, and Plantic has been found to be the major player which
governs the mass production of different polymers like- polylactic acid, starch-
based polymer etc. contributing in several industries like—food, healthcare, and
agriculture. Moreover, it is expected that this area will witness an increase in the
CAGR by a significant amount at the end of 2021. Thus industries are changing
their focus toward exploring the possibilities of biodegradable polymers. NCs offer
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some great advantages over microcomposites because these possess improved
strength and hardness. For the best utilization of the isolated eco-friendly polymers
and their corresponding composites, proper characterization needs to be done.
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1 Introduction

Many types of polymers have diverse biomedical applications since they have
unique properties and can be easily tailored. Polymeric materials include natural
biopolymers, especially proteins, polysaccharides, polynucleotides, and natural
rubber as well as synthetic polymers like polyethers, polyalkenes, polycarbonates,
polyesters, and polyamides. The biocompatibility and biodegradability of the
polymers is the main reason for their usage in biomedical applications.
Biocompatibility term referred to the ability of materials to interact with a living
system without revealing the undesirable degree of harm to the living system and
biodegradability can be defined as the capability of materials in being degraded by
biological activity. Biodegradable polymers are biocompatible; i.e. they do not rise
an inflammatory response, and they degrade in vivo by hydrolysis and possible
enzyme reactions, afterword they are removed from the body through regular
metabolic processes [1]. Biocompatible and biodegradable materials should have
important properties to consider when they are used for the medical purpose, in
brief; do not trigger inflammatory or toxic response to the body, acceptable shelf
life, the degradation period match to the healing or regeneration process,
non-toxicity of degraded products, easily released from the body, permeability,
appropriate molecular weight, solubility, suitable structure, surface charge and
water absorption [2].

Wounds are an abnormal defect in the skin, vary to many types, and each
category needs peculiar caring to achieve healing objective [3]. This fact was
inspired researchers to develop suitable wound dressings, by considering the use of
biocompatible natural and synthetic polymers and their composites as the bases of
wound dressings. These polymers overcome the disadvantages of classical dressing
materials [4].
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Recent reports are aiming to develop dressing alternatives to accelerate the
wound repairing process. Naturally, derived materials like chitosan and its com-
posites could be used to achieve this target. Chitosan is a renewable basic
polysaccharide emerges as a viable structure that can be massively modified to
diverse types of bio-based composites have a great potential in biomedical engi-
neering. Chitosan has an interesting capability to be processed into gels, nanofibers,
membranes, scaffolds, sponge-like forms, beads, microparticles and nanoparticles
(Fig. 1) [5].

The different decorated forms of chitosan take into consideration the adaptation
with the requirements of wound healing applications. The dried forms of chitosan
have possibly to be hydrated via absorption of wounds exudates forming a hydrogel
layer over the wounded area. Chitosan exhibits excellent biocompatibility,
biodegradability, nontoxicity, anti-microbial and be used as hydrating agents [6].
Also, chitosan has an adhesive nature, antifungal, bactericidal feature, and oxygen
permeability. Because of these immense activities, chitosan and its composites
show good positive impacts on wound healing. Earlier reports indicated that
chitosan-based dressings can accelerate the repair of diverse tissues and facilitates
contraction of wounds. It stimulates cell proliferation. Hemostatic properties of
chitosan aids to natural blood thrombosis as well as blocking of nerve endings
that reduce pain. Moreover, gradual depolymerization of chitosan releases
N-acetyl-glucosamine, which initiates fibroblast proliferation, deposits collagen

Fig. 1 Schematic representation of the possibilities of processing chitosan into different forms [5].
Copyright 2014. Reproduced with permission from Springer Nature
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regularly, and induces the synthesis of a desirable amount of natural hyaluronic acid
at the wound site. This leads to higher rate of wound repairing within a minimal
scar [7]. Several studies enumerate the chitosan functionality in promoting the
polymorphonuclear neutrophils migration, and induction of granulation by pro-
moting dermal fibroblasts proliferation [8] that accelerate wound healing. The
polymer, chitosan possess basic amino groups and thus acquires an overall positive
charge at acidic pH. In common with many cationic polymers, chitosan has pro-
nounced antimicrobial effects due to destabilization of the external membrane of
bacteria via interaction between chitosan positive charges and negative charges of
the microbial cell membrane. This causes the disruption of the microbial membrane,
and subsequent infiltration of intracellular constituents. Studies proposed an alter-
ation in cell permeability via the interaction between the cell membrane and chi-
tosan [9].

Reports conclude that lower concentrations of chitosan exhibit a considerable
antibacterial activity against various pathogens like Escherichia coli or
Staphylococcus aureus [7]. Therefore, it finds rich use in the medical field in
promoting wound healing. Furthermore, chitosan dressings reveal minimal side
effects and provide microbial disinfection. Chitosan is appropriate for wound
healing because of its ease of administration, wound protection, water retention that
produces a moist environment on the wound beds, without drawbacks of accu-
mulating exudates. In addition, its permeable nature provides appropriate oxygen
required for reparative processes.

2 Biodegradable Polymers

Biodegradable materials take a great attention of the researchers aiming to the better
suited medical application which will stay inside the body until the healing process
is finished and then gradually decomposed. Polymers degradation process is
dependent on the polymer properties and its site in the body.

Both synthetic and natural polymers have been widely investigated as
biodegradable materials that showed controllable chemical breakdown into
non-toxic degradation products. Classification of biodegradable polymers can be
explained as illustrated in Fig. 2 [10].

Biodegradation of polymeric biomaterials involves cleavage of hydrolytically or
enzymatically sensitive bonds in the polymer leading to polymer decomposition.
Polymeric biomaterials could be classified according to degradation mode into
enzymatically- and hydrolytically degradable polymers. Enzymatic degradation
takes place to almost natural polymers. Natural polymers are the firstly used
biodegradable biomaterials in clinical applications. On the other hand, hydrolyti-
cally degradable polymers contain in their backbone hydrolytically labile functional
groups such as amides, anhydrides, acetal, carbonates, urethanes, esters, orthoesters
etc. that have hydrolytic susceptibility [2].
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The degradation of polymers can go into the different process depending on the
polymer structure. The polymer that contains hydrolyzable units directly incorpo-
rated in the backbone of the polymer chain slowly degraded to smaller units and can
be eliminated from the body. The polymer that has degradable side chains can be a
breakdown in the body providing residual polymers with hydroxyl, carboxyl or
other hydrating groups making the polymer water–soluble and excreted from the
body. Another way depend on a hydrolysable cross-linking unit in the cross-linking
polymer where a water-soluble polymer is exerted due to the cleavage of cross-links
in polymeric networks (Fig. 3) [1].

Fig. 2 Classification of biodegradable polymers [10]. Copyright 2016. Reprinted with permis-
sion from Springer Nature

Fig. 3 Degradation routes for biodegradable polymers [1]. Copyright 2017. Reprinted with
permission from Springer Nature
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Substances like superoxide anion, hydrogen peroxide, macrophages, hypochlo-
rite and foreign bodies can induce chemical changes causing degradation of the
polymers. Throughout the process of wound healing, hydrolysis can be catalyzed
by physiological ions, such as PO3�

4 , or by secreted enzymes. Processes of chemical
changes such as hydrolysis can cause the breakdown of polymer macromolecular
chains [1].

3 Biocompatible Polymers

Enormous polymeric frameworks can be utilized in medicine, but many of these
materials failed to interact with biological systems, wherefore the researchers
develop new materials in order to overcome this problem. The most important and
precondition properties of any biomaterial is good biocompatibility. There are
extensive materials that are, very desirable, but unfortunately rejected by the human
tissues, so the biocompatible materials must have an appropriate response for a
specific application [11]. Among these biomaterials, polymers are the most widely
used for biomedical applications. The features of flexibility and biocompatibility of
polymeric biomaterials enable its usage in the wide range of applications.
Biocompatible polymers are necessary for repairing, retrieving tissues functionality,
delivery of bioactive agents, and tissue engineering [1].

The Physical and chemical properties of the biomaterials; -hydrophilicity,
hydrophobicity, ionic groups, the multi-component frame of structurally amorphous
and crystalline morphology as well as and the topography, i.e. the surface rough-
ness have a great influence in their compatibility (Fig. 4) [11].

Fig. 4 Interactions of the biomaterial and the bio-system [11]. Copyright 2017. Reprinted with
permission from Springer Nature
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Biocompatibility examinations of materials perform in vitro and in vivo in order
to examine the systematic and local effects of the material on the human body.
Evaluation of biocompatibility of biomaterials in vivo includes the assessment of
physiologic effects of the body on material and material on the body, that can be
achieved by testing the overall biocompatibility of biomaterials; its potential toxi-
city, biodegradability, the reaction between the tissue and biomaterials and muta-
genicity of degraded products, etc. [1]. Biocompatibility of biomaterials can be
detected in vitro cell cultures to evaluate their toxicity by measuring the activity of
cellular enzymes via colourimetric assays (e.g. MTT assay) or fluorescent mea-
surement [12].

4 Wounds

Wounds are the damage or distraction in the normal anatomical structure and
function, and it can be a simple cut in the superficial layer of skin or more deep to
extend into subcutaneous tissue. This causes a damage to other structures, for
example, tendons, muscles, vessels, nerves, and even bone. Wounds can be
resulting from an accidental or surgical operation or they can be a secondary result
of the specific disease. Wounds are a principal cause of morbidity that impaired
quality of life and acquires a lot of healthcare resources [13]. Different classifica-
tions of wounds are based on diverse criteria. Elapsed time is a crucial factor in
wound classification. Thus, from a clinical point of view, wounds can be viewed as
acute and chronic depending on the consumed time for healing [3]. Acute wounds
originate from superficial scratches to deep injuries and heal completely with
minimal or no scar formation within a time frame of three weeks [14]. Chronic
wounds are those that have failed to proceed through an efficient, convenient and
timely reparative procedure to create anatomic and functional integrity of the
injured site. Chronic wounds represent a silent epidemic that influences a sub-
stantial division of the world population. Patients of chronic wounds oftentimes
suffer from “highly branded” diseases for example, certain types of ulcers, diabetes
and overweight [15].

Healing wounds early, has a great benefit in reduced or no scar formation,
whereas delayed treatment leads to severe hypertrophic scarring directly propor-
tional to the wound closure delay time. Earlier wound healing is also accompanied
by lower mortality and high patient compliance [16].

Both chronic and acute skin wounds are susceptible to infection because of
sterile loss of the natural hindrance function of the skin, facilitating the develop-
ment of microbial contamination, inside the wound environment. Microbial con-
tamination is involved in the infection of wounds and hence the failure of those
wounds to be healed. Therefore researchers concentrated on the investigation of
wound healing materials that can be lead to upgrade in the wound management
strategies [17].
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The percentage of wound contraction could be measured by tracing the margins
of wounds on a transparent paper by a fine tip permanent marker. By taking the
traced boundaries, the wound area in square millimetres (mm2) could be determined
plan metrically. At a predetermined time interval, the wounded area of each animal
on 0 days starting at 3 h post wounding. Wilson’s formula shown below gives an
estimate of percent wound contraction for a given wound healed area:

%wound contraction ¼ 0 daywound area� unhealedwound
0 daywound area

� 100

4.1 Insights to the Wound Healing Process

Skin is the biggest body organ, working as a hindrance to harmful media, pre-
venting pathogens from penetration into the body. Therefore the early repair of
injured skin is a major objective for medical-care experts. Effective wound healing
prompts to the rebuilding of tissue integrity and takes place through an organized
multistage prepare including a multitude cell types. Skin wound healing is a
complicated and dynamic natural process including coordinated interactions
between different immunological and biological systems, the typical healing reac-
tion starts quickly after tissue damage and takes several steps.

Some researchers consider that wound healing involves three phases:
Inflammation, proliferation and tissue remodelling [18], whereas other researchers
believe there are four stages in wound healing: Hemostasis, inflammation, prolif-
eration and tissue remodelling. However, everyone agrees that these phases are
connected, suggesting that the wound-healing process is a connected series (Fig. 5)
[19]. Normal wound healing timeframe is presented in Fig. 6 [20].

4.1.1 Coagulation and Hemostasis Phase

Firstly hemostasis and a blood coagulation, start immediately after the injury to
prevent bleeding when the blood segments spill into the site of injury, the platelets
trigger vasoconstriction, to reduce blood loss and come into contact with exposed
collagen and different components of the extracellular matrix. This contact triggers
the platelets to release clotting factors as well as essential growth factors and
cytokines, which provide wound healing cascade via activating the attraction of
neutrophils and monocytes into the clot [13].
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4.1.2 Inflammatory Phase

Shortly after hemostasis, the inflammation stage sets in close to a skin injury; the
primary inflammatory response is stimulated by chemotactic substances, which
attract leukocytes (neutrophils) and monocytes, that its main function is to prevent
infection. Neutrophils are white blood cells that migrate across endothelia from
local blood vessels and start the debridement via phagocytosis to destroy and expel
foreign materials, bacteria and damaged tissue in the wounded area. Monocytes are

Fig. 5 Wound healing process [19]. Copyright 2016. Reproduced with permission from Springer
Nature
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white blood cells that develop into macrophages and provide immunological
defences against many infectious organisms. The cells of remainders were
phagocytosed by macrophages. Phagocytic activity is vital for the subsequent
processes because no healing will happen for acute wounds suffering from bacterial
imbalance [13].

4.1.3 Proliferation Phase

The proliferative stage in wound healing is distinguished by wound contraction,
epithelialization, and angiogenesis, granulation tissue formation. Granulated tissue
mainly consists of fibroblast and new blood vessels (Angiogenesis). Once the injury
site is scoured, the inflammatory response is followed by proliferation and matrix
synthesis, in order to fill the wound gap and reestablish the skin barrier. Fibroblasts
migrate into the wound and secrete collagen to start the proliferative stage and
deposit new extracellular matrix (ECM). Forming and establishing alternate blood
vessels is vital in wound healing [13]. Angiogenesis is one of a critical component
of normal wound healing and is stimulated by a vascular endothelial growth factor,
resulting in increased vascular permeability, endothelial cell migration, and capil-
lary formation [21]. The proliferation phase includes the initial repair processes for
both the epidermal and dermal layers. Fibroblasts, macrophages and vascular tis-
sues coordinately enter the wound to start the formation of a new dermal composite,
the granulation tissue. Simultaneously, in a process named re-epithelialization,
keratinocytes at the wound edge migrate over the granulation tissue to differentiate
the new external layer of the epidermis [22–24].

Fig. 6 Timeframe of wound healing phases [20]. Copyright 2017. Reproduced with permission
from Springer Nature
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4.1.4 Remodelling Phase

In remodelling phase, the new collagen matrix becomes more cross-linked and
organized due to the wound contraction which brings the wound edge close
together and increases the wound tensile strength [13]. During the remodelling
phase, fibroblasts organize the collagen matrix and activate the transformation of
fibroblasts to myofibroblasts to facilitate wound contraction. The healed wound, at
last, enters the maturation phase, and granulation tissue continues to be remodelled
and restoration of skin style [25].

Wound healing depends on the right selection of a material for a particular
wound to achieve faster healing. These materials are focused to insulate wound
from dehydration and promote healing. Different materials can be employed as
dressing for healing wounds depending on the cause and kind of wound. Both
natural and synthetic materials used in wound healing process can be passive,
interactive and bioactive dressings. Passive dressings are permeable materials, such
as gauze and tulle dressings, used to cover the wound to renovate its function.
Interactive materials are semi-permeable or non-permeable, available in the forms
of films, foam, hydrogel, and hydrocolloids. The ideal wound healing materials
should achieve a fast cure rate at a reasonable cost with minimal annoyance to the
patient [26, 27].

4.2 Classical Wound Healing

Classical wound healing agents include topical liquid and semi-solid preparations
as well as dry classical dressings. These agents have still had some preferred
standpoint in certain clinical settings for wound healing [28]. Classical wound
healing dressings provide cover over the wound, including gauze, plasters, ban-
dages (natural or synthetic) and cotton wool, their primary function is to maintain
dryness of wounded area by possible evaporation of wound exudates, thus prevent
entrance of hazard bacteria into the wound. Gauze dressings produced from cotton
fibres, rayon, polyesters give some of the protection against bacterial infection.
Different types of sterile gauze dressings are used for absorbing exudates and fluid
in an open wound. These dressings need to consecutive change. Gauze dressings
are less cost-effective. Because of excrescent wound drainage, dressings become
moistened and have a tendency to become adherent to the wound making it painful
when removing. Bandages that are produced from natural cotton wool and cellulose
differ from synthetic bandages which made out of polyamide in its functions. Tulle
dressings, impregnated dressings with paraffin that not adhere to wound surface and
suitable for the superficial clean wound. Generally, classical dressings are used for
the clean and dry wounds with mild exudate levels or used as secondary dressings.
Since classical dressings have some of the limitation such as fail in providing a
moist environment to the wound, they have been replaced by modern dressings
with more advanced formulations [26]. In topical liquid formulations, for example,
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the povidone-iodine system is of paramount influence in the initial treatment of
wounds as it reduces bacterial infection, thus its incorporation into dressing systems
results in controlling or preventing infection. Next treatment of wounded areas by
physiological saline solution shows a dual cleansing by removing either the dead
tissue or washing the possibly dissolved polymeric dressings adsorbed onto the
wounded sites. Saline solution is likewise used to immerse dry wounds during
dressing change to help removal with little or no pain. Semi-solid preparations such
as silver nitrate used to treat bacterial contamination stay on the surface of the
wound for a more extended timeframe compared with solutions [28]. There are a
large number of antiseptic agents have cytotoxic properties, but if utilized correctly
they can be very effective. Recent reports show that antiseptics can be used
selectively as the first line of treatment of infected wounds [29]. The commonly
used antiseptics are hydrogen peroxide and iodine-based preparations. Due to the
extensive use of the antimicrobial, the incidence of resistance had been increased. In
general, topical antimicrobial agents are indicated early in wound management to
control contamination and decrease microbial burden [30].

5 Bioactive Materials and Their Progress
in Treating Wounds

Bioactive materials are materials which have been designed to induce specific
biological activity [31]. Bioactive materials that engaged in wound treatment are
developed to facilitate the healing of wounds instead of just to cover it. These
materials are focused to insulate the wound from dehydration and promote healing.
Bioactive materials play a vital role in the healing process. Biodegradability and
biocompatibility are among distinguishable features for bioactive materials pro-
cessed as dressing agents [4]. These agents are obtained generally from natural
tissues like collagen, hyaluronic acid, chitosan, gelatin and alginate. Their usage in
healing wounds can be singly or in combination. The collagen basic structure is
protein, and because of its unique properties, it has been examined by numerous
scientists for its active function in healing wounds. Upon contacting collagen to the
wounded tissue, formation of fibroblast and promotion of endothelial migration is
achieved. Hyaluronic acid is a glycosaminoglycan segment of extracellular matrix
and has unique biological and physicochemical properties. The biocompatibility
and biodegradability of collagen and hyaluronic acid are quite similar. Chitosan
helps in forming granulated tissue throughout the wound healing proliferative stage.
In many ways it was reported that the bioactive materials have superiority to other
types of wound healing materials [26]. Perfect wound healing materials ought to
keep up a wet domain at the wound interface, allow gaseous exchange, act as a
barrier to microorganisms and remove excess exudates. It is necessary for the
bioactive wound healing agents to fulfill many requirements such as: safety,
non-allergenic, non-adherent to be easily removed, and availability of the raw
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biomaterials used in their constitution within a minimal processing. In addition,
they have antimicrobial properties and promotes wound healing. Recently, many of
scientists are dedicate in producing a unique bioactive, wound healing materials, by
synthesizing and modifying biocompatible materials helps in promotion of wound
healing process. Among these materials, chitosan and its derivatives, of controlled
efficacy in repairing wounds are directed to promote healing at the molecular,
cellular, and systemic levels. Chitosan is a cost-effective and naturally abundant
biological material extracted from invertebrate’s skeleton as well as the cell wall of
fungi.

Chitosan is non-toxic biodegradable and antimicrobial agents has good bio-
compatibility, thus it shows positive impacts on wound healing [7]. Naturally
originated materials are being widely used in wound healing because of their
similarities to the extracellular matrix, typically good bio-characteristics, and cel-
lular interaction. Also, it can be easily formulated to get better cell adhesion and
tissue growth. In this way, natural polymers and their applications in wounds for
support and healing have attracted much consideration throughout the most recent
decade [32]. Using chitosan as an accelerator for wound healing is reported in many
studies where chitosan can profitably affect every step of wound healing. Chitosan
and its derivatives could accelerate wound healing by improving the functions of
inflammatory cells, such as polymorphonuclear leukocytes [33], macrophages, and
fibroblasts [34].

6 Chitosan

Chitosan is a linear polysaccharide obtained by deacetylation of chitin. It is a
copolymer composed from b(1!4) 2-amino-2-deoxy-D-glucose and b(1!4)
N-acetyl-2-amino-2-deoxy-D-glucose. Chitin is the abundant component of the
skeletal structure of many classes such as the group of invertebrates that include
arthropods, molluscs, and annelids. But in animals, chitin is associated with other
constituents, such as lipids, calcium carbonate, proteins, and pigments. It has been
estimated that the crustacean chitin present in the sea amounts to 1560 million tons
[35]. Chitin is also found as a major polymeric component of the cell wall of fungi
and algae. Chitin structure is similar to cellulose as shown in Fig. 7 but it has an
acetamide group in a position of C-2 instead of a hydroxyl group. Chitosan
structure is a deacetylated form of chitin [1].

6.1 Properties of Chitosan

Chitosan has several properties that control its activity, such as solubility, the
degree of deacetylation, molecular weight, the degree of crystallinity, and degree of
polymerization.
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6.1.1 Solubility of Chitosan

Chitosan is the poly-glucosamine, have a basic nature. It forms salts with acids and
produces polyelectrolyte. Chemical modification of chitosan or formulating it as
film or fiber is mainly correlated to its solubility in nature. Chitosan easily dissolves
in dilute organic or mineral acids via the protonation of free amino groups at
pH < 6.5, but it is insoluble in water due to the presence of intra and inter-hydrogen
bonds in its structure. Acetic and formic acids are widely used for research and
applications of chitosan. On the other hand, chitosan solubility decreases with an
increase in molecular weight. Oligomers of chitosan with a degree of polymer-
ization (DP) of 8 or less are water soluble regardless of pH [36].

6.1.2 Degree of N-Deacetylation

Studying the degree of N-deacetylation in chitosan, i.e. the ratio of 2-acetamido-
2-deoxy-D-glucopyranose to 2-amino-2-deoxy-D-glucopyranose structural units is
important. This ratio has a strong effect on solubility and solution properties of
chitosan. Chitin is insoluble in dilute acetic acid. But when chitin is deacetylated to a

Fig. 7 Chemical structures of cellulose, chitin and chitosan [1]. Copyright 2017. Reproduced
with permission from Springer Nature
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certain degree (approximately 60% deacetylation) whereupon it becomes soluble in
acid, it is referred to as chitosan. Chitosan is the fully or partially N-deacetylated
derivative of chitin with a typical degree of acetylation less than 40% [37]. For
measuring this ratio, a several methods have been used, such as FTIR spectroscopy
[38], H1 NMR spectroscopy [39], C13 solid-state NMR spectroscopy [40], elemental
analysis, and thermal analysis [38].

6.1.3 The Molecular Weight (MW)

It is important to mention that the applications of chitosan are correlated with its
molecular weight (MW). The chitosan molecular weight depends on its source and
deacetylation conditions (time, temperature and NaOH concentration), respectively.
Chitosan produced from deacetylation of chitin with a MW over 100,000.
Consequently, it is required to reduce the MW by chemical methods to a much
lower MW for easy application as a textile finish [38]. The MW of chitosan can be
measured by several methods, such as light scattering spectrophotometry [41], gel
permeation chromatography [39] and viscometry [41].

Viscometry is the simplest and most rapid methods for determining the
molecular weights of polymers [41]. The most commonly used equation relating
limiting viscosity values to MW is the Mark-Houwink equation as follows [35]:

g½ � ¼ K �Ma

where [η] is the limiting viscosity number and K, a are constants independent of
MW over a wide range of MW. They are dependent on the polymer, temperature,
solvent, and, in case of polyelectrolytes, the nature and concentration of the added
low-molecular-weight electrolyte.

6.2 Chitosan Sources and Production

There are many natural sources to extract chitosan such as mushroom, insects,
yeast, the cell wall of fungi and marine shellfish such as lobster, crab, krill, cut-
tlefish, shrimp, and squid pens. Chitin is the outer protective coating for shellfish,
that consists of covalently bound network with some metals, proteins and car-
otenoids. Crustacean shells composed of 30–50% calcium carbonate, 20–30%
chitin, 30–40% proteins and also contain pigments (astaxanthin, canthaxanthin,
lutein, and b-carotene), and these percentages change according to species or
seasons. Chitin and chitosan are commercially produced from the shrimp, prawn,
and crab wastes [42].

Different techniques have been reported for chitosan production. Preceding
preparation of chitosan from the crustacean generally consists of four basic
steps: demineralization, deproteinization, decolouration, and deacetylation [42].
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Before starting, shells were washed by warming water to remove soluble organics,
adherent proteins, and other impurities. The shells were then dried in the oven at
70 °C for a period of 24 h until completely dried shells were obtained. Then, the
shells are ready to chitosan production [43].

6.2.1 Demineralization (DM)

Demineralization is generally carried out using acids such as hydrochloric acid,
nitric acid, acetic acid, or formic acid (up to 10%) at ambient temperature with
stirring to dissolve calcium carbonate as calcium chloride [42]. However,
hydrochloric acid is the preferred acid and is used at a concentration of 0.2–2 M for
1–48 h at temperatures ranging from 0 to 100 °C with solid-to-solvent ratio of 1:15
(w/v) is usually used and then filtered under vacuum [39].

6.2.2 Deproteinization (DP)

Chitin is combined naturally with protein via covalent bonds, and deproteinization
of demineralized shells is usually carried out by alkaline treatment. The shells are
treated with sodium or potassium hydroxide (65–100 °C) at the shell to alkali ratio
of 1:4 for times ranging from 1 to 12 h. Accordingly, a detachment of protein
occurs from the shrimp waste solid component. Relatively high ratios of a
solid-to-alkali solution of 1/10 or 1/20 are used with stirring to increase the
deproteinization efficiency. After complete deproteinization, simple filtration can
easily separate the protein hydrolysate from the solids in the protein slurry [42].

6.2.3 Decoloration (DC)

The deproteinized chitin is a coloured product. For commercial suitability, chitin is
decolourized to yield white chitin powder. It is important to assure the inertness of
chemicals towards physicochemical or functional properties during the dis-
colouration process of chitin. Discolouration firstly starts with the treatment of
chitin with acetone and then dried for 2 h at ambient temperature, then a bleaching
step using 0.315% (v/v) sodium hypochlorite (NaOCl) solution for 5 min at
ambient temperature with a solid to solvent ratio of 1:10 (w/v). Samples were then
washed with water and dried in an oven at 60 °C for 2–3 h.

6.2.4 Deacetylation (DA)

The production of chitosan from chitin could be achieved by removing the acetyl
groups from chitin in a process known as deacetylation. Various factors that affect
the deacetylation process, including temperature, prior treatments applied to chitin
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isolation, time of deacetylation, alkali concentration, the ratio of chitin to alkali
solution, prior treatments applied to chitin isolation, atmosphere (air or nitrogen),
the density of chitin, and the particle size. The N-acetyl groups cannot be removed
by acidic reagents without hydrolysis of the polysaccharide, thus, alkaline methods
must be applied for N-deacetylation. It is generally achieved by treatment with
concentrated potassium or sodium hydroxide solution (40–60%) usually at 80–
140 °C for 30 min or longer using a solid to solvent ratio of 1:10 (w/v) to remove
some or all of the acetyl groups from the polymer. In that process, sodium
hydroxide is noted to be the preferred alkali. The resulting chitosan was washed to
neutrality with running tap water, rinsed with distilled water, filtered, and dried at
60 °C for 24 h in the oven [42].

6.3 Modified Chitosan

The physicochemical properties of chitosan can be amended to more desirable
features that meet various applications. Fortunately, the various functional groups in
the polymeric domain of chitosan enable its modification (Fig. 8) [42]. Alteration of
chitosan properties could be subjected chemically under mild conditions via the
reactive hydroxyl and amino groups distributed in chitosan structure. Below, we
report on promising examples of amended chitosan that recently take an eminent
position in advanced research and have special markets [44].

6.3.1 Thiolated Chitosan

Thiolated chitosans could be formed by the interaction of thiols with the chitosans’
primary amino group. There are three types of thiolated chitosans have been
formed: chitosan–cysteine conjugates, chitosan–thioglycolic acid conjugates and
chitosan–4-thio-butyl-amidine conjugates. The immobilized thiol groups improve
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Fig. 8 Functional groups in chitosan that can be modified
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many properties of chitosan. Due to the formation of disulfide bonds with mucus
glycoproteins, the mucoadhesiveness is aggrandized [6]. For example, the thiolated
chitosan rather plain chitosan reveals enhancement by (1.6–3 folds) in the perme-
ation of paracellular markers through intestinal mucosa. Moreover, the thiol groups
may react with thiol groups, thus decreases the release rate and maintains the
peptide release for a longer time.

6.3.2 O, N-Carboxymethyl Chitosan

Another type of modified chitosan is the carboxymethyl chitosan (CMCS) that
shows greatly enhanced antimicrobial activity than chitosan. This could be attrib-
uted to the inter- and intra-molecular interactions between the carboxyl and amino
groups that increase the increased cationic groups [45]. N-carboxymethyl chitosan
is a glucan type of chitosan carrying pendant glycine groups formed when using
glyoxalic acid in the preparation course [46]. The film-forming ability of N-car-
boxymethyl chitosan assists in imparting a pleasant feeling of smoothness to the
skin and in protecting it from adverse environmental conditions and consequences
of the use of detergents.

6.3.3 Highly Cationic Chitosan

N,N,N-Trimethyl chitosan (TMC) and N-[(2-hydroxy-3-trimethylammonium) pro-
pyl] chitosan chloride are quaternary soluble derivatives that show effective
enhancing properties of transport the peptide, protein, and drugs through mucosal
membranes. They have been used as an absorption enhancer, antibacterial agent and
gene vector due to its ability to form complexes with anionic gels or macro-
molecules [47]. TMC was synthesized by reductive methylation of chitosan in an
alkaline media at elevated temperature as can be seen in Fig. 9 [48].

6.3.4 PEGylated Chitosan Derivatives

Modification of chitosan and chitosan derivatives through PEGylation reveals novel
physicochemical properties, especially towards their solubility and their use in gene
and drug delivery. As has been published [49], the PEG-g-chitosan derivative was
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synthesized by functionalizing chitosan using a PEG-aldehyde. Chitosan was first
modified with a PEG-aldehyde to yield an imine (Schiff base), which was then
reduced to PEG-g-chitosan using sodium borohydride (NaBH4). In recent years
many applications, have been suggested for PEGylated chitosans. For example,
uses of PEG-g-chitosan for cell adhesion applications and application in wound
healing and tissue engineering [50].

7 Chitosan Composites and Their Inherent Biological
Properties

Chitosan is a natural cationic copolymer of N-acetyl glucosamine and D-glucosa-
mine. There are appropriate properties for chitosan making it suitable for use in
several biological fields such as drug delivery and wound healing [51]. The main
advantage of chitosan that it can be easily modified or make it in combination via a
simple procedure. A new class of biomaterials were obtained from chitosan com-
posites with good mechanical, physicochemical characteristics and useful proper-
ties, which can’t be accomplished either by chitosan or the combined material alone
[52]. Chitosan naturally exists as a composite with proteins and minerals in
invertebrates, that keep the integrity of its structural shells [53]. Thus combining of
chitosan and protein to form chitosan–protein composites make those composites
have biocompatibility. Many such composite scaffolds, for example, chitosan–
collagen and chitosan–gelatin [54] have been tested for their ability to promote cells
adhesion and proliferation. In the same pattern, chitosan and another gly-
cosaminoglycan such as heparin and hyaluronic acid have been combined to form
composites that provide specific cellular adhesion [52]. Chitosan-based wound
healing materials, which prepared by combining chitosan with synthetic or natural
materials is an effective way to prepare new wound healing materials for enhancing
its versatile property. Poly(vinyl alcohol), poly(vinyl pyrrolidone), poly(ethylene
oxide), and polyglutamic acid are an example of chitosan composites with synthetic
polymers that tested for wound healing applications. Different inorganic materials
can be combined with chitosan and give a good benefit in biological applications.
Wound healing materials that are prepared from chitosan and nanoparticles, can
interact at molecular and cellular level. This gives better antibacterial activity and
rapid healing action for the wound [10]. Biocompatibility, biodegradability,
hemostatic, bio-adhesion, antimicrobial activity, anti-inflammatory and non-toxicity
are inherent biological properties of chitosan and chitosan composites, that give it a
great attention in wound healing process [55, 56].
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7.1 Non-toxicity

In vivo, administration route affects the extent of chitosan toxicity. Arai et al.
reported that oral administration of chitosan within 16 g/kg resulted in lethal dose
in mice, whereas it amounts to >15 g/kg in rats. While intra-peritoneal adminis-
tration shows higher lethal dosage of 30 g/kg in rats and 52 g/kg in mice. Upon
subcutaneous administration, the lethal dose amounts to >100 g/kg in mice [57].
However, low toxicity (e.g., loss of appetite) may be the side effect when admin-
istrating chitosan orally to rabbits or hens during 34 weeks at doses of 700–
800 mg/kg/day As reported by Rao and Sharma [58], there is no pyrogenic effects,
no toxicity in mice and no irritation detected for either skin or eyes in rabbits. In
addition, almost studies presented chitosan as a safe material that may induce low or
minimal toxic effects. Moreover, chitosan shows considerable suitability and safety
in food applications and as a pharmaceutical excipient for the parenteral route [59].
Furthermore, concluded data about chitosan toxicity based on human studies are
quite limited. A daily dose of 4.5 g from chitosan took by human volunteers did not
result in toxic effects [60]. In addition, human trials up to twelve weeks showed no
toxic effects, no allergies, and only nausea symptoms and constipation in 2.6–5.4%
of subjects [61]. Accordingly, chitosan does not show significant acute toxicity.

7.2 Antimicrobial Activity

The antimicrobial activity of chitosan is influenced by several inherent structural
factors including chitosan molecular weight, the degree of deacetylation and con-
sequently the number of available free amine groups. The antimicrobial activity of
chitosan increases by decreasing pH as it is correlated to the glucosamine amino
group [62]. Nevertheless, the presence of some ions (e.g. Ca2+, Mg2+) [63] could
significantly affect the antimicrobial activity of chitosan. Unfortunately, it is difficult
to compare the estimated antimicrobial characteristics of chitosans reported in the
literature, indeed there is no a reference efficacy [64]. Because of the mutations of
microorganisms, a challenge in addressing modified chitosan formulations of
increased antimicrobial activity is a continuous demand. Chemically modified chi-
tosan of amended antimicrobial activity could be referred to the primary (C-6) and
secondary (C-3) hydroxyl groups on each repeating unit in addition to the amino
groups (C-2) on each deacetylated unit. Two mechanisms could be engaged in the
antimicrobial action of chitosan [65]. They firstly propose an interaction between the
positively charged chitosan and the negatively charged surface groups of the cells.
This could affect the permeability and cause a shortage in the fundamental solutes
necessary for the cell. The second mechanism refers to inhibition of synthesizing the
microbial RNA as a result of interacting with the protonated amino groups of chi-
tosan with the cell DNA and thus inhibit the synthesis of microbial RNA.
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7.3 Anti-inflammatory Nature

Anti-inflammatory drugs with high efficiency and fewer side effects are a great
target for a large number of researchers. Therefore, it draws attention to the
anti-inflammatory drugs from plants that have better effects, fewer side effects and
rich resources. Chitosan is one of the most abundant on the earth and naturally
occur. Chitosan and chitosan composites used to reduces inflammatory and pain
with high efficiency and fewer side effects [66]. Many reports show that the
inflammatory response is resulting from lipopolysaccharide, one of the components
of the cell wall of gram-negative bacteria. Lipopolysaccharide (LPS) is known to
stimulate the production of many local factors, including tumour necrosis
factor-alpha (TNF-a), interleukin, and prostaglandin E2, from immune cells
(macrophages) and fibroblasts cells in inflamed tissues [67]. It is known that
prostaglandin E2 considers a main inflammatory mediator in the inflammatory
response. Several researchers show that lipopolysaccharide (LPS) activates mac-
rophages and stimulate the production of proinflammatory cyclooxygenase-2
(COX-2) enzyme, leading to the synthesis of large amounts of Prostaglandin E2 at
inflammatory sites [68, 69]. Another pro-inflammatory product that has a critical
role in inflammation is the nuclear factor-kappa (NF-jB) that is activated by
lipopolysaccharide (LPS) via stimulation of Toll-like receptor 4 (TLR-4) on
immune cells. Lipopolysaccharide immune cell activation is facilitated by two
proteins known as CD14and MD-2 on the cell surface, then Toll-like receptor 4
(TLR-4) triggers a reaction with the adaptor molecule MyD88 (myeloid differen-
tiation primary-response protein 88). The MyD88-depending signaling cascade
leads to the activation of nuclear factor-kappa (NF-jB), that regulates proinflam-
matory genes that release pro-inflammatory cytokines such as tumor necrosis
factor-alpha (TNF-a), interleukin (IL-1, IL-6), which exaggerate the inflammatory
response. So, the suppression of nuclear factor-kappa (NF-jB) activation via
inactivation of lipopolysaccharide, is a potent strategy for the treatment of
inflammation [70, 71].

It is reported in may papers, that chitosan suppresses the production of nuclear
factor-kappa (NF-jB) and significantly inhibited Prostaglandin E2 without cyto-
toxicity [69, 72]. Chitosan as a cationic polymer exhibits an anti-inflammatory
effect due to ionic bonding and electrostatic interaction between its positive
centers and the highly anionic lipopolysaccharide. However, the therapeutic
potential of chitosan, depending on lipopolysaccharide-binding, need to increase
the efficiency of interaction between chitosan and lipopolysaccharide. Based on
this concept, chemical modification of chitosan was performed to increase the
affinity of lipopolysaccharide-chitosan binding [73]. N-acetylglucosamine, an
anti-inflammatory agent, is the monomer of chitosan and also already exists in the
body as hyaluronic acid that plays important role in wound repair. Furthermore,
chitosan has a physical analgesic effect on the wound by giving a cooling and
soothing effect when applied to an open wound. Therefore, chitosan shows a high
anti-inflammatory effect even when comparing it with the synthetic non-steroidal
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anti-inflammatory drug, such as indomethacin. Due to anti-inflammatory effects of
chitosan, these are beneficial for the treatment of acute and chronic inflammation
of wounds [66].

7.4 Biocompatibility

This propriety results from the interaction of the positive charge in pure chitosan or
chitosan composites with the negatively charged cell membranes due to ionic
exchange between the intercellular and extracellular medium [74]. Chitosan and its
composites have been investigated in numerous studies in a biological field and in
general, they showed high biocompatibility [75]. It was reported in human trials of
up to 12 weeks showed no significant clinical symptoms, with no evidence of an
adverse response of chitosan indicating to its biocompatibility [61]. Chitosan has
been approved by the American Food and Drug Administration (FDA) as a wound
dressing material, confirming its biocompatibility [76].

7.5 Biodegradability

An important aspect of the use of polymers in biological systems is their
biodegradation process in the body. Many reports illustrated, that chitosan and its
composites can be degraded by enzymes such as lysozyme, chitinase, lipases and
not produce any harmful byproducts, because these products are oligosaccharides
that are either incorporated into glycosaminoglycan and glycoprotein metabolic
pathways or easily excreted in urine directly [77, 78]. Chitosan can be degraded by
lysozyme via hydrolysis process and the degradation products are nontoxic [59].
The degradation rate of chitosan depends on its physical characterization and the
preparation methods. It is important to clear up that rapid degradation of chitosan,
may cause an accumulation of amino sugars, resulting in an inflammatory response
and, thus, affecting chitosan biocompatibility [74].

7.6 Hemostatic Properties

Chitosan hemostatic dressing is most promising in wound healing process due to an
effective response to stop bleeding and its regeneration advantages. Properties of
chitosan facilitate attracting red blood cells to chitosan, leading to rapidly blood
coagulation, and this was a reason for its approval in the USA for use it in wound
healing process [79]. Chitosan as a hemostatic agent would induce clot formation
via an interaction between the cell membrane of blood cells and free amino groups
chitosan. The positive surfaces of chitosan attract the negative charge of the
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membranes of erythrocytes and platelets, leading to platelet activation and blood
coagulation that reduce bleeding and enhance hemostasis [59]. It is reported
recently that chitosan promotes coagulation in vitro, with reducing the time of
blood clotting by 40% compared to blood alone, that suggest chitosan can induce
blood coagulation because of the interactions between acidic groups of blood cells
and free amino groups of chitosan [80]. The hemostatic mechanism of chitosan may
be due to three possible actions to stop bleeding, absorption of plasma, coagulation
of red blood cells, and platelet aggregation. Absorption features of chitosan is a
prominent factor that helps to act as a hemostatic via plasma absorption. In addition
to plasma absorption, coagulation of erythrocytes also is one important hemostatic
way of chitosan. The clotting of erythrocytes was enhanced in the presence of
chitosan due to crosslinking of the erythrocytes with chitosan polymer chains.
When chitosan attached to blood, resulting in a change in morphology of ery-
throcytes. They loss typical shape and seemed to have an unusual affinity towards
one another. The main cause of hemostatic effect of chitosan is its ability to the
aggregation and activation of platelet, forming an aggregated bloc in irregular
shapes [81, 82].

7.7 Mucoadhesivity

Mucus surfaces are the moist surfaces, which major components are mucin gly-
coproteins, lipids, inorganic salts and water, the latter, consists more than 95% of
their weight, making them a highly hydrated system. The mucoadhesive molecules
have features make them, interact chemically and mechanically with the glyco-
proteins of the mucus. The favoured of mucoadhesive features are an anionic
surface charge, high molecular weight, flexible chains, surface-active properties and
affinity to build hydrogen bond, which helps in spreading throughout the mucus
layer [83]. The cationic polymers such as chitosan can be absorbed on the mucus
surfaces via electrostatic interaction. Several types of polymers have been reported
as mucoadhesive due to their ability to interact physically and/or chemically with
the mucus surfaces. Moreover, the chitosan muco adhesive properties may be
attributable to its cationic character [74]. Chitosan and its composites have a high
adhesive force that will promote binding to the negative surface of the mucus
surfaces and cover different epithelial surfaces [84]. The mucoadhesion of chitosan
can be illustrated by the interaction between negatively charged residues in the
mucin glycoprotein and chitosan positively charged amino groups [85].
Mucoadhesion of chitosan and its composites is one of the important characters that
promote to improve the wound healing via interaction with the negatively charged
cell membranes, thus chitosan can stay close to the wound and prohibits the growth
of microorganisms.
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8 Modified Chitosan and the Biomedical Engineering
of Wound Healings

Over decades, materials applied in wound healing processes are originated from
diverse naturally occurring polymers. Moreover, those materials arisen from
polysaccharides like chitosan have received the great attention from the worldwide
researchers because of its important biological properties. Chitosan helps in every
step of wound healing via accelerating the infiltration of inflammatory cells like
neutrophils, absorbing exudates, making a barrier against microbes and helps in
healing without scar formation. However, the tenuous behaviour of chitosan
delimits its usage in a pristine form and pave the way for its modification in many
forms such as gels, films, fibers, and scaffolds or blending with other materials to
get a more suitable tissue engineering material. Blending of chitosan or its com-
bination either with natural or synthetic polymers reduce cost, improve its handling.
Moreover, this enhances the wettability, gas permeability and mechanical proper-
ties. The nanoparticles and growth factors blended into chitosan also exhibit better
antibacterial activity and minimize the time span for wound healing [10]. Chitosan
and modified chitosan activate macrophages, stimulate cell proliferation and tissue
organization. Hemostatic properties of chitosan aids to natural blood thrombosis as
well as blocking of nerve endings that reduces pain. Gradual depolymerization of
chitosan releases N-acetyl-b-D-glucosamine, which initiates fibroblast proliferation,
deposits of collagen and stimulates synthesis of a higher level from natural hya-
luronic acid at the wound site. This plays a pivotal role in wound healing [7].
Chitosan stimulates neutrophil in the inflammatory stage, to clean out the wound
site from bacteria. Chitosan activates the inflammatory cells, macrophages, and
fibroblasts which helps in wound healing without forming stigma [10].

8.1 Wound Healing Using Chitosan Impregnated Drug

Healing of chronic wounds necessitates a durability in regular drug administration.
Prolonged drug release continuously exposes the wounded area to the action of the
drug and thus reduce the used dose [86]. Recently, few reports conclude an
antibiotic-medicated chitosan dressing to get a controlled drug release system. In
this system, optimization of the amount of impregnated drug that provides the
controlled and sustained antibiotic action is a demand to be achieved.

8.1.1 Wound Dressing Using Sulfadiazine Loaded Chitosan
Nanoparticles

El-Feky et al. [87] reports for silver sulfadiazine (SSD) loaded chitosan nanopar-
ticles (CSNPs) for the controlled-release of SSD into burn wound to control
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bacterial growth. This work aimed to combine the advantages of the potent
antimicrobial and antifungal SSD drug with the advantages of chitosan nanopar-
ticles as drug carrier systems and effective fabric coating material. Generally, the
chemical bonding of SSD to textile dressings is not possible. Therefore, no specific
concentration or release rate of the sulfadiazine drug from the dressing to the
wounded area is precisely identified. Thus, the followed strategy was to encapsulate
SSD on a suitable hydrophilic nano-carrier has the possibility to be a coater for the
wound. By this way, the drug cytotoxic effect might be prevented and the effective
controlled application of SSD on healing wound is enhanced [88].

Water absorbency (Aw) of the wound-dresser is a crucial parameter in the
healing process and could be determined by the following equation:

Aw ¼ mwet � mdry

mdry
� 100

where mdry and mwet are the weights of the dry and wet samples, respectively.
Aw, could be estimated by immersing the investigated dresser in water until

reaching an equilibrium where the excess water on the surface of wet samples was
drained for 1 h through a calibrated sieve.

The continuous delivery of SSD in its loaded chitosan formulation that could
extend over 24 h help to improve patients’ compliance by removing the need for
multi-daily drug administration and is expected to offer an effective treatment due to
the longer undisrupted contact time between the drug and the wounded area.

8.1.2 Wound Dressing Using Simvastatin—Chitosan Microparticles
Loaded Polyvinyl Alcohol Hydrogels

Yasasvini et al. [89] prepared a simvastatin—chitosan microparticles loaded with
polyvinyl alcohol (PVA) hydrogels via a chemical cross-linking method. The
simvastatin loaded chitosan are firstly developed followed by the incorporation of
the particles in hydrogels. Depending on the in vitro release profile of the plain
drug, the preparative route optimizes the percent composition of the chitosan
microparticles and loaded PVA hydrogels. Optimized composition results in high
entrapment of simvastatin drug as estimated by the following formula:

EE %ð Þ ¼ Total amount of drug� Amount of drug the in supernatent
Total amount of drug

� 100

Adaptation of the composition percent of the constituents of this system pro-
vided prolonged release with a minimum amount of drug loaded in the formulation.
This reduces the used dose of the drug and maintains its required therapeutic
concentration in plasma. Thus, topical wound healing of high efficiency is
improved. The simvastatin loaded chitosan revealed a granulated tissue with
complete epithelialization was obtained in case of animals treated with the lowest
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dose hydrogels. On the other side, control animals are in the late fibroblastic state
after 21 days whereas the animals treated with the lowest dose of hydrogel acquires
a contracted wound profile [89].

8.1.3 Wound Dressing Using Scaffolds of Chitosan-Fibrin
(CF) Loaded with Quercetin

Scaffolds composed of quercetin-loaded chitosan–fibrin (Q-CF) due to dry-freeze
method were presented by Vedakumari et al. [90]. These scaffolds are non-toxic
and showed suitable biocompatibility in tissue engineering applications. Quercetin
is found in plants and belongs to flavonoids. It exhibits antiviral, antiulcer,
anti-cancer, antibacterial, anti-allergic and anti-inflammatory properties [91].
Moreover, quercetin potentially scavenges oxygen free radicals and shows efficient
in vitro and in vivo inhibition of lipids peroxidation. It has been reported that
wounds medicated with free radical scavenging drugs showed enhanced healing
[92]. The developed Q-CF scaffolds show quick water uptake and consequently
quercetin dissolution at the scaffold surface. This leads to an initial rapid release of
quercetin for up to 3 h. After that, a slow rate of quercetin release for up to 48 h is
further estimated. The slower step could be ascribed to a gradual degradation of
chitosan resulting in the formation of interconnected pores on the surface of the
scaffolds [90].

Since microbial infection is a major problem during the process of wound
healing, hence antimicrobial activity is significant parameter required to be dealt.
The Q-CF scaffold demonstrated a higher potential for bactericidal activity against
Escherichia coli and Staphylococcus aureus compared to quercetin free (CF)
scaffolds. The noticeable difference in the bactericidal activity of CF and Q-CF
scaffolds may be due to a synergistic effect of quercetin and chitosan. The earlier
holds strong antibacterial activity against E. coli and S. aureus [93], whereas the
positive charges on the latter interact with the negatively charged microbial cell
wall causing discharge of proteinaceous and other intracellular components. It also
binds to the nuclear DNA and inhibits the synthesis of mRNA and proteins [94].

Furthermore, a time-dependent monitoring of a group of biochemical parameters
due to investigation of the granulation tissues from the Q-CF treated group in
comparison to the CF group revealed the following conclusions: Q-CF treated
group showed significant increase in the quantity of collagen that causes improved
migration of fibroblasts and epithelial cells to the wound site for effective healing.
The content of hexosamine was reduced referring to an increase in the extracellular
matrix formation. Nevertheless, a prominent difference is noticed among all the
three groups. A higher level of total protein content, representing the efficient
synthesis and accumulation of proteins in the granulation tissues and a significant
increase in the level of uronic acid [95]. These observations highlight the combined
role between quercetin, chitosan and fibrin in the induction of fibroblast prolifer-
ation and quickness of healing in Q-CF treated wounds.
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8.1.4 Wound Dressing Using Melatonin-Loaded Chitosan-Based
Microspheres (Mel/CS MS)

Another dry powder formulation of Mel/CS MS was developed by Romić et al. [96]
using a spray drying method. Melatonin is a neurotransmitter hormone and bio-
logical modifier has pleiotropic bioactivities [97]. Melatonin stimulates antioxidant
enzymes, efficient free radical scavenging, and anti-inflammatory properties [98].
Also, melatonin has antibacterial effects that enhance wound healing via its influ-
ences on the phases of inflammation, glycosaminoglycan and collagen accumula-
tion in addition to cell proliferation at the wounded site [99]. Moreover, melatonin
reduces endothelial dysfunction in burns treatment owing to reactive oxygen spe-
cies antagonizing and thus, shortens the healing time [100, 101]. In contact with
wound exudates, the Mel/CS MS powder renders into the hydrogel. Pluronic-F127
was incorporated in the microspheres matrix to enhance melatonin amorphization
and release rate. Furthermore, the entrapped melatonin has potentiated chitosan
antimicrobial activity towards Staphylococcus aureus and five clinical isolates S.
aureus MRSA strains. The microspheres within relevant concentrations for
antimicrobial activity against planktonic bacteria show considerable biocompati-
bility to skin keratinocytes and fibroblasts.

8.2 Wound Healing Due to Chitosan Composites with Metal
or Metal Oxide Nanoparticles

Wound healing could be influenced by copper nanoparticles. The latter could
efficiently affect the complex phenomenon of healing involving various cells,
cytokines and growth factors. It was found that metallic copper nanoparticles rather
than copper ions show better modulation of cells, cytokines and growth factors
involved in the process of wound healing. Copper plays role in activating
endothelial cells as it stimulates their proliferation and migration. It induces the
direct in vitro proliferation of human endothelial cells directly in vitro and it is also
considered as a cofactor for many giogenic mediators As mentioned before, chi-
tosan due to its biocompatibility, antifungal/antibacterial properties, and
biodegradability is viewed as a beneficial polymeric candidate in healing.

Gopal et al. [102] presented for a chitosan-based copper nanocomposite
(CCNC). In their synthetic route, chitosan powder was slowly added to the acetic
acid solution (1%) in a normal saline and stirred for 8 h to get (10%) colloidal
solution of chitosan. After that, CCNC of 0.3% was prepared by slow addition of an
ethanolic dispersion of copper nanoparticles to the chitosan colloidal solution under
continuous stirring followed by sonication for 5 min. The healing efficacy of the
as-prepared CCNC nanocomposite was tested in the topical treatment of an open
excision wound in adult Wistar rats. The relatively fastest wound contraction was
detected in the CCNC-treated group during the monitored time frame compared to
chitosan and control treated groups.
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Further composites prepared depending on chitosan and nano-ZnO, that can be
used in wound healing. Sudheesh Kumar et al. developed chitosan hydrogel/
nano-ZnO nanocomposite bandages (CZBs) via the mingling of ZnO nanoparticle
(nZnO) with chitosan hydrogel, and study the wound healing ability of the
as-prepared CZBs on rats. Figure 10 illustrates that chitosan nanocomposites
bandages “control group” show excellent healing after 1 and 2 weeks, compared to
Kaltostat and bare wound. Wounds treated with chitosan control and CZBs
achieved significant closure to *90% after 2 weeks as compared to Kaltostat
treated the wound and bare wounds, which showed 70% closure (Fig. 11a). The
chitosan controls and CZBs show enhancing collagen deposition in the wound
healing after 4 weeks. CZBs showed controlled degradation, enhanced blood
clotting, excellent platelet activation ability, cytocompatibility, and antibacterial
activity. All these properties indicate that advanced CZBs can be used for wound
healing [10].

Fig. 10 Photographs of wound healing study [10]. Copyright 2016. Reprinted with permission
from Springer Nature

170 A. A. Essawy et al.



Another recent study presented by Fan et al. [103] developed a nano-titania/
collagen-chitosan (nT/COL-CS) scaffolds. The stability, safety, and broadens in
spectrum antibiosis of TiO2 making it promising additive in decorating matrices
used in biomedical applications. Only the nano-TiO2 of anatase crystallinity has
been reported to have the antimicrobial property [104]. The employed synthetic
route implies at first, the preparation of TiO2 hydrosol as reported by Macwan et al.
[105] from tetrabutyl titaniate precursor added to distilled water, ethanol, and
hydrochloric acid within a molar ratio 1:200:16:0.3. A second step to finally produce
nT/COL-CS was carried out through this technique: 20 mL of COL and CS solution
(5 mg/mL) using 0.5 M acetic acid. After that, isovolumetric COL and CS solutions
were mixed at 4 °C followed by the addition of appropriate amounts of TiO2

hydrosol to get (COL-CS/TiO2) of ratios 1–4. The mixtures were homogenized
under continuous stirring at 4 °C for 2 h, then kept for 4 h at 37 °C bath. Then, the
mixtures were poured into similar good culture plate and frozen at—30 °C, sub-
jected to vacuum freeze-dried at −50 °C and stored at −20 °C while not in use. The
added nano-TiO2 further binds to collagen and chitosan via hydrogen bonding and
serves as a bridge between their molecular chains resulting in an increase in the
density of the mesh structure.

The nT-COL/CS reveals a remarkable aggregation of red blood cells on the
nT-COL/CS surface that develop into clumps. Therefore, the nT-COL/CS scaffolds

Fig. 11 a Evaluation of the
wound area closure and
b study of the collagen
deposition area (in both
graphs, the star symbols
represent the p 0.05 level,
indicating that the means are
significantly different,
compared with the control)
[10]
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may be conductive to the hemostatic of the wound and may reduce the time of
wound repairing. Moreover, the images indicate that the red blood cell aggregation
is independent of the content of nano-TiO2.

Therefore, the biomedical studies on these scaffolds conclude their cleaning and
sterilizing effect for the wounded area, as well as, their high swelling property that
reduces the wound exudates and the aggregation of red blood cell. These charac-
teristics achieve the requirements of a viable candidate for wound repairing dressing.

Beer et al. [106] and Lara et al. [107] report for silver composites of considerable
antimicrobial efficiency and propose a mechanism for this action. However,
incorporating Ag to host matrices could enhance the antimicrobial effect.
A biocomposite of chitosan/ZnO containing Ag (CS/ZnO/Ag) showed potent
antimicrobial, antibacterial, and antifungal properties without any toxic side effects.
This may offer a new promising generation from wound healing dressings whereas
the blended ZnO nanoparticles have antimicrobial, antibacterial properties in either
micro- or nanocomposites that could be beneficial in preventing infectious diseases
[2, 108]. However, the higher antibacterial efficiency of ZnO is correlated to the
optimum amount of Zn ions precursor during the sol-cast preparation route [109].

Ding et al. [110] developed a bilayer dressing sponge consists of cross-linked
chitosan-oxidized Bletillastriata polysaccharide as a base layer with chitosan-Ag
(CS-Ag) as the upper layer. The upper layer (CS-Ag) prohibits the bacterial pro-
liferation and avoids direct contact with wound area whereas the lower layer
showed less gelling time, more uniform aperture distribution, higher water reten-
tion, preferable mechanical strength and improved cell proliferation ability.
Additionally, this double layered system provides excellent gas permeation and
water retention ability. Therefore, significant acceleration of cutaneous wounds
healing rate was achieved where a good mature epidermization with less inflam-
matory cells reached on day 7.

8.3 Wound Healing Based on Hydrogels
and Growth Factor Delivery

Hydrogels are polymers with cross-linked networks, that have hydrophilic func-
tional groups in their polymeric structure such as an amine (NH2), hydroxyl (–OH),
amide (–CONH–, –CONH2) and sulfate (–SO3H) that make them have a high
affinity for water absorption. In biological and medical fields there are great
interests to hydrogels because of a large number of convenient properties and
preparation methods in medical and pharmaceutical industries. Different types of
polymers (natural and synthetic) have been examined in hydrogel preparation.
Chitosan is a natural cationic polymer, that has vast benefits at hydrogel modifi-
cation. This polysaccharide has hydrophilic nature and can be degraded via human
enzymes which result in biocompatibility [111]. Chitosan hydrogels are conve-
nient for wound healing due to ease of application, wound protection, water
retention, oxygen permeability and flexibility in acquiring the wound geometry.
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Chitosan hydrogel was used as dressing to accelerate wound healing [14]. Chitosan
hydrogels may be used as a vehicle to deliver proteins such as growth factors into
wounds to accelerate healing [112]. Sustained release of growth factors in wounds
has some delay, but when using chitosan hydrogels as a carrier, it gives prolonging
the period of activity. Growth factors strongly promote cell division, migration,
differentiation, and proliferation, and its combination with chitosan hydrogels give
the advantages in wound healing process [113].

8.4 Wound Healing via Bioactive Modified Chitosan
Based on Photodynamic Therapy

The abuse of antibiotics cause high incidence of bacterial resistance, and therefore,
result in a serious problem which threatens the public health. Photodynamic therapy
has arisen as a promising and important way in many fields of medical therapy.
Recently, many study on photodynamic therapy for wound healing give interesting
results that open door for wound healing [114]. Photodynamic therapy technique,
depend on photosensitizer, that has been activated by exposure to illumination of
suitable wavelength, and in the presence of oxygen produce highly reactive oxygen
species that are able to damage the plasma membranes and DNA, leading to bac-
terial death. Prevention and treatment via photodynamic therapy, has a great
advantage comparing to ordinary antimicrobials, because of the dual antimicrobials
action of the photosensitizer, that can be attack the infected area via producing
reactive oxygen species, and moreover, photosensitizer can be bind directly to cell
wall and membranes of bacteria resulting in direct damage to its structures. Thus,
bacteria cells have not chance to create resistance [115, 116]. The ideal photo-
sensitizer should be easily synthesized, stable composition, non-toxic, photostable,
cost-effective and have eradication power against pathogens [117]. The suscepti-
bility of photosensitizer to eradicate bacteria has been shown to be dependent upon
the type of bacteria (Gram-positive or gram-negative). Gram-positive bacteria have
a permeable cell membrane which facilitate penetration of neutral, anionic, or
cationic photosensitizers into the cell, and otherwise, gram-negative bacteria have
an outer membrane that hinder regulate movement of molecules through the cell
wall. Therefore, the photosensitizers with cationic charge or using cationic carrier
are able to enter through the membrane and penetrate the cell and hence increase the
efficacy of photosensitizers against gram-negative and yeast. Thus, negatively
charged antimicrobial photosensitizers have narrow spectrum in the treatment of
mixed infections, while positively charged photosensitizers such as conjugating
polymers or those loaded on a cationic polymer such as chitosan are generally
highly effective photosensitizer. Modified chitosan has been chosen, as a suitable
delivery system for photosensitizers based on their advantages (e.g. biodegradable,
biocompatibility, less toxicity, anti-microbial and hemostatic properties). Also,
chitosan has a synergistic effect with photosensitizers, which potentiate their action
in Photodynamic therapy [115].
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9 Study Case for the Anti-bacterial Activity of Chitosan
Grafted Poly(N-Methylaniline) Nanoparticles

Antibacterial activity of Chitosan–graft-poly(N-Methylaniline) nanoparticle [118]
against Escherichia coli (Gram-negative) and Staphylococcus aureus
(Gram-positive) as a wound-causing bacteria model was investigated via determi-
nation of the growth inhibitory effect of chitosan-graft-poly(N-Methylaniline) in
broth bacterial suspension with concentration of 108 CFU ml−1 as a reference for
initial colony quantification, that determined by using the plate counting method.
To attain this situation, from a fresh bacterial agar plate, transfer the growth bacteria
into a sterile capped glass tube containing an appropriate amount of sterile broth
solution to make suspension of isolate overnight colonies into broth sterile media.
Decimal serial dilutions were made from bacterial suspension, and each of these
serial dilutions was cultured in sterile Petri plates. The plates were incubated for
24 h at 37 °C. The plates containing between 30 and 300 colonies were counted,
and the colony-forming unit (CFU) was calculated. CFU can be assessed by
comparing the optical absorbance of known CFU and unknown CFU via a spec-
trophotometer at 625 nm. The absorbance will be adjusted to the same range of the
McFarland standard 0.5 (1–2 � 108 CFU ml−1) with optical absorbance in range
(0.08–0.13). Adjust the suspension to be in balance with McFarland Standard 0.5
by adding sterile distilled water or broth. After adjusting the bacterial suspension to
a concentration of 108 CFU ml−1 with sterilized distilled water, the preparing
bacterial cell suspension was directly used for the antibacterial tests for Chitosan–
graft-poly(N-Methylaniline). In each test, 10 ml of the bacterial suspension and
0.1 g of the Chitosan–graft-poly(N-Methylaniline) copolymer sample were placed
in a sterilized Erlenmeyer flask and carried out in triplicate. The Erlenmeyer flask
was shaken (250 rpm), after for 2 h, 1 ml of this suspension was pipetted out from
the flask and the change in optical absorbance was recorded [119, 120]. The per-
centage of inhibition was counted as follows:

Inhibition% ¼ Control conc:� Taste conc:ð Þ=Control conc:� 100

E. coli and S. aureus, widely used as a pathogenic for wounds, were chosen as
the standard bacterium for determining the antibacterial properties of the Chitosan–
graft-poly(N-Methylaniline) nanoparticle. Growth inhibitory effect (Inhibition %)
were used to determine the antibacterial activity of the Chitosan–graft-poly(N-
Methylaniline) nanoparticle, which is 91.6 and 87.2% for E. coli and S. aureus
respectively. This result indicated to a good antibacterial activity of tested polymer.
It was observed that Chitosan–graft-poly(N-Methylaniline) nanoparticle showed
good antibacterial activity due to the synergistic effect between chitosan and con-
ducting polymer chains grafted onto the chitosan backbone [121, 122].
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10 A Case Study in Wound Healing Due to Chitosan
Grafted Poly(N-Methylaniline) Nanoparticles
of Photo-Driven Skin Regeneration

Photodynamic therapy means the combination of a light source with a photosensi-
tizing agent and hence produce reactive oxidizing species able to disinfect
microorganisms and promote the process of tissues repairing and regeneration.
A promising technique in repairing or treating wounds may ascribe when photo-
dynamic therapy, applied topically to the wounds and the used photoactive dressings
irradiated with light of appropriate energy corresponds to the optimum response. The
development of nano-polymeric system photosensitizer has a great attention because
of the biocompatibility and the accessibility for multi-functionalization of the
nanoparticle. Nano-polymeric system based in photodynamic therapy offers several
advantages such as the ability to deliver a large amount of photosensitizer to the
target area, flexibility toward surface modification for better efficiency, and pre-
vention from microorganisms in the living biological system. Many nano-polymeric
systems have been used in photodynamic therapy like chitosan, collagen, albumin
and alginate are grouped as natural polymers. Also, synthetic polymers like poly-
acrylamide and polylactide-polyglycolide co-polymers could be utilized [117]. The
copolymer Chitosan–graft-poly(N-Methylaniline) is a modified chitosan by grafting
with photoactive conducting polymer [118] acting as a potential photosensitizer, that
absorbs Ultra violet and visible light, in turn, able to generate reactive oxygen
species (ROS). This can reveal an environmentally desirable polymeric photosen-
sitizer. To emphasize the effect of photodynamic therapy based on Chitosan–
graft-poly(N-Methylaniline) nanoparticles, we applied it in wound creation in ani-
mals and investigate the wound repairing output. The effect of Chitosan–graft-poly
(N-Methylaniline) nanoparticles on wound healing process was tested in dark and in
presence of fluorescent lamp illumination with distance 1.5 m, as a visible light
source (photodynamic therapy). The wound healing evaluation carried based on rat
wound model, a single full-thickness skin excision wounds of 1 cm2 in diameter was
created on the back of each rat. Before wound creation in rats, the skin of the rats was
shaved and disinfected using 70% (v/v) ethanol. Then the wounds were treated by
Chitosan–graft-poly(N-Methylaniline) nanoparticles, and subsequently changed at
different time intervals 3, 6, and 9 days after the surgery. The wounds diameters
were serially measured using a caliper, and the appearance of the wound was
examined visually. The percentage of the remaining wound areas were calculated as
area before treatment (A0) minus area contracted after treatment At), divided by area
before treatment (A0), multiplied by 100% as follows:

Remainingwound areas %ð Þ ¼ A0ð Þ � Atð Þ½ �= A0ð Þ � 100

The test was carried out on three groups, each one consists of four rats, which
photodynamic therapy group, dark group, and control (untreated) group. The per-
centage of the remaining wound areas after the application of Chitosan–graft-poly

Biocompatible and Biodegradable Chitosan Composites … 175



(N-Methylaniline) nanoparticles was found to decrease in a time-dependent manner
in all the groups (Fig. 12). The wounds showed progressive healing up to 12 days
for photodynamic therapy group and dark group versus control group. The healing
was much better for photodynamic therapy group due to the synergistic effect of,
killing bacteria via producing reactive oxygen species after light excitation and the
native antibacterial action of chitosan-graft-poly(N-methyl aniline) nanoparticles,
indicating to its importance in caring of wounds. Photodynamic therapy group and
the dark group showed obvious activity in comparison with the control. It was
encouraging that results showed significant differences only after 3 days versus
control group, and the healing rate of photodynamic therapy was markedly higher
than the dark group. After 12 days, the percentage of the remaining wound areas
were 43.6, 8.9, and 1.0% for photodynamic therapy group, dark group, and control
group, respectively. It suggested that the wound could be healed after treatment by
chitosan-graft-poly(N-methyl aniline) nanoparticles. And the healing effect of
chitosan-graft-poly(N-methyl aniline) was significantly better than that of control
(untreated) group. It was probably because that photodynamic therapy group and
the dark group could availably prevent bacterial invasion and wound moisture
to evaporate, which was advantageous for wound healing. Chitosan–graft-
poly(N-methylaniline) may promote the cell migration and angiogenesis in vari-
ous stages of wound healing. Moreover, it should be noted that the healing rate of

Day 0 Day 3 Day 7 Day 12

Control 

group 

Dark group

Photodyna

mic therapy 

group 

Fig. 12 Images of wounds from authors study case on the back of the rats at different time
intervals
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the control group was the slowest by visual monitoring from Fig. 12. After appli-
cation of chitosan–graft-poly(N-methylaniline) nanoparticles in the photodynamic
therapy group and dark group, wounds were turned softer due to rapid absorption of
wound secretion and adjoined with the wound closely. And at the same time, bac-
terial infection was prevented by the outer barrier. Moreover, as early as in the 3rd
day, new tissue appeared on the wound and granulation tissue was formed, which
suggested that wound was in the proliferative phase. By day 12, wound disappeared
and hair was seen, which suggested that the generation of hair follicles appeared.

11 Future Prospective

This chapter presents a detailed overview of biocompatible and biodegradable
polymeric formulations and their correlation to wounds as well as the insights of
wound healing process. Also, highlighting the recent progress in the biomedical
treatment of wounds especially the current progress of chitosan-based composites
and their applications in the biomedical engineering/management of wound healing.
Additionally, the chapter descript the clinical findings that affect the appearance and
functionality of the restored tissues taking into consideration the cost and time
consumed for wound closure. Despite, a lot of chitosan-based formulations for
wound healing purposes was developed, presenting a more decorated chitosan
composite with greenly synthesized metallic and metal oxides of immense activity
towards wounding areas is still infrequent and represents a novel perspective need
to be increasingly dealt. These chitosan-based composites should fulfil many
requirements in terms of effectiveness in microorganism disinfection, biocompati-
bility, and safety. Furthermore, our novel insights in developing chitosan nanografts
as an advanced photoactive dressing for wound healing pave the way and opens the
door to formulate photostable chitosan-based dressings. In this unconventional
strategy, the developed photoactive dressings should safely produce reactive oxy-
gen species able to disinfect microorganisms, promote repair and regeneration of
wounded tissues. In this context, future criteria are recommended to investigate
in-depth, the in vitro-in vivo correlation, and to conduct trials to human models [2].
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Mechanical, Thermal and Viscoelastic
Properties of Polymer Composites
Reinforced with Various Nanomaterials

T. H. Mokhothu, A. Mtibe, T. C. Mokhena, M. J. Mochane, O. Ofosu,
S. Muniyasamy, C. A. Tshifularo and T. S. Motsoeneng

1 Introduction

Nanotechnology has attracted a considerable attention in science community due to
the growing demand to develop high-performance materials for medical, sensors,
computing, packaging, textiles, automotive, membrane-based separation, water
purification, etc. to make our lives more comfortable. Various nanomaterials such
as carbon nanotubes, graphite, metal oxide nanoparticles, clay nanoparticles, and
nanocellulose have been extensively investigated due to their good physical,
antimicrobial, electrical, thermal, chemical and mechanical properties. In recent
years, nanomaterials have been used in applications that require elevated
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mechanical performance such as polymer nanocomposites as a reinforcing element.
Polymer nanocomposite is a combination of the polymer matrix and nanomaterials
with one, two and/or three dimensions.

Polymers are widely used in various applications due to their low cost, flexibility
and easy processing. However, they have inherited some drawbacks such as low
tensile properties and poor fracture toughness which limits their applications [20].
Therefore, to address these drawbacks nanomaterials have to be compounded with
the polymer matrix. To develop polymer nanocomposites with the required prop-
erties depends on the filler properties and dispersion of the filler within the polymer
matrix. For instance, to formulate polymer nanocomposites with high conductivity,
carbon nanotubes should be used as filler due to its high conductivity [4]. However,
it is widely accepted that poor dispersibility causes agglomeration of filler which led
to poor interfacial adhesion between a filler and polymer matrix and therefore
results in the poor mechanical performance of the resultant material [20]. To
improve the dispersion of fillers in a polymer matrix, modification of either filler or
polymer should be considered to alter the functional groups of the materials in order
to achieve a good interaction between polymer and filler which enhances properties
of the resultant materials [95, 96].

Many researchers have investigated the effect of nanomaterials on the properties
of polymer nanocomposites [14, 87–89, 93, 94]. However, many studies indicated
that the incorporation of nanomaterials enhanced the properties of the resultant
polymer nanocomposites [90–92, 101]. For example, [67] reported that the incor-
poration of nanocellulose enhanced tensile and thermal properties of polyvinyl
alcohol (PVA) nanocomposites. It was also widely noticed that the increase in
loading showed a positive effect on mechanical properties of nanocomposites.

This book chapter reviews the effect of nanomaterials on the properties of
polymer nanocomposites. It is also highlighting the hybridization of fillers and
studied their effect on the properties of nanocomposites. Lastly, this chapter
highlights the incorporation of nanomaterials in biopolymers and investigated their
properties.

2 Mechanical Properties of Nanocomposites

2.1 Mechanical Properties of Polymer Reinforced
with Cellulose-Based Nanofillers

Cellulose-based nanofillers are categorized into cellulose nanocrystals (CNCs) and
cellulose nanofibres (CNFs). CNFs consist of crystalline and amorphous region
whereas CNCs consist of the only crystalline region. In addition, CNFs are
web-shaped [58] bundles stabilized by hydrogen bonds while CNCs are rod-like
shaped [75]. The diameters of both CNFs and CNCs are in nanoscale and their
lengths in microscale [77]. It was also reported that the tensile strength and modulus
of CNCs were 14.3–28.6 and 143 GPa, respectively [19]. In addition, CNCs have a
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low elongation at break, high aspect ratio, and large surface area. CNFs have similar
characteristics with CNCs.

Due to the aforementioned extraordinary properties of cellulose-based nano-
fillers, they have attracted a considerable attention in polymer nanocomposites field
as suitable reinforcement using low loading amount. The study reported by Chen
et al. [25] revealed that the addition of 10 wt% of CNCs extracted from pea hull
fiber in pea starch polymer enhanced tensile strength and elongation at break of the
pea starch nanocomposites due to their high aspect ratio. The authors added that the
strong adhesion between the two materials led to the improvement of mechanical
properties of the resultant nanocomposites. Similar observations were reported in
the case of CNFs [13, 45, 48, 49]. In addition, [49] indicated that the increase in
CNFs loading in polylactic acid (PLA) led to the enhancement of tensile strength
and modulus but, elongation at break was reduced. This was attributed to the good
mechanical properties of CNFs and the interaction between CNFs and PLA. In
contrast, [47] reported that no significant alterations in tensile properties were
observed in melt-spun PLA reinforced with CNCs.

The hydrophilic nature of cellulose-based nanofillers led to poor interaction
between nanofillers and the hydrophobic polymer matrix. Hence, the surface mod-
ification of these materials is crucial to improving their hydrophobicity, dispersion,
and interaction between them and the polymer matrix. The incorporation of acety-
lated CNCs up to 4.5 wt% resulted in an overall increase in tensile strength and
modulus as well as elongation at break. The further increase above that resulted in a
decrease in tensile properties. This can be explained by the fact that when loading
was less than 4.5 wt%, the distance between CNCs was big and therefore the
interaction was weak to form percolation network. However, at higher loadings, a
decrease in tensile properties was observed due to agglomeration [114]. On the other
hand, [13], reported that the enhancement of tensile properties in thermoplastic
starch (TPS) reinforced with unmodified CNFs was due to the formation of
hydrogen-bonded nanofibres network, entanglement and strong interfacial adhesion
between TPS and CNFs. The authors also reported that tensile properties of TPS
reinforced with acetylated CNFs were lower than those of unmodified CNFs rein-
forced TPS. This was attributed to the lack of fibers-to fibers and fibers-to-polymer
matrix interactions due to the surface hydrophobicity in modified CNFs.

2.2 Mechanical Properties of Polymer Nanocomposites
Reinforced with Carbonaceous Nanofillers

Carbonaceous nanofillers such as carbon nanotubes (CNTs) and graphite have
exhibited extraordinary tensile strength and modulus, electrical properties, large
surface area, high aspect ratio and low density. Given these extraordinary proper-
ties, CNTs can be regarded as ideal candidates for reinforcement in polymer
nanocomposites to enhance the mechanical properties, thermal conductivity and
electrical properties of the resultant polymer nanocomposites. Considering the
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properties of CNTs, [20] developed epoxy nanocomposites reinforced with multi-
wall carbon nanotubes (MWNTs). The results suggested that the incorporation of
pristine MWNTs in epoxy led to a slight increase in tensile modulus but decrease
tensile strength. However, incorporation of functionalized MWNTs with poly-
styrene sulfonate (PSS) and poly(4-amino styrene) (PAS) in epoxy resulted in an
increase in both tensile modulus and strength. Similar findings were also reported
by Mashhadzadeh et al. [69]. It was also reported that the addition of CNTs in
high-density polyethylene (HDPE) resulted in the improvement of its hardness [35].
In contrast, other authors reported that the addition of carbonaceous fillers without
modification in polymer matrix results in improvement of tensile properties [4, 74,
109, 111]. Moreover, it is worth noting that the increase in filler loading enhanced
mechanical properties of the resultant polymer nanocomposites [4]. In addition, the
addition of carbonaceous nanofillers in polymer matrix induce the electrical prop-
erties of nanocomposites [50]. Lopez-manchado et al. [63] investigated the effect of
thermal reduced graphene oxide on the mechanical properties of plasticized natural
rubber with dodecyltrimethylammonium bromide (DTAB). The addition of thermal
reduced graphene oxide enhanced the stiffness of plasticised natural rubber.

Numerous researchers have investigated the effect of loading of carbonaceous
nanofillers in polymer matrices [2, 50]. For instance, [50] investigated the effect of
large aspect ratios and exceptional high mechanical strength MWNTs loading on
the mechanical properties of acrylonitrile butadiene styrene. Both tensile strength
and modulus increased with increase in loading but, in the case of tensile strength it
increased up to 7 wt% and decreased with further increase in loading. The
enhancement of mechanical properties was due to the uniform dispersion of
MWNTs throughout the polymer matrix. Above 7 wt% loading, the agglomeration
of MWNTs was clearly observed which could be the reason for the decline in the
tensile strength of the nanocomposites. On the other hand, elongation at break
decreased with an increase in loading. In addition, the addition of MWNTs at
different loading also improved the electrical conductivity. Liao et al. [60] tested the
impact strength of polypropylene (PP) nanocomposites reinforced with MWNTs
and hydroxyapatite designed for bone implants. The authors reported in their
extensively investigated study that the impact strength of PP reinforced with
hydroxyapatite decreases with increasing hydroxyapatite loading. However, the
incorporation of MWNTs in PP nanocomposites reinforced with hydroxyapatite
enhanced the impact strength due to their flexibility and large strain to failure. Also,
it was reported that the inclusion of MWNTs increases the degree of crystallinity of
PP nanocomposites which lead to the enhancement of tensile properties and impact
strength. Younesi et al. [116] investigated flexural behaviour of low-density
polyethylene (LDPE) reinforced with single wall carbon nanotubes (SWNTs) and
wood flour. The addition of SWNTs and the modification of LDPE with maleic
anhydride enhanced the flexural modulus. However, the flexural modulus increased
with increasing loading (1–3 wt%) of SWNTs. The enhancement of flexural
properties was due to the high aspect ratio of SWNTs. It was also reported that
SWNTs were well dispersed in the polymer and therefore improved the interfacial
adhesion between polymer and SWNTs which result in improvement of flexural
properties. Furthermore, impact strength also improved when SWNTs were added.
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2.2.1 Mechanical Properties of Biopolymers Reinforced
with Carbonaceous Fillers

Much research is focusing on the development of biobased and biodegradable
products due to their eco-friendliness, sustainability, and biodegradability. Biopoly-
mers are among the materials that have been extensively investigated. Biopolymers
which are widely studied include polylactic PLA, TPS, poly(hydroxybutyrate-
co-hydroxyvalerate) PHBV, poly(butylene succinate) (PBS), polysaccharides and
proteins. Like any other material, biopolymers have inherited some drawbacks such
as moisture absorption, difficulty in processability and low properties in comparison
to traditional petroleum-based polymers. To address these drawbacks, biopolymers
are blended with other polymers or reinforced with stiffer nanofillers. For instance,
[97] reported that the addition of 1 wt% CNTs in PHBV reduced water uptake

Table 1 Biopolymers reinforced with carbonaceous nanofillers

Biodegradable polymer Filler Publication
year

References

Larch lignocellulose MWNTs 2017 Huang et al.
[46]

Poly(butylene
succinate-co-adipate) (PBSA)

Halloysite
nanotube

2016 Chiu [27]

Polycaprolactone (PCL) MWNTs 2010 Sanchez-garcia
et al. [97]

Hydroxyapatite MWNTs 2017 Khan et al. [52]

PBSA/maleated polyethylene blend Halloysite
nanotube

2017 Chiu [28]

Poly(lactic-co-glycolic acid) Carboxylation
MWNTs

2011 Lin et al. [61]

Epoxidized natural rubber MWNTs 2018 Krainoi et al.
[55]

Polylactide/poly(e-caprolactone) Thermally
exfoliated
graphene
oxide (GO)

2018 Botlhoko et al.
[17]

Poly(3-hydroxyalkanoate) Grafted
MWNTs

2015 Mangeon et al.
[68]

PLA Kenaf fibre/
MWNTs

2017 Chen et al. [22]

Poly(l-lactide)
(PLLA)/poly
(3-hydroxybutyrate-co-4-hydroxybutyrate)
(P(3HB-co-4HB)) blend

MWNTs 2017 Gao et al. [38]

TPS Oxidized
MWNTs

2013 Cheng et al.
[26]

PLA CNT 2016 Wang et al.
[112]
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whereas at increased CNTs loading an increase in water uptake was observed. Similar
results were observed in the case of PHBV reinforced with carbon nanofibres. Other
studies that investigated the mechanical properties of biopolymers reinforced with
carbonaceous nanofillers are summarized in Table 1.

Incorporation of carbonaceous nanofillers into biodegradable polymers improves
the mechanical properties of the resultant polymer nanocomposites [55, 97]. For
example, the incorporation of MWNTs in epoxidized natural rubber nanocom-
posites led to enhancement of mechanical properties as shown in Fig. 1.

It was also reported that mechanical properties of epoxidized natural rubber
nanocomposites increased with increasingMWNTs loading. It was seen that at 5 wt%
MWNTs loading reinforced epoxidized had the highest tensile strength, further
increase in loading above 5 wt% MWNTs led to a decrease in tensile strength while
modulus was constantly improving. The decrease in tensile strength after 5 wt%
MWNTs could be due to CNTs aggregation in the polymer matrix. Conversely, the
elongation at break decreased with MWNTs loading [55]. Similar results were
reported byWang et al. [112], in their case they discovered that 3 wt% CNTs loading
was the optimum and further increase in CNTs loading led to decrease in tensile
properties.

Other researchers [18, 26, 61, 68] incorporated functionalized carbonaceous
nanofillers in biopolymers to further enhance mechanical properties of the
nanocomposites. Lin et al. [61] incorporated carboxylated MWNTs in poly
(lactic-co-glycolic acid) for bone tissue engineering. Morphological properties
indicated that the treatment shortened the length of CNTs which tend to avoid
agglomeration. This led to enhancement of tensile properties of the resultant
nanocomposites by nearly three-fold in comparison to the virgin polymer and by
nearly two-fold in comparison to those of polymer reinforced with untreated
MWNTs. In addition, functionalized MWNTs based nanocomposites degrade faster
than both unfunctionalized MWNTs based nanocomposites and virgin polymer.
Similar results were observed in the case of PHBV reinforced with 3 wt% grafted
CNTs [68]. In contrast, the addition of functionalized graphene oxide in polylactide/
poly(e-caprolactone) blend led to the decrease in tensile properties. However,
tensile properties slightly improved with the increase in loading.

A global research is now moving towards hybridizing two or more fillers to
enhance the performance of the material for diversified applications [22, 60, 116].
Chen et al. [22] fabricated PLA nanocomposites reinforced with a combined
functionalized kenaf fibres and MWNTs by melt mixing and compression moulding
techniques. They reported that tensile properties of the resultant nanocomposites
increased due to the interfacial interaction between modified kenaf fibres by
3-glycidoxypropyltrimethoxysilane and PLA which improved the stress transfer
and thus, lead to increase in tensile properties. Impact strength results were cor-
relating well with those of tensile properties. The authors reported that the
enhancement of impact strength was attributed to the structure of cellulose which
tolerates higher deformation under impact.
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2.3 Mechanical Properties of Polymer Reinforced
with Nanoclays

In recent years, nanoclays have received considerable attention as reinforcing ele-
ment in polymer nanocomposites due to their extraordinary properties such as high
mechanical properties, large surface area and high aspect ratio, good thermal,

Fig. 1 Tensile strength and modulus of epoxidized natural rubber and their nanocomposites
(a) and elongation at break of epoxidized natural rubber and their nanocomposites [55], copyright
with the permission from Elsevier
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optical, magnetic and electrical properties. Other properties of nanoclays include
environmental friendliness, abundantly available and non-toxic which make them
suitable for food packaging applications. Most recent, nanoclays have been utilized
to develop active packaging materials with improved tensile strength, modulus, and
elongation at break. It was also reported in the same study that the incorporation of
nanoclays reduced the diffusion of water vapour across the polymer matrix [85].

Montmorillonite, bentonite, and sepiolite are the most commonly used nanoclays
and they were successfully applied in various polymer nanocomposite systems as
nanofillers. These materials are hydrophilic in nature which makes them miscible
with hydrophilic polymer matrices. In the case of hydrophobic polymeric matrices,
the miscibility of nanoclays and matrix can be achieved by modifying nanoclays by
exchanging interlayer of cationic galleries of silicate layer with organic component
[86]. Shah et al. [100] reported a study on organoclays modified with quaternary
ammonium substituents. They reported that the d-spacing, interlayer spacing and
hydrophobicity (parameters that determine compatibility between nanoclays and
polymer matrix) of nanoclays increased with increasing chain length and benzyl
substituents which result in an increase in exfoliation. This study also discovered
that the incorporation of organoclays enhances tensile strength and modulus,
flexural strength, hardness and elongation at break of the resultant nanocomposites.
However, the incorporation of organoclays showed an inverse effect on impact
strength.

Other critical issues affecting mechanical properties of nanocomposites rein-
forced with nanoclays are higher phase separation and particles aggregation in a
polymer matrix which should be prevented to achieve proper reinforce effect of
nanoclays. These shortcomings can be mitigated by modifying nanoclays. In one
study, transmission electron microscopy (TEM) and scanning electron microscopy
(SEM) revealed that the addition of pristine nanoclays in polymer matrix resulted to
disordered structures which indicate poor dispersion of nanoclays in the polymer
matrix. On the other hand, nanocomposites reinforced with organoclays displayed
some fine exfoliated and individual un-exfoliated layers of clay and therefore dis-
persion of clay in polymer matrix was evident [100]. Malkappa et al. [66] reported
that the surface roughness increases with increasing in organoclays loading while;
agglomeration was evident and became more visible when organoclays loading was
increasing as shown in Fig. 2. Also, tensile strength and modulus increased with
increasing organoclays loading whereas elongation at break showed inversely
effect. Similar observations were evident in Alcântara et al. [6] study, they also
reported that water resistance, biocompatibility, and biodegradation were improved
when fibrous nanoclays were incorporated in polysaccharides. In another study, it
was reported that tensile strength and modulus (as shown in Fig. 3) of biopolymer
blends reinforced with expanded organoclay (EOC) increased linearly with
increasing nanoclays loading. However, elongation at break was inversely pro-
portional to nanoclays loading [76].

Recently, [72] fabricated PP/LDPE blends reinforced with organoclays by twin
screw extruder and injection moulding and investigated their effect on mechanical
properties. They discovered that the impact strength of PP decreased after blending
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it with 20 wt% LDPE due to poor compatibility between the two polymers.
However, the addition of organoclays in the blend led to the deterioration of impact
strength which could be due to the restriction of chain mobility. In the same study,
they investigated the effect of organoclays on tensile strength, tensile modulus, and
elongation at break of polymer blends. The values of tensile strength, tensile
modulus, and elongation of the blend were intermediates in comparison to those of
neat polymers. The incorporation of organoclays in polymer blends enhanced
tensile modulus and elongation at break while tensile strength was deteriorating.
Moreover, a similar trend was also observed when the combination of organoclays
and the compatibilizers were added to the blend. The highest elongation at break
was observed when the combination of organoclays and the compatibilizers were
added to the blend this was due to the miscibility of the materials. This indicates
that nanoclays were well dispersed in the blend and the interaction between them
and both polymers in the blend was improved.

Numerous researchers have reported the effect of hybrid of nanoclays together
with other nanofillers such as metal oxide nanoparticles, nanotubes and natural
fibres on the mechanical properties of nanocomposites [1, 9, 23, 51, 81, 117]. For
instance, [23] reported that the incorporation of fillers (organoclays and rice husk)
in recycled HDPE and polyethylene terephthalate (PET) blend enhanced the
mechanical performance of nanocomposites. They suggested that the improvement
of tensile properties could be due to the presence of organoclays which might carry
much load and the fact that clay is stiffer than polymer matrix. The further
enhancement was observed when compatibilizers were incorporated in polymer
matrix reinforced with organoclays and rice husk. These results were in agreement
with the results reported by other researchers [1, 9, 33] and they also reported that
the mechanical performance was further improved when natural fibers were alkali
treated. Other researchers [51, 117] investigated the effect of hybrid of nanoclays

Fig. 3 tensile modulus of
neat Natureplast PBE 003
(PBE), PBE/PBAT blend and
its nanocomposites reinforced
with expanded organoclay
(EOC) [54], copyright with
the permission from Elsevier
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and metal oxide nanoparticles (zinc and silver) on mechanical properties of
nanocomposites. They reported that incorporation of nanoparticles enhanced the
tensile strength and modulus. In addition, the inclusion of nanoparticles reduced
water vapour permeability but, increased water content and density. Moreover, the
inclusion of nanoparticles improved the antibacterial activity against Gram-positive
S. aureus, Gram-negative E. Coli, and foodborne pathogens.

2.3.1 Mechanical Properties of Biopolymers Reinforced
with Nanoclays

In recent years, nanocomposites from biopolymers reinforced with nanoclays have
been extensively studied due to their low toxicity and biodegradability. Aliphatic
polyesters have attracted tremendous attention for diversified applications.
Polybutylene succinate (PBS) is among the widely studied aliphatic polyester. Phua
et al. [84] investigated the impact of nanoclays on mechanical performance of
polybutylene succinate (PBS) nanocomposites. In their study, they investigated
mechanical properties to determine the biodegradation behaviour of nanocompos-
ites. Before soil burial, they observed that the mechanical properties improved
when organoclays were incorporated. The mechanical properties of nanocomposites
deteriorated after soil burial and further reduced with soil burial time. In another
study, the incorporation of nanoclays improved the mechanical performance of
PLA. It was also reported that the increase in nanoclays loading increased linearly
the tensile modulus while inversely effect was observed for elongation at break
[43]. In contrast, the inclusion of organoclays in PHBV did not reinforce as
anticipated due to the aggregation of clay in a polymer matrix [30]. Thereafter,
numerous researchers fabricated nanocomposites from blended aliphatic polyesters
with other biodegradable polymers and nanoclays. One of the limitations of
biodegradable polymers is low mechanical properties which are not suitable for
other applications such as packaging. The poor mechanical properties can be
enhanced by blending biopolymers with other polymers or reinforced with stiffer
fillers. Ayana et al. [11] and Lendvai et al. [59] blended thermoplastic starch with
PLA and PBAT, respectively and subsequently reinforced with nanoclays. Ayana
et al. [11] reported that the introduction of nanoclays enhanced tensile properties of
the blends with an increase in loading. On the other hand, in the case of TPS/PBAT
blend the inclusion of nanoclays did not show any effect on the tensile strength and
modulus [59].

Agro-polymers such as starch, cellulose, protein, chitin and chitosan-based
nanocomposites have recently attracted more interest due to their renewability,
biocompatibility, biodegradability and non-toxicity with outstanding adsorption
properties. The major drawbacks of agro-polymers are moisture absorption, diffi-
culty processability, and poor mechanical properties. The inclusion of nanoclays in
agro-polymers could result in the reduction of moisture absorption as well as
enhance mechanical performance of nanocomposites. Numerous researchers [5, 34]
are investigating efforts to overcome the drawbacks of agro-polymers.
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The inclusion of nanoclays reduced water absorption and a further increase in
nanoclays loading showed a decrease in water absorption [5]. They also reported
that tensile strength and elongation at break decreased with increasing loading of
nanoclays. Farahnaky et al. [34] prepared gelatin nanocomposites reinforced with
nanoclays by a solvent casting method. They showed that tensile modulus increased
linearly with increasing nanoclays loading while elongation at break decreased with
increasing loading. A similar trend was observed in the case of chitosan
nanocomposites reinforced with nanoclays [39, 40].

3 Thermal Properties

3.1 Thermogravimetric Analysis (TGA)

Thermogravimetric analysis is widely used to investigate the thermal degradation of
polymer nanocomposites. A typical thermogram of polymer nanocomposite shows
a material subjected to heat will suffer mass loss, followed by a sharp drop in mass
over a narrow range and subsequently back to the flat slope as reactant is exhausted
[12]. TGA and derivative thermogravimetric (DTG) are used to determine the mass
loss and degradation of the material at a certain temperature as well as the
remaining char content. Typical TGA curves are shown in Fig. 4.

In the published literature, it has been reported that the improvement in thermal
stabilities of the nanocomposites is mainly attributed to the reinforcement effect of
nanomaterials on polymers [57, 97, 119]. For instance, [3] investigated the effect of
CNCs on thermal properties of polyfurfuryl alcohol (PFA) nanocomposites. They
reported that the incorporation of CNCs improved the thermal stability of the PFA.
Both the neat PFA and the nanocomposites showed two degradation steps at above

Fig. 4 TGA curves of
SWNTs functionalized with
acyl
aminopropyltriethoxysilane
(APTES), neat PBS, PBS/
SWNTs-APTES (1%,
hydrolyzed) [108], copyright
with the permission from
Elsevier
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200 °C and in the temperature range of 320–400 °Cwhich involves the scission of the
weaker chemical bonds. According to Sanchez-garcia et al. [97], high thermal sta-
bilities of PCL was achieved when 1 and 3 wt% of CNTs were incorporated, though
increasing CNTs loading above 5 wt% result in filler agglomeration which reduced
thermal stabilities of resultant nanocomposites. Similar behaviourwas observed in the
case of PHBV nanocomposites. Lai et al. [57] reported that the thermal stabilities of
PLA nanocomposites increased with increasing in nanoclays loading. Interestingly,
char content also increased with increasing in nanoclays loading. Other studies on
thermal properties of nanocomposites are listed in Table 2.

Other researchers reported that the functionalization of either filler or polymer
matrix enhances thermal stabilities of the resultant materials. For instance, [119]
investigated the effect of unmodified and modified CNCs with phthalic anhydride
on thermal stabilities of PBSA. They reported that degradation temperature of neat
PBSA was above 300 °C due to chain scission and inter and intramolecular
transesterification reactions. PBSA reinforced with CNCs modified with phthalic
anhydride exhibited higher degradation temperature in comparison to those of
PBSA reinforced with unmodified CNCs and neat PBSA. This enhancement was
due to the addition of phthalic anhydride. Similar observations were reported in the
case epoxy reinforced with GO modified with silane [111]. Majeed et al. [64]
studied the incorporation of CNTs in neat LDPE and maleic anhydride grafted
polyethylene (MAPE). They reported that MAPE reinforced with CNTs was
thermally more stable in comparison to LDPE reinforced with CNTs and neat
LDPE. The improved thermal stability with the inclusion of MAPE could result in
improved compatibility and better dispersion of CNTs. In another study, they
investigated thermal properties of rHDPE/rPET blend mixed with 3 wt% MAPE
and 5 wt% ethylene-glycidyl methacrylate and subsequently reinforced with 3 wt%
nanoclays and 70 wt% rice husk. Nanocomposites of polymer blends reinforced
with nanoclays only exhibited a single step degradation pattern with improved
thermal stability. However, the addition of rice husk resulted in three degradation
steps which represent moisture evaporation at temperatures ranging from 135 to
145 °C, depolymerisation of hemicellulose and decomposition of cellulose at
temperatures ranging from 230 to 370 °C and decomposition of nanocomposites
and slightly decomposition of lignin at temperatures ranging from 476 to 482 °C.
Incorporation of rice husk and nanoclays in compatibilizing matrix resulted in
improvement of thermal stability in comparison to uncompatibilizing matrix.

Nanomaterials have been reported in numerous studies to enhance the thermal
stabilities of polymer matrices. In contrast, [112] reported that the inclusion of
CNTs did not affect the single stage decomposition pattern of PLA and remain
unaltered. However, the incorporation of 1 wt% CNTs in PLA exhibited no
alterations in thermal stability in comparison to neat PLA. However, the incorpo-
ration of 10 wt% CNTs in PLA resulted in a decrease in thermal stability but, the
char content was higher in comparison to that of neat PLA and PLA reinforced with
1 wt% CNTs. The decrease in thermal stabilities after incorporation 10 wt% CNTs
was due to the agglomeration of CNTs in PLA. Therefore, they reported that
excessive CNTs prevent stress transfer and other superior properties to PLA.
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3.2 Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry is a thermal analysis technique that assesses
quantitative information on thermal transitions of materials through changes in heat
capacity (Cp) by temperature. A sample of known weight (5–10 mg) is subjected to

Table 2 TGA degradation temperatures of polymers and nanocomposites

Sample Degradation
temperature (°C)

References

PCL
PCL + 10 wt% carbon nanofibres (CNF)

413
412

Sanchez-garcia
et al. [97]

PHBV
PCL + 10 wt% CNF

286
293

Sanchez-garcia
et al. [97]

Poly (acrylic acid) grafted onto amylose
(PAA-g-amylose)
PAA-g-amylose + 5 wt% graphene oxide
(GO)

311
385

Abdollahi et al. [2]

Epoxy
Epoxy + 0.5 wt% pristine GO

341
354

Wan et al. [111]

LDPE
LDPE + 3 wt% CNTs

479
390

Majeed et al. [64]

Epoxidized natural rubber
Epoxidized natu
ral rubber + 7 wt% CNTs

430
448

Krainoi et al. [55]

PLA
PLA + 10 wt% CNTs

385
370

Wang et al. [112]

rHDPE/rPET (75/25)
rHDPE/rPET + 3 wt% clay
rHDPE/rPET + 3 wt% clay + 70 wt% rice
husk

472
478
481

Chen and Ahmad
[23]

PLA
PLA + 7 wt% nanoclays

308
324

Fukushima et al.
[37]

PP/LDPE (80/20)
PP/LDPE + 4 wt% nanoclays

350
380

Mofokeng et al.
[72]

Whey protein isolate
Whey protein isolate + 3 wt% nanoclays

301
307

Azevedo et al. [10]

Poly(methylmethacrylate) (PMMA)
PMMA + 41 wt% CNCs

367
384

Dong et al. [31]

Thermoplastic polyurethane (TPU)
TPU + 2.5 wt% CNCs

307
334

Floros et al. [36]

PMMA
PMMA + 8 wt% CNCs

183
192

Liu et al. [62]

Epoxy
Epoxy + 15 wt,% CNCs

384
388

Xu et al. [113]

PLA
PLA + 10 wt% CNCs

351
356

Shi et al. [102]
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heating and cooling through programmed temperature conditions and changes in its
heat capacity are tracked as changes in the heat flow. This allows the detection of
thermal transitions such as melting temperature (Tm), melt crystallization/cooling
temperature (Tc−), melting enthalpy (ΔHm), melt crystallization/cooling enthalpy
(ΔHc), a glass transition (Tg), curing and phase changes. Various studies on polymer
matrices reinforced with different nanomaterials/nanoparticles/nanofillers (nan-
oclays, carbonaceous (carbon nanotubes and graphene), nanocellulose and inorganic
oxide) have used DSC analysis to investigate the influence of nanoparticles on their
thermal transitions [8, 21, 24, 29, 41, 42, 53, 56, 79, 80, 83, 98, 103–106, 110, 115,
118]. The melting and crystallization behaviours of polymer matrices which affect
morphology, mechanical and thermal properties of the resulting nanocomposites are
well documented in the literature and some of the undertaken studies investigated the
influence of nanoparticles in polymer matrices are summarised in Table 3.
Furthermore, the performance of polymer nanocomposites does not only depend on
their molecular weight and chemical structure but significantly influenced by their
crystallization properties such as crystallization rate, crystallization temperature and
crystallinity [118]. In addition, it also reported in the literature that polymer crys-
tallization is usually preceded by heterogeneous or homogeneous nucleation, or
self-nucleation and then by crystal growth with respect to crystallization time [106].
These properties can be determined by using various mathematical models reported
in literature to determine the crystallization kinetics [41], and the degree of

Table 3 DSC analysis of polymer nanocomposites reinforced with various nanoparticles

Sample Tm/
oC ΔHm/J g

−1 Tc/
oC ΔHc/J g

−1 vc/% References

PE 138.6 186.06 113.3 – 63.5 Nikkhah et al. [80]

In situ PECN-3% 139.8 174.80 118.8 – 59.6

In situ PECN-5% 140.2 155.38 122.6 – 53.03

PP 168.8 95.0 109.7 – 46.8 Baniasadi et al. [15]

In situ PPCN-3% 168.4 90.4 119.7 – 44.5

In situ PPCN-5% 167.5 89.15 122.5 – 43.9

PLA 148 27.2 110a 16.14b 12 Valapa et al. [110]

PLA-GR-0.3wt% 152.8 27.8 113a 9.8b 19.2

PLA-GR-0.5wt% 152.6 23.3 110a 6.84b 17.5

PP 165.1 – – 102 48.8 Pedrazzoli et al. [82]

PP-xGnP-3wt% 165.3 – – 102.1 50.4

PP-xGnP-5wt% 165.9 – – 100.4 50.6

PBS 114.5 79.7 80.1 – – Han et al. [44]

PBSSi-3 112.0 77.2 64.3 – –

PBSSi-5 110.7 63.5 55.8 – –

Tm melting temperature, Tc crystallization temperature, ΔHm and ΔHc melting and crystallization
enthalpy, vc percentage of crystallinity
acold crystallization temperature (Tcc)
benthalpy of cold crystallization (ΔHcc)
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crystallinity (vc) which is the most used parameter [8, 16, 21, 24, 98, 107, 118], and
is calculated according to Eq. 1.

vc ¼
DHm=wp

DHo
m

� �
� 100% ð1Þ

where ΔHm is the experiment of melting enthalpy of the nanocomposite, wp is the
weight fraction of the polymer in the nanocomposite and DHo

m is the melting
enthalpy of 100% crystalline polymer.

Studies on reinforcing polymers such as linear low-density polyethylene
(LLDPE), polypropylene (PP), ethylene vinyl acetate (EVA) and poly(lactic acid)
with exfoliated or expanded graphite and functionalized graphite nanoplatelets were
investigated on their influence on thermal behaviour in polymer nanocomposites
[8, 56, 71, 83, 98, 105, 110]. From these studies, incorporation of graphite nano-
platelets in polymer matrices enhanced the melting and crystallization temperature,
melting endotherm and the crystallinity of the nanocomposites. For instance,
improvement in the crystallinity for graphene (GR)/PLA composite samples were
observed up to 0.3 wt% loading in comparison to neat PLA [110], while in binary
PP nanocomposites the addition of exfoliated graphite nanoplatelets (xGnP)
resulted in a significant increase in the crystallization temperature up to 5 wt%
xGnP content [83]. A similar observation was recorded on poly(butylene succi-
nate)/carbon nanotubes nanocomposites (PBS/CNT) [7] and poly(e-caprolactone)
(PCL) blended with a polycarbonate/multi-wall carbon nanotubes masterbatch (PC/
MWCNT) [41]. This has demonstrated that the graphene/exfoliated graphite
nanoplatelets, MWCNT and CNT dispersed in the composites can facilitate the
polymer’s crystallization process or act as nucleating agent [8, 98, 105]. On the
other hand, slight decreases in the enthalpy and crystallinity were also observed
when graphite or carbon nanotubes loadings were increased and this was attributed
to agglomeration and poor dispersion of the nanoparticles which restricted polymer
chain mobility and reduced the extent of crystallization [41, 70, 83].

In clay reinforced polymer nanocomposites, it has been reported that the pres-
ence of small amount of well-dispersed clay nanolayers can act as effective
nucleating agents to accelerate crystallization in the polymer, thereby slightly
increasing the melting and crystallization temperatures of the polymer composite
[15]. On the other hand, the inclusion of clay nanolayers in polymer matrices has
been observed to decrease the degree of crystallinity and does not significantly
change the thermal transitions of the resulting nanocomposites. This is mainly
attributed to the following observations (i) the additions of organoclays into crys-
talline polymer matrices do not ensure the enhancement of the polymer matrix
crystallization rate [29, 103], (ii) that presence of clay nanolayers can form strong
polymer-clay network which can limit the mobility of polymer chains and as a
result decrease the degree of crystallinity especially at high clay concentration
[15, 80, 104]. On the other hand, [73] recently investigated the effects of clay
localization and its distribution in an immiscible blend of PP/LDPE on the
non-isothermal crystallization and degradation kinetics. The authors observed that
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the non-isothermal crystallisation analysis for the localization of clay particles in the
blend composites had two opposing effects, (i) the poorly dispersed clay particles at
the PP/LDPE interface in the non-compatibilized blend composite had no signifi-
cant effect on the crystallisation temperature of PP but allowed the free movement
of PP chains, which resulted in a higher crystallinity of PP than that of PP in the
neat blend; (ii) the well-dispersed clay particles in the compatibilized blend com-
posites disrupted the free movement of PP chains, resulting in a lower crystalli-
sation temperature and crystallinity than that of PP in the neat blend.

In the case of inorganic oxides reinforced polymer composites, a heterogeneous
nucleation effect was observed to play a significant role in polymer crystallization
which can be exploited for the shortening of cycle time during processing [99]. The
nanoparticles turn to increasing the crystallization temperature and the rate of the
polymer composite, while in other cases the heterogeneous nucleation becomes
dominating with increasing filler concentration [106], but was seen to decrease the
crystallization activation energy and crystallinity of the polymer with the addition
of hydroxyapatite nanorods (HAP) by Zhan et al. [118]. The authors investigated
the crystallization and melting properties of PBS composites with titanium dioxide
nanotubes (TNTs) or (HAP). This was caused by strong hydrogen bonding inter-
action that exists between HAP and PBS, which reduced the transport of the PBS
macromolecules and as a result lowered the crystallization rate of PBS/HAP
composite than that of pure PBS.

On the other hand, PBS/nano-CaCO3 composites showed independence of the
crystallization behaviour with increasing nano-CaCO3 content. Furthermore, the
nanoparticles had little influence on the crystallization and melting behaviour of
PBS. This implied that the nano-CaCO3 might not have played an active role in the
heterogeneous nucleation of PBS matrix. For natural fiber reinforced polymer
composites, natural fibers we observed to act as nucleating agents promoting
crystallization of polymer matrices (16, 32, 107]. For instance, [32] prepared poly
(3-hydroxy butyrate) (PHB)/poly lactic acid (PLLA)/Tributyl citrate (TBC) blend
reinforced with CNCs to increase the elongation at break of PLLA for food
packaging. The well dispersed CNCs and PHB in PLLA matrix acted as bio-nuclei
in PLLA matrix to help the crystallization rate and reduce the size of spherulites and
thereby improving the elongation at break from 6% for pure PLLA to 40–190% for
the composites with CNCs. It is also worth noting that reinforcing with natural
fibers could lead to different nucleation activity due to the different surface structure
of the fibers [16].

4 Dynamic Mechanical Analysis (DMA)

The dynamic mechanical analysis is a technique that determines the viscous
modulus (loss modulus, G″), elastic modulus (storage modulus, G′) and damping
coefficient (tand) as a function of temperature, time or frequency. The DMA is used
to identify transition regions in polymer materials, such as the glass transition
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temperature (Tg) and to recognize transitions corresponding to other molecular
motions which are beyond the resolution of DSC. The viscoelastic properties of the
polymer matrices reinforced with various nanofillers have been investigated from
the measurements of storage modulus and the loss factor using dynamic mechanical
analysis to evaluate the effect polymer/nanofiller interface with changing polymer
mobility. These measurements provide indications about the increase in the storage
or decrease in modulus of the resulting nanocomposites, shift in the glass transition
temperature due to the polymer chain restriction or mobility [44, 65, 82].

Song et al. [105] fabricated exfoliated graphene-based polypropylene nanocom-
posites with enhanced mechanical and thermal properties prepared by melt blending
technique. The exfoliated graphene nanosheets were varied from 0.1 to 5 wt% to
evaluate the influence of graphene loading on polypropylene. The storage modulus of
the PP/graphene nanocomposites increased with increasing graphene loading up to
1 wt%, while further increases in graphene loading led to a slight decrease in the
storage modulus in the entire temperature range (−50–150 °C). The results were in
agreement with their tensile modulus and the reduction in the storage modulus was
attributed to the plasticization effect of lowmodulus of PPmatrix. The glass transition
temperature of PP improved by *2.5 °C at 0.1 wt% (0.041 vol.%) graphene content,
which indicated a restriction in chain mobility of PP. Similar observation was
recorded in the study onmechanical and thermal properties of graphite platelet/epoxy
composites [115]. At 2.5 and 5 wt%, graphite platelet/epoxy composites showed
increased storage modulus (about 8 and 18%) higher than the pure epoxy matrix.
As the temperature was increased, both pure epoxy and its composites showed a
gradual drop in storage modulus followed by a sudden drop at the glass transition
temperature. The drop in modulus is associated with the material transition from a
glassy state to a rubbery state as seen in Fig. 5. Furthermore, with increasing graphite
contents of 0, 2.5 and 5 wt% the Tg- gradually increased to 143, 145 and 146 8 °C,
respectively. This was attributed to the good adhesion between the polymer and
graphite platelets, which restrict the segmental motion of cross-links under loading.

Fig. 5 Dynamic mechanical
properties of pure epoxy and
its composites [115],
copyright with the permission
from Elsevier
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In a comparison of the effect of expanded graphite (EG) and modified graphite
flakes (i-MG) on the physical and thermo-mechanical properties of styrene buta-
diene rubber/polybutadiene rubber (SBR/BR) blends [65]. A drastic increase in the
storage modulus of EG and i-MG loaded SBR/BR composites in the presence of
carbon black (CB) was observed in a wide range of temperature compared to the
BR based nanocomposites. This was attributed to good dispersion of nanofillers in
the rubber blend which increased its stiffness, and as a result, increased the storage
modulus of SBR/BR based nanocomposites. In addition, as a result of isocyanate
surface modification on graphite sheets (i-MG), higher basal spacing and exfoliated
structure of i-MG sheets than EG flakes was achieved. Exfoliated graphite i-MG
sheets were uniformly dispersed in different rubber matrices in the presence of CB,
and resulted in superior mechanical, dynamic mechanical and thermal properties
compared to the EG filled rubber composites. Surface modification of graphite
sheets prior to nanocomposite preparation is one of the significant aspects that
facilitate the compatibility between the polymer matrix and the nanofiller to form a
homogeneous dispersion of nanoparticles and enhance adhesion in the polymer
composites. Modification of graphene/graphite sheets by a range of techniques
employing various organo modifying agents to improve mechanical properties of
polymer nanocomposites are reported in the literature [20, 56, 69]. Among these
reported techniques, the nucleophilic addition of organic molecules to the surface of
graphene/graphite is an effective way to the bulk production of surface-modified
graphene.

Analysis of thermomechanical properties for polymer matrices reinforced with
nanomaterials is important in ascertaining the performance of the nanocomposite
under stress and temperature. In polypropylene/clay nanocomposites (PPCNs)
prepared by in situ polymerization [15], the presence of clay nanolayers dispersed
in PP matrix resulted in a significant increase in stiffness (storage modulus) for all
nanocomposites with increasing clay content and temperature. The reinforcing
effect was at a maximum in the region above the glass transition temperature of the
matrix, primarily due to the larger difference in mechanical properties between the
filler and the matrix as it changes from the glassy to the rubbery state. Moreover, a
marginal increase in Tg with increasing clay concentration (between 1 and 5 wt%)
was observed. This was attributed to the interactions between polymer and filler
which delay the segmental motion of the chains. Better dispersion of clay particles
in a polymer provides greater reinforcement and higher chain immobility, thereby
resulting in high storage modulus values [72]. Similar observations were recorded
in the extraction of CNCs from flax fibers and their reinforcing effect on poly
(furfuryl) alcohol (PFA) [78]. Incorporation of CNCs into PFA matrix resulted in
increased storage modulus over the whole temperature range, the loss modulus peak
shifted to higher temperatures and the magnitude of the peak decreased due to the
presence of CNCs, the glass transition temperature values increased after the
inclusion of CNCs into PFA. The overall results implied that the presence of CNCs
in PFA improved the stiffness of the composite, restricted polymer chain mobility
as a result of good interaction between the polymer and the filler.
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5 Melt Rheology Properties

The study on melt rheological properties for polymer materials is very important
from the processing point of view. In addition, information on the microstructure of
the polymer materials in the melted state can be provided from the melt rheology
[7]. Rheological properties are known as mechanical properties of the material that
undergoes deformation and flow in the presence of stress. The melt rheology is
usually measured from the melt phase of the polymer from its melting temperature
at the desired strain that is well within the linear viscoelastic range. Viscoelastic
properties of thermoplastic and nanofiller reinforced composites can be measured
over a range of frequencies to gauge the rate of the viscosity changes with shear
rate. Various studies on the effect of the nanofiller addition, such as carbonaceous
[7, 17], natural fibers/cellulose [53], inorganic oxides [24, 82, 106] and nanoclays
[72] on the isothermal frequency dependence of the dynamic shear storage modulus
(G′) and complex viscosity (η*) were investigated. For instance, [7] prepared PBS/
CNTs nanocomposites fabricated by melt mixing and investigated the rheological
properties. The viscoelastic properties of PBS/CNTs composites at high frequencies
behaved the same while low frequencies the nanocomposites were frequency
independent (Fig. 6a, b). The nanocomposites showed gradual changes in the

Fig. 6 Viscoelastic properties of PBS and PBS/CNTs composites in the melted state a Storage
modulus of b loss modulus and c complex viscosity [7], copyright with the permission from
Elsevier
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composites from liquid-like to solid-like behaviour, especially for PBS/CNT3 and
PBS/CNT5 samples. This was attributed to interactions between nanotubes which
formed interconnected structures of CNTs in the PBS/CNTs composites, thereby
enhancing the relaxation behaviour and increased the storage modulus. In addition,
improvement in the complex viscosity was also observed due to the flow restriction
of the polymer by filler in the melted state (Fig. 6c). On contrary, the G′ and G″ of
pure PBS and PBS/nano-CaCO3 composites with various nano-CaCO3 loadings as
a function of frequency exhibited a liquid-like a behaviour for both PBS and CaCO3

filled composites [24]. The results implied that the nano-CaCO3 particles had little
influence on the microstructure of PBS; the relaxation mechanism and the
microstructure of the PBS/nano-CaCO3 composites mainly depended on the PBS
matrix than on nano-CaCO3 content. Furthermore, a similar decrease in G′ and η*
was observed for linear-low-density polyethylene reinforced boehmite alumina
(LLDPE-BA) [82]. The observation was attributed to the highly branched LLDPE
whose chains would tend to get entangled; apparently even poorly bonded plain BA
particles fill in the spaces between chain branches and enable an easier flow.
Khumalo et al. [54] in a similar study suggested that there was no strong interaction
between the BA and LDPE in the nanocomposites.

6 Conclusions

In this chapter, the mechanical, thermal, dynamic mechanical and rheological
properties of polymer nanocomposites reinforced with nanomaterials were pre-
sented. It can be concluded that nanomaterials have the power to alter the properties
of polymer nanocomposites which can be exploited in a variety of applications. By
combining nanomaterials with the polymer matrix, novel materials with
multi-properties can be achieved. The development of polymer nanocomposite with
multi-properties depends on various factors such as filler particle size, surface area,
aspect ratio, compositions, purity, crystallinity, shape, properties (mechanical,
antibacterial, thermal, electrical etc.), dispersion, filler loading and interaction
between filler and polymer matrix. Nanomaterials which were reviewed in this
study are nanocellulose, carbonaceous fillers, and nanoclays and they have received
significant attention globally particularly due to their extraordinary properties. The
major drawback of polymer nanocomposites is a homogeneous dispersion of
nanomaterials in the polymer matrix. To address such drawback, functionalization
of either filler or polymer is the effective approach to alter the functional groups of
the material, thus improving the interfacial adhesion between filler and polymer
matrix which enhances the properties of the resultant material. In this chapter, it was
noticed that loading nanomaterials in polymer matrix improved their properties and
further increase filler loading to threshold amount enhanced the properties polymer.
Many researchers indicated that adding filler after threshold amount deteriorates the
properties of the material due to agglomeration which led to poor interaction
between filler and polymer matrix and therefore, this result in poor properties of the
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resultant material [55, 112]. The novel polymer nanocomposites with
multi-properties can be used in medical, agricultural, food packaging, automotive
etc. Much research is required to further develop the commercially available
polymer nanocomposites and develop other novel materials.
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Preparation and Characterization
of Antibacterial Sustainable
Nanocomposites

T. C. Mokhena, M. J. Mochane, T. H. Mokhothu, A. Mtibe,
C. A. Tshifularo and T. S. Motsoeneng

1 Introduction

Pathogenic infections have been the major problem in different fields such as
agriculture, healthcare, packaging, and wastewater treatment [26, 38]. These
infections are known to cause many deaths more than any other cause. Pathogenic
infections result from germs which are found at different places such as air, soil, and
water. Because germs are found everywhere it is possible to come in contact with
them through touching, eating, drinking or breathing something that contains
germs. Germs can be categorized into four: bacteria, viruses, fungi, and protozoa. In
this chapter, we limit our discussion to bacteria as a form of germs encountered by
humans and animals. Currently, different antibiotics are often used to treat an
infection caused by various bacteria. It is recognized that bacteria can mutate their
genes in such that they become resistant to the commonly used antimicrobial
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agents. Thus, these infections can be combated by potent or specific antimicrobial
agents that can mitigate, combat and/or eradicate these bacteria.

In recent years, there has been growing interest in employing a wide variety of
nanoparticles as new antimicrobial agents [46, 47]. Unlike conventional antibac-
terial agents, nanoparticles are extremely toxic towards various bacteria and stable
in different conditions found in various industries. Different nanoparticles such as
silver, copper, and zinc were reported to be exceptionally effective in eradicating
various bacteria at fairly low concentrations. This opened doors for their application
in different fields such as agriculture, healthcare, packaging, wastewater treatment,
textile, and clothing. Although these nanoparticles show high antibacterial effi-
ciency, their use in industrial applications presents several challenges which
brought concerns with regard to their impact on the environment. For example
metal copper, even though is cheaper than silver, corrode at standard conditions. On
the other hand, if these nanoparticles are used alone their release, recovery, and
reuse, cost and long-term effect on health and/or environment limit their success in
various fields. A suitable solution is to immobilize and control their release to
overcome these limitations [48].

Over the past years, research has escalated in employing polymers as a host
matrix for nanoparticles [7, 54, 58, 70, 75] in order to control their release and/or to
protect these particles. Polymers have attractive properties such as lightweight, low
cost, and mold-ability into various shapes which afford their application in different
fields foams, structural adhesives and composites, fillers, fibres, films, emulsions,
coatings, rubbers, sealing materials, adhesive resins, membranes [53, 55–57, 59–66,
69, 71]. The properties of the resulting nanocomposite material especially
antibacterial activity and release rate were found to be directly dependent on the
properties of the polymers (e.g. hydrophilicity, crystallinity and molecular weight).
Generally, traditional petroleum-based polymers dominate almost all fields; how-
ever, their long-term environmental sustainability is now being questioned. This
spurred much interest to utilize biodegradable and compostable polymers as
alternative replacement owing to their unique properties such as renewability,
biodegradability, and their abundant availability. Thus, these polymers mitigate the
environmental impact. They are classified into three categories based on their ori-
gin: (i) natural polymers such as proteins (e.g. gelatin, soy protein, silk, and col-
lagen), polysaccharides (e.g. hyaluronic acid, chitin and cellulose) and lipids;
(ii) chemically synthesized natural raw materials e.g. polylactic acid (PLA), and
microbiological produced or genetically modified bacteria (e.g. polyhydroxyalka-
noates (PHA) family); and (iii) chemically synthesized from petrochemical products
(e.g. aliphatic-co-polyester (PBSA), aromatic-co-polyester (PBSA) polyester
amides (PEA), and polycaprolactone (PCL)) [42]. In this chapter, these polymers
will all be denoted as biopolymers to avoid any confusion.

The incorporation of the nanoparticles into biopolymers is of significant
importance not only with regards to their antibacterial efficiency but also to improve
the overall properties of the resulting nanocomposite materials. Different strategies
have been employed to prepare anti biocidal biopolymers which can be classified
into two, namely wet and dry methods. A wet method involves the addition of the
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nanoparticles precursor into the biopolymer solution followed by synthesizing of
the nanoparticles. Another route is to dissolve a polymer in a suitable solvent and
then add nanoparticles into the polymer solution followed by casting and drying.
Dry method involves the addition of the nanoparticles into melted polymer fol-
lowed by mixing under high shear. This method received a considerable interest
because it can easily be adopted in the industry since these units are already
installed and being used to prepare particulate filled polymer composites.

In this chapter, we review the current development and recent advances in the
preparation and characterization of sustainable antimicrobial nanocomposites, the
strategies to enhance their antibacterial activity as well as future prospects of these
interesting materials. We also highlight the preparation of different antibacterial
nanoparticles and recent developments.

2 Synthesis of Different Nanoparticles

Over the past decades, the synthesis of nanoparticles garnered much interest owing
to their unique properties such as large surface-to-volume ratio, modified structure
and increased activity as compared to macromolecules. Nanoparticles have seen
tremendous success in various fields such as optical, electronic, medicine, textile
and clothing and drug delivery. Nanoparticles are present in nature, where they are
synthesized by natural processes like biodegradation and biomineralization. They
are classified according to their origin as either natural-occurring or man-made.

Fig. 1 Classification of nanoparticles by composition
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They can further be categorized according to their composition i.e. metal-based,
carbon-based, and nanocomposites as well as dendrimers and quantum dots as
shown in Fig. 1. In general, there are two approaches used to synthesize various
nanoparticles i.e. bottom-up and top-down approach. In a top-down approach, the
large macroscopic particles are milled into nano-sized particles. In this case, the
synthesized macroscale patterns are reduced into nanoscale particles through plastic
deformation. The main disadvantage of this approach is that it cannot be employed
for large-scale production since it is an expensive and slow process [2].

2.1 Different Methods Used to Synthesise Nanoparticles

Various nanoparticles synthesis methods have been developed, including physical,
chemical and green approaches [9, 39, 40]. The main disadvantages of the physical
method are expensive equipment, high temperature and pressure, large area for
installation of machines. It involves physical forces which are responsible for the
attraction of nano-sized particles to yield large, stable, well-defined nanostructures.
The examples of the physical method include colloidal dispersion and basic tech-
niques such as vapour condensation, amorphous crystallization, and physical frag-
mentation to mention few. Chemical methods involve the use of different toxic
chemicals which can be hazardous to the environment and the person handling them.
It is recognized that the chemicals employed in chemical approach can bind onto
and/or reside in the synthesized nanoparticles (NPs) which can be hazardous espe-
cially in medical and packaging applications. In case of food packaging, these
chemicals may migrate into the food which can be dangerous to human health.
Moreover, the same scenario is often a concern for the physical approach. Chemical
methods include chemical emulsion, wet chemical, spray pyrolysis, electrodeposi-
tion, chemical and direct precipitation and microwave assisted combustion, while
physical include the use of high vacuum in processes such as pulsed laser deposition,
molecular beam epitaxy and thermal evaporation. Irrespective of the method used to
synthesize the nanoparticles, reducing and stabilizing agents are required in order to
control the size (or shape) and the dispersion of the NPs in the medium. Green
method involves the use of plants extracts, algae, fungi and bacteria. For instance,
the extracts from the plants parts such as roots, leaves, stems, seed and fruits have
phytochemicals which can act as reducing and stabilizing agent for the synthesis of
different nanoparticles. Green methods are contamination-free since there are no
intermediate chemicals involved. The possibility of the large-scale production makes
this method the most interesting for future nanoparticles production. The disad-
vantages of this process are limited to each technique used. For example, the use of
micro-organism is time-consuming and expensive. This process involves different
steps such as (i) the screening of the bacteria which is the time-consuming process;
and (ii) monitoring of culture broth and entire synthesis process to avoid contami-
nation. Moreover, the lack of control over the size and shape of the resulting
nanoparticles as well as the cost associated with the media used to grow bacteria add
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to the drawback of this method. However in next sections only synthesize of
antibacterial nanoparticles will be discussed. On the other hand, the antibacterial
activities of metal nanoparticles are often not well understood. A summary of a
possible mechanisms associated with the antibacterial activity of the metal
nanoparticles against pathogenic microbes is schematically presented in Fig. 2.

2.2 Preparation and Antibacterial Mechanisms of the NPs

2.2.1 Silver Nanoparticles (AgNPs)

The antibacterial properties of silver nanoparticles have been known for more than
2000 years ago. It is highly toxic towards microbes with a wide variety of products
that are commercially available because of its broad spectrum of antibacterial
activity. It is found in these products in ionic or metallic form. The nanosilver
(AgNPs) exhibits high surface area to volume ratio with exceptional antibacterial
efficiency towards more than 650 types of bacteria, as well as various viruses and
fungi. Moreover, there are 3 proposed mechanisms for the antibacterial activity of
AgNPs: (i) the NPs attachment to the cell wall which disturbs the cell membrane
permeability or disrupt the cell membrane, (ii) NPs penetration through the cell wall
and reacting with thiol and phosphorus-containing compounds which disturbs
the respiration and replication processes, and (iii) the release of silver ions by

Fig. 2 Schematic presentation based on a summary of the mechanism associated with the
antibacterial behaviour of metal nanoparticles (1) “Trojan-horse effect” due to endocytosism
processes; (2) attachment to the membrane surface; (3) catalyzed radical formation; and (4) release
of metal ions. Redrawn from [46]
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nanoparticles [42–44]. All these mechanisms are often associated with the bacte-
riostatic and bactericidal effects of AgNPs. There are various methods to prepare
silver nanoparticles such as electrochemical, chemical, optical, thermal decompo-
sition, microwave, hydrogel method, sonochemical, UV and gamma radiation.
These methods involve reducing an ionic silver salt to metallic silver in an appro-
priate medium. The most commonly used method in the industry is a chemical
reduction due to high production efficiency and control over the shape and size of the
resulting nanoparticles. In recent years, there has been growing interest in the syn-
thesis of silver nanoparticles in the presence of polymers to avoid the agglomeration
of the nanoparticles after synthesis, especially natural-based polymers. The stability
and dispersion of these particles are mostly influenced by the presence of the
functional groups along the polymer chain which act as either reducing or stabilizing
agent and in other cases as both reducing and stabilizing agent e.g. Chitosan.
Chitosan has amino and hydroxyl groups along the polymer chains. The amino
groups can coordinate with metal ions when mixed with silver salts while reduction

Table 1 Summary of the synthesize antibacterial nanoparticles

Salt
precursor

Synthesize route Comments References

AgNPs

Chemical synthesis
Silver nitrate AgNO3 (1 mM, 80 ml) was

added drop-wise to an ice-cold
NaBH4 2 mM solution
(240 ml) under vigorous
stirring

Ag nanoparticles with an
average size around 38 nm
were obtained and this was
confirmed by UV-vis
absorption peak at 433 nm for
bacterial cellulose/AgNPs and
425 nm for Vegetable
Cellulose/AgNPs

[49]

Silver nitrate AgNPs were prepared by
sodium citrate reduction of
AgNO3 followed by heating in
a furnace at 200 °C for an hour

The resulting AgNPs were a
mainly spherical shape with the
size of about 50 nm

[83]

Green synthesis
Silver nitrate For the first set -the supernatant

from soil derived Pseudomonas
putida MVP2 was mixed with
AgNO3 and the second set
P. putida was directly mixed
with AgNO3 to adjust the final
concentration of 1 mM and
monitored for the reduction of
silver solution into AgNPs

For the first step, AgNPs had
the size ranging between 5 and
16 nm, while for the second set
the AgNO3 treated bacteria
showed the number of black
spots on the bacterial
membrane and cytoplasm
which strongly proved that
AgNPs were mostly
synthesized in the outer
membrane of the bacteria

[22]

(continued)
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Table 1 (continued)

Salt
precursor

Synthesize route Comments References

Silver nitrate A mixture of silver nitrate
microcrystalline cellulose was
sonicated for 10 min followed
by addition of curry leaves
(Murraya koenigii) extract to
reduce silver ions into AgNPs

UV-vis spectra showed
Plasmon peak vibration at
430 nm confirming the
formation of AgNPs and the
resulting spherical AgNPs had
a diameter of 10–25 nm with a
spherical shape

[87]

Silver nitrate Rhizopus stolonifer aqueous
mycelial extract was mixed
with AgNO3

solution (1 mM AgNO3 final
concentration) and incubated
on orbital shaker 180 rpm at
40 °C for two days

AgNPs have a spherical form
and diameter about 6.04 nm
which was confirmed by
UV-vis absorption peak at
420 nm

[1]

ZnNPs
Zinc nitrate Mixing crude form with zinc

nitrate and heated at
450 ± 10 °C for 30 min
followed by calcination at
750 °C

Euphorbia Jatropha was used
as reducing agent and the
resulting hexagonal
nanoparticles had a size
ranging between 6 and 21 nm

[21]

Zinc nitrate aloe leaf extracts were mixed
with zinc nitrate and heated at
150 °C for 5–6 h. The resulting
pale white precipitate was
centrifuged for 15 min and
dried at 80 °C for 7–8 h
Chemical synthesis- Zinc
nitrate was dissolved in
distilled water and NaOH was
added dropwise and then the
solution was left overnight. The
obtained white precipitate was
centrifuge for 10 min and then
dried at 80 °C for 6 h. During
drying, complete conversion of
Zn(OH)2 into ZnO takes place.
All the obtained white
precipitate were ground

The sizes of the prepared green
and chemical ZnO
nanoparticles were 40 and
25 nm

[24]

Zinc nitrate
hexahydrate

Moringa Oleifera extracts as an
effective chelating agent.
A mixture of the extract and
zinc nitrate hexahydrate was
left for 18 h then heated at
100 °C and the resulting
powder was washed with water
to remove any extracts
followed by heating at 500 °C
for an hour

TEM results showed that
highly crystalline zinc oxide
nanoparticles with particle size
varying from 12.27 and
30.51 nm were obtained.

[37]

(continued)
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Table 1 (continued)

Salt
precursor

Synthesize route Comments References

Chemical synthesis
Zinc acetate Chemical synthesis- a mixture

of zinc acetate and NaOH
(added dropwise) was then
calcinated at 300 °C for 6 h

Zinc nanoparticles having an
average size of 60 nm was
obtained

[85]

CuNPs

Chemical synthesis
Cu
(NO3)2.3H2O

Synthesized ligand
benzildiethylenetriamine was
used to synthesize the
nanoparticles

By reducing the concentration
of the reducing agent (ligand)
led to an increase in
nanoparticles size. The size of
the particles ranged between 15
and 63 nm depending on the
concentration of the ligand

[12]

CuSO4.5H2O Ascorbic acid was used as a
reducing agent while starch
was used as a stabilizing agent

The obtained Cu and Cu2O
nanoparticles were cubic in
shape with a mean size of
28.73 and 25.19 nm,
respectively

[30]

Green synthesis
CuSO4 A Gram-negative bacterium

belonging to the genus Serratia
was isolated from the midgut of
Stibara sp., an insect of the
Cerambycidae family of beetles
and used to synthesis CuNPs
from 1–48 h

The resulting nanoparticles
were polydispersed and vary
from 10–30 nm in diameter

[25]

CuSO4.5H2O Native cyclodextrins as a
stabilizing agent and ascorbic
acid reducing agent

The resulting pattern from
selected area electron
diffraction (SAED) and lattice
Fringes confirmed that
crystalline structure of Cu-NPs
with face-centred cubic
(FCC) with a (111), (200) and
(220) lattice planes of Cu
The Cu-NPs depends on the
type of native cyclodextrin
(NCD) and the obtained
nanoparticles were spherical
with a size between 2 and
33 nm. The smaller Cu-NPs
were obtained with a-NCD
(viz. 4 nm), while the
nanoparticles obtained with
b-NCD showed narrow size
distribution having a size of
6.5 nm

[20]

(continued)
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of silver ion is coupled with oxidation of hydroxyl group. Table 1 highlights recent
studies based on the production of the silver nanoparticles.

2.2.2 Zinc Nanoparticles

Zinc oxide received a lot of attention owing to its special characteristics such as
anti-corrosion, antibacterial, and has low electrons conductivity and excellent heat
resistance. It has been prepared via physical and chemical methods [2, 28]. The
chemical methods include the reaction of zinc with alcohol, vapour transport,
hydrothermal synthesis and precipitation method. In order to avoid the complica-
tions that are bound to physical and chemical methods, the green synthesis of zinc
oxide has been employed for the past years. There is still a lot of controversy about
the mechanism behind the antibacterial activity displayed by zinc nanoparticles [2,
28]. It was postulated that the toxicity mechanism result from intercellular reactive
oxygen species (ROS) generation and Zn2+ release. ROS-include superoxide anion,
hydrogen peroxide and hydroxide-are harmful to bacterial cells, while the released
Zn2+ disrupts important metabolic pathways. Since the morphology of the zinc
nanoparticles-which depends on the synthesis technique-plays significant role in
their antibacterial activity. There has been a lot of interest in recent years towards the
development of novel synthesis methods and applications. Green synthesis methods
received more interest because of their unique attractive properties-including envi-
ronmentally friendlier, cost-effective, biocompatible and safe. Plants, algae, fungi
and bacteria have been employed as a green method to produce zinc nanoparticles.
Figure 3 illustrate the synthesis of zinc oxide nanoparticles by using different
sources. Recent studies based on the use of different bacteria, fungi, and plants parts
that have been used to prepare zinc nanoparticles are summarized in Table 1.

Table 1 (continued)

Salt
precursor

Synthesize route Comments References

Cu(NO3)2 Garcinia mangostana leaf
extract as a reducing agent was
mixed with copper nitrate and
heated at 70 °C for an hour

Cu nanoparticles with the mean
particle size of 28.9 nm were
obtained

[50]

Cu(NO3)2 The extracts of E. prostrate
was mixed with copper acetate
and stirred for 24 h at room
temperature without external
energy

Monodisperse and spherical
particles with sizes ranging
from 28 to 45 nm and (mean,
36 ± 1.2 nm) were obtained

[15]
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2.2.3 Gold Nanoparticles (AuNPs)

Gold nanoparticles garnered much interest in different fields such as wastewater
treatment, catalysis, biosensing, optics and therapeutic applications owing to its
unique features which include good antibacterial activity, optical and photothermal
properties. There are two proposed mechanisms with regard to antibacterial activity
of AuNPs (i) a change in the membrane potential and prevention of ATPase
activities resulting in a decline in cellular metabolism, and (ii) inhibiting the binding
of subunits of the ribosomes of tRNA resulting in a collapsing in biological pro-
cesses [86]. There is a paradigm shift towards green, cost-effective and controllable
methods to synthesize gold nanoparticles. Similarly to other nanoparticles, the use
of plants extracts, bacteria and fungi have been employed to synthesize gold
nanoparticles. For an example, typical fresh leaves of Piper guineense (Fig. 4) were
used for the synthesise of gold nanoparticles [79]. On the other hand, natural
polymers were also employed as stabilizing and reducing agents to synthesize gold
nanoparticles. Gold nanoparticles having diameters ranging between 50 and
200 nm were synthesized by Shih et al. [78] using chitosan as stabilizing and
reducing agent, while carboxymethyl chitosan was used by Laudenslager et al. [72].
The resulting gold nanoparticles had an average size of 22.9 nm.

Fig. 3 Zinc oxide nanoparticles synthesis by using different sources [2]
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2.2.4 Copper Nanoparticles

Copper is the most important element due to its role in living organisms. It plays an
important role in the transportation of oxygen during electron transport chain and
iron homeostasis. Its antibacterial activity is associated with cellular damage after
contact between Cu2+ and bacteria membrane [18]. This led to the development of
novel synthesis techniques for producing nano-sized copper particles. The elec-
trochemical is the widely used method to produce copper nanoparticles (CuNPs)
[27]. This is as a result of the efficiency of this method to produce large quantities of
the nanoparticles at a short period of time. CuNPs can also be synthesized through
several techniques such as chemical reduction, laser ablation, sol-gel processing,
and thermal reduction [18]. The nanoparticles synthesized from these techniques
have different antibacterial activity. Furthermore, the reaction medium composition
and stabilizers had an effect on the size of the resultant nanoparticles. Satyvaldiev
et al. [74] investigated the synthesis and biological activity of copper nanoparticles
under different medium (alkaline and ammonia) and in the presence of a stabilizer
(gelatin). The FESEM images (Figs. 5 and 6) in both media with and without
gelatin were found to be spherical in shape. However, the insets in Fig. 5a, b
showed that Cu nanoparticles in an alkaline medium had smaller particle size than
in ammonia medium. The addition of gelatin reduced the particle size more, which
was associated with an increase of nanoparticle stability in the presence of gelatin.
The recent studies based on the synthesis of the CuNPs and their properties are
summarized in Table 1.

Fig. 4 Leaf and fruit
of Piper guineense [79]
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2.2.5 Carbon-Based Nanoparticles

Carbon nanotubes have attractive properties such as high mechanical strength, large
surface area, high thermal stability (˃700 °C), high aspect ratio (length to diameter)
and electrical conductivity [16, 52]. They have been used in wide variety of
industrial applications such as energy storage, construction, and entertainment.

Fig. 5 SEM images of Cu nanopowders produced in an alkaline medium (a) and Cu
nanopowders obtained in an alkaline medium in the presence of gelatin (b) with their particle
size histograms in their insets [74]

Fig. 6 SEM images of Cu nanoparticles obtained in an ammonia medium (a) and Cu
nanoparticles obtained in the presence of gelatin in an ammonia medium (b) with their particle
size histograms in their insets [74]
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They also have excellent antimicrobial activity [13, 29, 35]. The antibacterial
activity of carbon nanotubes is still unknown. It is proposed that the antibacterial
activity is induced by physical membrane perturbation and oxidative stress. It is
reported that the antibacterial activity is influenced by CNT distribution, diameter,
length, and electronic structure [13, 29]. CNT are classified into single and mul-
tiwall carbon nanotubes depending on the number of graphite layers. Single-walled
CNT is composed of graphene sheet wrapped into a cylinder, while multi-walled
CNT consists of two or more concentrically mixed cylinders. Large-scale pro-
duction of CNT is achieved through chemical vapour deposition. Other techniques
employed to produce CNTs include electric arc discharge and laser ablation. Three
most important aspects of the synthesis of CNT are carbon source, energy, and a
metal catalyst.

Graphite nanosheets-known as graphene is one of the promising carbonaceous
materials with exceptional properties such as electrical; thermal; mechanical; barrier
and flame retardant properties [8, 33, 73, 90]. It is obtained from expandable natural
graphite by different exfoliation process such as chemical or electrochemical,
mechanical, and thermal and/or chemical. The mechanical technique includes the
use of scotch/adhesive tape to repeatedly peel off graphene layer from graphite
crystal until individual atomic planes are obtained. Beside scotch tape, epitaxial
growth of graphene on silicon carbide was also reported. In this case, silicon
carbides heated to high temperatures above 1100 °C to reduce it into graphene. Yet
another method to produce graphene includes CVD of hydrocarbons on a metal or
metal-coated substrates such as Ni films and Cu foil. Large-scale graphene pro-
duction involves exfoliation of graphite via acid oxidation (e.g. nitric acid/sulphuric
acid) into expandable graphite oxide (GO), followed by reduction of GO (e.g. by
hydrazine, NaBH4) and annealing in argon/hydrogen to yield graphene sheets. The
disadvantage of the exfoliation using oxidation/reduction from GO is the quality of
the resulting graphene as compared to scotch tape, epitaxially grown on SiC and
CVD. The solution methods, however, have been employed for the production of
graphene ribbons through cutting open nanotubes in the presence of potassium
permanganate and sulphuric acid. The solution methods such as filtration, solution
casting, electrophoretic deposition and Langmuir-Blodgett deposition afford the
formation of graphene-based functionalized films.

2.2.6 Clay Minerals

Clay minerals are also known as layered silicates because of their stacked structure
of 1 nm silicate sheets which are in nanoscale with a variable basal distance. They
often used in human and health formulations like excipients or active substances
because of the unique features which include chemical inertness and low or zero
toxicity [35]. Clay is classified into various classes: smectites, vermiculite, mont-
morillonite, halloysite, palygorskite and many more. Smectites are planar diocta-
hedral and trioctahedral 2:1 clay minerals having a layer charge between −0.2 and
−0.6 per formula unit which contains hydrate exchangeable cations. Smectite 2:1
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layer unit is made up of one alumina octahedral sheets sandwiched between two
silica tetrahedral sheets. Montmorillonite is generally defined as dioctahedral
smectites. The term vermiculite is used to define planar dioctahedral and triocta-
hedral with a layer charge between −0.6 and −0.9 per formula unit which contains
hydrated exchangeable cations. Halloysite is commonly defined as a 1:1 alumi-
nosilicate structure with its size depending on the deposit, while palygorskite is 2:1
layered structure consists of two-dimensional tetrahedral sheets. The antibacterial
activity of clay is proposed to take place through clay permeation into the cell
membrane, damage the cell wall, and disturbs the natural processes of the cell
which results in eradication of microorganisms.

3 Preparation of Antibacterial Nanocomposites

Depending on the intended application several processing techniques such as melt
compounding, solution casting, in situ polymerization and electrospinning were
employed to prepare antibacterial nanocomposites. Solution casting involves dis-
solving the polymer and antibacterial agent in a suitable solvent, casting and drying
or evaporation of the solvent [85, 88]. This process is often limited to laboratory-
scale and/or polymers which are soluble in available solvents. The heat-sensitive
polymers and/or antibacterial agents are usually prepared via solution casting. Melt
compounding involves mixing the antibacterial agent and polymer at the temper-
ature above melting temperature of the polymer under high shear. These techniques
include single/twin screw extruder, injection moulding, melt mixer and hot melt
presser. They can be used either alone or in combination in order to prepare the
resulting nanocomposite product [10]. The melt compounding is limited to poly-
mers that can melt with antibacterial agents which are not sensitive to high tem-
peratures. In most cases, the antibacterial agent ends up in the amorphous part of the
polymer, thus the crystallinity of the polymer plays a major role on the dispersion a
well as the release rate of the antibacterial agent from the system. Nevertheless,
these techniques are most significant importance from the commercial viewpoint.
The other interesting preparation method of the antibacterial nanocomposites is
electrospinning. This technique is cheaper and has a potential for large-scale pro-
duction. Electrospinning is capable of producing multifunctional nanofibre from
natural and synthetic polymers, polymer blends and composites [10]. The resulting
fibres have unique properties such as high surface area, inter- and intrafibrous pores
as well as strong adhesive force, good air filtration, high adhesion barrier activity
and heat resistance which rare of significant importance towards biomedical
applications. The resulting electrospun scaffolds have a similar shape to human skin
tissues; hence they are often employed in tissue engineering. However, the
above-mentioned properties render these fibers opportunity to be applied in other
fields such as water and air filtration, energy storage and packaging. Coating of the
antibacterial agents onto the polymeric matrix has also been adopted by several
authors [23, 41]. All these preparation techniques result in different morphologies
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and thus, influence the antibacterial efficiency of the resulting nanocomposite
material. In this case, the contact between the nanoparticles with the microbes is of
significance in order to promote the antibacterial activity of the resulting composite
material. It is recognized that in case of metal nanoparticles the ions release is the
main contributor to the eradication of the microbes [46]. However, for nanoparticles
such as carbon nanotubes, the main contribution comes from the contact with
microbes by piercing the membrane of the microbe. Thus the preparation method
plays a major role in the antibacterial behaviour of the resulting composites as well
as the type of polymer. In summary the antibacterial behavior of the antibacterial
nanocomposites is directly dependent on these factors: (i) adsorption of microbes
on the polymer surface; (ii) polymer-type to allow water penetration to reach the
embedded nanoparticles to allow their dissolution and realization; (iii) contact
between nanoparticles with available microbes; and (iv) physical and structural
properties of the nanoparticles.

4 Antibacterial Nanocomposites

4.1 Silver/Biopolymer Nanocomposites

Silver nanoparticles nanocomposites are often prepared by either ex situ or in situ
[17]. In situ involves the inclusion of silver ionic solution, reducing agent and
polymeric material into one system followed by reduction of silver ionic solution
into silver nanoparticles, while ex situ involves the synthesis of particles beforehand
followed by addition of AgNPs into the polymeric material. In situ preparation of
silver nanoparticles was carried out by mixing AgNO3 (1 mM, 80 ml) and an
ice-cold NaBH4 2 mM solution (240 ml) drop-wise to under vigorous stirring in the
presence of bacterial cellulose (BC) as well as vegetable cellulose (VC) [49].
A significant antibacterial activity for nanocomposite samples against both
gram-negative (K. pneumonia) and gram-positive (S. aureus and spore-forming B.
subtilis) tested bacteria, by the action of both BC- and VC-based Ag nanocomposite
samples. [31] prepared cellulose/AgNPs nanocomposite by in situ method. In this
case, ethylene glycol, cellulose and silver nitrate were mixed together and exposed
to microwave radiation. The resulting nanocomposite material displayed high
antimicrobial efficiency (Fig. 7) against tested bacteria viz. Escherichia coli and
Staphylococcus aureus.

Ex situ was used to prepare PBAT/AgNPs nanocomposites for packaging
applications via solution casting [84]. AgNPs were prepared by chemical synthesis
using sodium citrate as reducing agent. It was reported that increase in nanofiller wt%
improves mechanical, oxygen permeability, and antimicrobial properties, but at a
higher loading the films become stiff. [76] reported on the synthesis of AgNPs using
tocopherol as reducing and capping agents in order to prepare PBAT/AgNPs com-
posite films for food packaging. The films were prepared through solution casting
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method and the addition of AgNPs leading to rougher surfaces as compared to
smooth PBAT. However, the synthesized AgNPs were spherical with a diameter of
10–50 nm. It was found that the PBAT/AgNPs exhibited good antibacterial activity
against both food-borne pathogenic bacteria (i.e. E. coli and L. monocytogenes), but
showed stronger antibacterial activity towards E. coli than L. monocytogenes since
the Gram-negative bacteria are more vulnerable to AgNPs than Gram-positive ones.
On the other hand, mechanical strength, water vapour barrier property, and water
contact angle of the PBAT films improved significantly after addition of AgNPs
making this material a good candidate for the potential for food packaging especially
looking at the concentration of silver used in this case i.e. 10 mg silver in 4 g PBAT.
[77] studied the effect of silver nanoparticles obtained from different synthesis routes
viz. metallic silver (AgM) or silver zeolite (AgZ) prepared under vigorous stirring for
12 h, trisodium reduced (AgNPC) and laser ablated (AgNPLA) on the properties of
alginate as host matrix. The resulting silver zeolite (AgZ) nanoparticles were cubical
in shape with the size of 2–5 lm, whereas the shapes of AgNPC, AgNPLA, and AgM
were almost spherical, and the size was in the range of 50–200 nm. It was found that
the prepared composites via solution casting were flexible, smooth, and
free-standing, but the composites were rougher than pristine alginate films. The
minimum inhibitory concentration (MIC) or minimum bactericidal concentration
(MBC) of AgNPC, AgZ, AgNO3, AgNPLA, and AgM against E. coli were

Fig. 7 Antimicrobial activities of the cellulose–Ag nanocomposites: a, c Escherichia coli and b,
d Staphylococcus aureus [31]
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3.125/6.25, 3.125/12.5, 1.562/6.25, >50/>50, >50/>50 lg/mL, respectively, and
those against L. monocytogenes were 6.25/12.5, 6.25/12.5, 3.25/6.25, >50/>50, >50/
>50 lg/mL, respectively. The degree of antimicrobial activity was greatly influenced
by the type of silver particles. It was found that among the silver particles included
groups, alginate/AgNPC, alginate/AgZ, and alginate/AgNO3 composite films
exhibited potent antibacterial activity against both foodborne pathogenic bacteria,
however, alginate/AgNPLA and alginate/AgM composite films did not show dis-
tinctive antibacterial activity. It was postulated that the low or negligible antibacterial
activity of alginate/AgNPLA and alginate/AgM composite films may be regarded to
the AgNPLA strongly capped with poly vinyl pyrrolidone (PVP) and interacting
tightly with the alginate resulting in the prevention of oxidation of AgNPs to form Ag
ions, and that the stable metallic silver of AgM was not oxidized easily to release
silver ions.

4.2 Zinc/Biopolymer Nanocomposites

Zinc nanoparticles have been used to reinforce different biopolymers, especially for
packaging applications. Poly(butylenes adipate-co-terephthalate) PBAT is one of
the biopolymers that has been reinforced with zinc nanoparticles for different
applications. PBAT is an aliphatic/aromatic copolyester synthesis from
1.4-butanediol, adipic acid, and terephthalic acid. It is a biodegradable polymer
having excellent compatibility with other biodegradable polymers such as aliphatic
polyesters and starch-based polymers. Due to its unique properties which include
biodegradability and biocompatibility, PBAT has been used in packaging films,
agricultural films and compost bags. In the case of packaging, different fillers are
often added to improve their properties such as barrier properties, and mechanical
properties. One of the most important aspects of food packaging is the antibacterial
efficiency of the polymer being used. Different antibacterial nanoparticles are often
added not only to improve the antibacterial activity but also the barrier properties
[85]. Venkatesan and Rajeswari [85] prepared PBAT/ZnO nanocomposites through
solution casting using chloroform as a solvent. ZnO was prepared using a chemical
method whereby zinc acetate was mixed with NaOH (by adding NaOH drop by
drop) followed by calcination at 300 °C for 6 h in a furnace. The antibacterial
activity was tested using E. coli and S. aureus. It was reported that the inhibition
zone increased with increase in zinc nanoparticles content regardless of bacteria
type. The diameter of the inhibition zones for nanocomposites containing 1, 3, 5
and 10 wt of ZnO nanoparticles were 11.0, 11.8, 12.7, 13.3, and 14.1 mm for
E. coli and 11.0, 12.0, 13.5, 13.9, and 15.1 mm against S. aureus, respectively.

Zinc nanoparticles were also incorporated into PHBV for packaging application
by Ana and Angel [4]. Nanocomposites were prepared through solution casting. In
this case, the nanoparticles were firstly dispersed in chloroform and then mixed with
polymer solution also dissolved in chloroform followed by sonication, casting and
drying. Using TEM and SEM, it was found that the ZnNP were well dispersed in
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the polymer matrix. This was ascribed to the interactions between the –OH groups
of the ZnO surface and the polar moieties of the biopolymer preventing nanopar-
ticle aggregation while improving the compatibility between the filler and matrix
phases. However, at the higher content of the nanoparticles well-dispersed clusters
were obtained. This was also confirmed by an increase in mechanical properties up
to 4 wt% of the filler with Young modulus reaching *1.7 GPa and tensile strength
of*30 MPa, whereas elongation at break decreased from 4% (for neat polymer) to
*2.9%. The nanocomposites exhibited antibacterial activity against human
pathogenic bacteria, and the effect on E. coli was stronger than on S. aureus due to
their difference in thickness of their membranes. Gram-positive bacteria usually
have one cytoplasmic membrane and a thick wall composed of multilayers of
peptidoglycan, whereas the Gram-negative have a more complex cell wall structure,
with a layer of peptidoglycan between the outer membrane and the cytoplasmic
membrane. Hence E. coli is more susceptible to antibacterial agents than S. aureus.

Augustine et al. [6] prepared electrospun polycaprolactone/ZnNPs nanocom-
posite membrane as biomaterials with antibacterial and cell adhesion properties.
The incorporation of ZnNPs reduced the size of resulting electrospun nanofibers
and these nanofibers became ore rougher with an increase in ZnNPs content due to
their agglomeration. At a low content of ZnNPs viz. up to 1 wt%, tensile strength
and modulus increased linearly, while further increase in ZnNPs content led to a
decrease in tensile strength and modulus of the nanocomposite membrane. This was
attributed to the agglomeration of the nanoparticles because of their high surface
energy resulting in their agglomerate and thus led to poor dispersion. It was also
reported that the nanocomposite membrane had good antibacterial activity against
E. coli and S. aureus, but at low NPs content i.e. below 5 wt% the antibacterial
activity was statistically insignificant. Strong antibacterial activity was recognized
at 5 and 6 wt% of the nanoparticles. This was ascribed to the fact that at low NPs
content, the NPs are trapped within the polymeric matrix and thus, those in direct
contact with bacterial cells are very few in number. Interestingly, the nanocom-
posites membranes showed 100% cell viability. Agustin and Padmawijaya [5]
investigated the effect of glycerol and zinc oxide on the antibacterial activity of
biodegradable bioplastics from chitosan-kepok banana peel starch. It was reported
that the biodegradability rates decreased (Table 2) as the zinc oxide concentration
in banana peel starch-chitosan bioplastic, thus composite bioplastic material will
inhibit bacterial growth. The resultant biocomposites have a significant potential to
be used for food packaging by having the biodegradable properties and also inhibit
bacterial growth.

Table 2 Biodegradable test
of chitosan-starch bioplastics
[5]

Zinc oxide (%) Degradation time (minutes)

1 35

3 42

5 72
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4.3 Gold/Biopolymer Nanocomposites

Mendoza et al. [38] exploited the reductive and stabilizing action of chitosan to
prepare gold/chitosan nanocomposites. In this case, the precursor was introduced
dropwise into chitosan solution (with chitosan as a stabilizing and reducing agent)
and stirred for 4 h at 60 °C. Spherical gold nanoparticles embedded in chitosan
were obtained as confirmed by maximum surface Plasmon resonance at *525 nm.
The authors reported that the size of the nanoparticles increased with an increase in
precursor’ concentration i.e. 1 mM yielded spherical NPs with a diameter of
14 ± 5 nm while for 2 mM was 14 ± 3 nm. They found that the composite
exhibited superior bactericidal ability against both bacteria (S. aureus and E. coli)
models without showing cytotoxicity on human cells at the concentrations tested.

4.4 Copper/Biopolymer Nanocomposites

[11] investigated antimicrobial nanocomposites and electrospun coatings based on
poly(3-hydroxybutyrate-co-3-hydroxyvalerate) and copper oxide nanoparticles for
active packaging and coating applications. A blend of poly (hydroxybutyrate-
co-hydroxyvalerate (PHBV) composed of PHBV3 (3 mol valerate) and PHBV18
(18 mol valerate) was prepared by melt mixing and used as a control. On the other
hand, the nanocomposites were prepared via two different coating technology:
(i) two different content of CuNPs (i.e. 0.1 and 0.05%) were melt mixed with the
blend of PHBV3 pellet (86 wt%) and unpurified PHBV18 powder (14 wt%) fol-
lowed by melt-pressing at 180 °C for 3 min, (ii) PHBV3 film was coated with
PHBV18/CuNPs electrospun ultrathin fibers mats containing 0.05% followed
by hot-pressing at 150 °C for 2 min (without pressing) (denoted ES-0.05%).
Mechanical properties for all prepared samples were not significantly influenced by
the addition of NPs. Water Vapour Permeability (WVP), however, increased by the
addition of the NPs, more especially where fiber mats were put as an antibacterial
coating onto PHBV3 matrix. This was ascribed to the more hydrophilic character of
the electrospun mats with PHBV/CuNPs as compared to neat PHBV3 film used as a
substrate in the coated system. In the case of oxygen permeability (OP), the addition
of 0.05% NPs reduced OP by 34.2% which was related to the additional tortuous
path created by the well-distributed and dispersed NPs. The OP of the ES-005%
was higher than its counterpart prepared by melt compounding. This was ascribed
to the lower crystallinity of ES-005%. For antibacterial activity, a reduction of
about 5 log colony-forming unit/mL of S. enterica was recorded for those films
prepared with 0.05% CuO by melt-mixing and no viable count of bacteria were
recorded either for nanocomposites films containing 0.1% CuO or the 0.05% ES
coating structure after 24 h of exposure. No viable counts of L. monocytogenes
were recorded in any of the samples after 24 h of exposure. The effectiveness
for inactivation of L. monocytogenes was attributed to structural and chemical
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compositional differences between cell surfaces of Gram-positive and Gram-
negative bacteria. Bio-disintegration tests showed that the coated structures were
fully biodegraded in a period of 35 days at the composting condition.

Mary et al. [36] coated cellulose with copper (II) ions and CuNPs to evaluate
their release from the system. Cellulose was chemically modified by periodate-
induced oxidation followed by covalent attachment of biopolymer chitosan (CAC).
The Cu(II) was immobilized to CAC by its immersion in Cu(II) solution (CBCAC),
while CuNPs were produced by borohydride-induced reduction of Cu(II). In this
case, CAC was immersed in Cu(II) solution followed by immersion in sodium
borohydride solution for 24 h and then dried in a vacuum chamber at 50 °C
(NCLCAC). It was reported that the release of Cu(II) from all prepared samples was
depended on the concentration of Cu(II) in the system i.e. high release was recorded
for higher Cu(II) and/or CuNPs concentration. Similarly, the antibacterial activity
against E. coli was found to be dependent on the concentration of Cu(II) and
CuNPs. The radius of inhibition zone increases with an increase in the copper and
CuNPs contents of loading solutions. This was attributed to the biocidal action of
Cu(II) ions, which are released from the fibers which can be related to the copper
content in the loading solutions increasing, with the amount bound to fibers also
increases and thus, the antibacterial action of resulting fibers becomes more
effective, thus resulting in the formation of “zone of inhibition” with greater area
(or radius).

4.5 Carbon-Based/Biopolymer Nanocomposites

[19] prepared antibacterial carboxymethyl chitosan (CMC)/carbon nanotubes
(CNT) nanocomposites via solution casting. CMC-CNTs 20 recorded highest
antibacterial efficacy as compared to other composites with inhibition zone diameter
of 22.3 ± 0.21 mm against S. aureus and of 21.3 ± 0.72 mm against E. coli
corresponding to 23.2 ± 0.12 mm and 22.5 ± 0.63 mm for ampicillin and gen-
tamicin, respectively. The MIC value for CMC-CNT20 was 1.95 µg/mL against
both S. aureus and E. coli corresponding to 0.98 and 1.95 µg/mL for antibiotics
ampicillin and gentamicin, respectively. It was postulated that the highly hydro-
philic composite potent result from penetration inside the microbe and cause
osmotic imbalances, which enhanced the mode of growth inhibition. Moreover, the
presence of CNTs has a synergistic effect in destroying the microbial cell membrane
and suppressing the microbial growth. Elsewhere in the literature, it was reported
that functionalization of CNT and polymer led to the formation of ester linkages
from the condensation of the carboxylic acid of acrylic acid-grafted poly(butylene
adipate-co-terephthalate) (PBAT-g-AA) with the hydroxyl groups of multi-
hydroxyl functionalized multi-walled carbon nanotubes (MWCNT-OH) [89]. This
resulted in strong antibacterial activity against E. coli (BCRC 10239) when com-
pared to poly(butylenes adipate-co-terephthalate) (PBAT)/multiwalled carbon
nanotubes (MWCNTs) nanocomposites. This was attributed to electrostatic
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interactions between the composite and bacterial strains since E. coli with an
extracellular capsule carry a less negative charge and are less prone to adsorption on
the positively charged surface of PBAT-g-AA/MWCNT-OH. An et al. [3] prepared
composite blend of polylactic acid/polyurethane (PLA/PU) reinforced with gra-
phene oxide (GO) through solution mixing. In this case, the authors prepared
composites based on two different concentration of GO i.e. 3wt% (PLA/PU3) and
5wt% (PLA/PU5) to evaluate their antibacterial efficiency against gram-negative
and gram-positive bacteria. It was reported the incorporation of 5 wt% of GO into
PLA/PU reduced E. coli and S. aureus growth up to 100%, while 3 wt% reduced
E. coli growth up to 100% and S. aureus growth up to 99% after 24 h of incubation.
Moreover, after 4 h of incubation with PLA/PU3 and PLA/PU5 composites at
37 °C, the antibacterial activity for E. coli was 54 and 91%, whereas 54 and 89%
were recorded for S. aureus, respectively. This confirms the antibacterial efficacy of
GO which was dependent on its content as shown in Fig. 8. It can be seen that after
4 h of incubation of both bacteria (viz. E. coli and S. aureus) lost their original
appearance. This was attributed to the effect of either oxidative stress or physical
disruption related to the carbon nanomaterials. Despite the antibacterial efficiency
of graphene nanosheets, it can also serve as substrate or matrix for the antimicrobial
agent [91].

Fig. 8 SEM images of S. aureus attached to a glass plate and b PLA/PU/G5 for 4 h incubation at
37 °C SEM images of E. coli attached on c glass plate and d PLA/PU/GO (5%) for 4 h incubation
at 37 °C. Reprinted from [3]
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4.6 Clay Minerals/Biopolymer Nanocomposites

In most cases, clay is usually added to different polymeric materials to improve the
mechanical and thermal properties of the resulting nanocomposite product. In case
of packaging, clay minerals were found to improve the barrier property which is
one of the important aspects [17]. The most used method of preparation is solution
intercalation. It is recognized that the modification of clay minerals plays an
important role in their antibacterial activity especially the presence of quaternary
ammonium groups [67, 68]. On contrary, [51] reported that unmodified montmo-
rillonite displayed good antibacterial activity against S. aureus and E. faecalis
antibacterial. The authors mentioned that this scenario could be related to the
preparation method of the composites and composites. The nanocomposites were
prepared through solution casting. Despite unmodified MMT not showing any
antibacterial activity, the nanocomposites showed good antibacterial activity
towards S. aureus and E. faecalis as well as lactose-positive bacteria from
Enterobacteriacea family. This was attributed to a very good homogeneity obtained
from the preparation method. A comparison between three nanoclays i.e. Cloisite
20A (dimethyl di(hydrogenated tallowalkyl) quaternary ammonium), Cloisite 30B
(bis-(2-hydroxyethyl) methyl(hydrogenated tallowalkyl) quaternary ammonium)
and unmodified Cloisite Na+ was reported by Sothornvit et al. [80]. PLA/nanoclay
composites were prepared via solution casting using chloroform as a solvent.
On contrary to the previous study, it was reported in this study that the
unmodified-based composites showed no antibacterial activity towards gram neg-
ative and gram-positive bacteria. Despite Cloisite 30B nanoclay showing antibac-
terial activity towards both gram negative and gram positive bacteria, its composites
showed bacteriostatic against L. monocytogenes, while Cloisite 20 A based com-
posites displayed no antibacterial activity. However, it is worth mentioning that the
antibacterial activity of the nanoclays also depends on the polymer properties
especially hydrophilicity which plays a major role for the bacteria to enter the
composite material. Rhim et al. [67] reported that Cloisite 30B showed good
antibacterial activity towards gram negative and positive bacteria when using chi-
tosan as host matrix. This was attributed to the hydrophilicity of chitosan and the
solvent used to prepare the composites i.e. acetic acid. [45] modified clay with cetyl
trimethylammonium bromide (CTAB) to improve its antibacterial efficiency. It was
found that the CTAB modified clay composites exhibited good antibacterial activity
against B. subtilis and S. aureus. This was attributed to the presence of long chain
hydrophobic alkyl and cationic charge of a quaternary ammonium group in mod-
ified clay. Zones of inhibition diameter of PBAT/modified nanoclay nanocom-
posites were 11.2, 13.7, 12.0 mm against B. subtilis and 11.1, 13.5, 11.5 mm
against S. aureus with loading 2, 4, and 8 wt%, respectively. Besides good
antibacterial efficacy, PBAT/modified nanoclay composites showed the greater
degree of property enhancement of water vapor transmission rate as well as low
degradation rate when compared to unmodified clay composites. The latter was
attributed to the smooth surfaces obtained from modified clay composites.

236 T. C. Mokhena et al.



The antibacterial activity for nanoclay (rectorite modified with CTAB) under dif-
ferent conditions i.e. weak acid, under weak acid, water, and weak basic condition
was reported by Wang et al. [88]. It was reported that the nanocomposites displayed
good antibacterial activity against both gram negative and positive bacteria in all
media. This was ascribed to high affinity and the strong interaction between hot
matrix and modified nanoclay resulting in adsorption and immobilization capacity
of modified nanoclay and the antimicrobial activity of host matrix i.e. quaternized
chitosan.

5 Hybrid Biopolymer Nanocomposites

A combination of two or more nanoparticles is often introduced into polymeric
materials with the aim of overcoming the limitations of one filler by other filler [32].
In some cases, the introduction of the second nanofiller may also improve the
antibacterial efficiency of the resulting nanocomposite material. Li et al. [32]
developed green nanocomposites material based on PLA/silver/titanium nanopar-
ticles hybrid composite. It reported that the hybrid composites showed a significant
improvement in the thermal stability and mechanical properties, while the
antibacterial efficiency increased with increase in the concentration of silver
nanoparticles as second filler. Vasile et al. [82] recently reported on the preparation
of PLA reinforced with Cu-doped ZnO powder functionalized with AgNPs
nanocomposites with melt compounding method. It was stated that the optimum
composition was PLA/ZnO: Cu/Ag 0.5 to give suitable mechanical and thermal
properties, good barrier properties to ultraviolet light, water vapour, oxygen and
carbon dioxide, antibacterial activity and low migration amount of nanoparticles
into food simulants. These results suggested that the prepared nanocomposites have
potential to be used in food packaging.

In situ preparation of silver nanoparticles was carried out by mixing silver ionic
solution with cellulose nanocrystals and then introduced into a blend of PLA/
PBAT [34]. The antibacterial activity of the PLA/PBAT/NCC-Ag nanocomposite
films was studied by using a testing protocol similar to Kirby-Bauer disc diffusion
test and it was reported that thickness of the inhibition rings in the growth of
Gram-negative Escherichia coli and Gram-positive Staphylococcus aureus is
around 2.6 and 1.8 mm, respectively. On the other hand, the killing efficiency of
the composites against Escherichia coli was determined to be 99.7% obtained
from plate count method. [81] investigated the antibacterial property of a poly
(lactic acid) nanosilver-doped multiwall carbon nanotube nanocomposite. It was
reported that the antibacterial activity (Fig. 9) declined with increasing in
MWCNT-Ag content in the nanocomposites. Furthermore, the authors claimed
that the MWCNT-Ag synergy was able to transfer the antimicrobial properties of
the PLA.
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Solvent volatizing method was used for the preparation of antimicrobial active
based on PLA with nanosilver (Ag) and nano-zinc oxide (ZnO) [14]. The antimi-
crobial properties of both nanoparticles and their synergy were investigated for
inhibition of E. coli growth. It was noted by the authors that the control film, neat
PLA film, had no antimicrobial activity (Fig. 10) to inhibit the growth of E coli.
The addition of two nanoparticles separately reduced the log10 CFU/mL values
(Fig. 10) of the PLA nano-composite. This was attributed to the nanoparticle being
able to release the surface of the films through the micro-voids, formed in the PLA
nanocomposites film by nanoparticles and restrained the growth of E. coli. The
synergy between ZnO and Ag decreased the log10 CFU/Ml values further in
comparison to single nano.

Fig. 10 Antimicrobial
activity of pure PLA and PLA
nano-composite films. Values
followed by different
superscript letters (a–e) in the
same column were
significantly different
(p < 0.05), where a is the
highest value[14]

Fig. 9 Antibacterial activity
of the PLA and PLA/
MWCNT-Ag nanocomposites
particles in the PLA matrix
[81]
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6 Conclusion and Future Recommendations

It can be concluded that the use of nanoparticles as antibacterial agents not only
improve the antibacterial efficacy but contribute to the overall properties of the
resulting nanocomposites. Amongst all synthesized routes for antibacterial
nanoparticles, green methods using abundantly available natural products is of
significant importance from biomedical and packaging point of view. These tech-
niques avoid the use of toxic chemicals which can reside within nanoparticles that
can be hazardous to human and animals. The possibility of large-scale production
using green methods makes this technique one of the most interesting for future
research. Even though nanoparticles possess high antibacterial properties with low
toxicity towards mammalian cells, general concerns about the potential hazard to
the environment and human beings need to be addressed. At the current moment,
very little information is available to assess the migration of nanoparticles and
possible hazard to human beings and the environment despite the claims that
nanoparticles synthesized from green routes have a lower impact on the environ-
ment. Among all metallic nanoparticles, silver nanoparticles are the most studied
which calls for more research on other cheaper metals having similar properties as
silver nanoparticles. Hybridization or combination of two or more nanoparticles
incorporated into the common polymer and/or polymer blends serve as one of the
promising subjects for the future especially in biomedical in order to eradicate
multidrug resistant bacteria.
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Extraction of Nano Cellulose Fibres
and Their Eco-friendly Polymer
Composite

Bashiru Kayode Sodipo and Folahan Abdul Wahab Taiwo Owolabi

1 Introduction

Global green revolution aimed at mitigating the negative ecological effect of
polymeric materials has led to research and development into various sustainable
and renewable eco-friendly materials to replace petroleum-based materials [1–3].

Nano fibre cellulose (NFC) is one of the most attractive renewable materials for
advanced applications. This is due to its mechanical and physical properties. NFC
consists of flexible cellulosic nano-material with lateral dimensions of about
10–100 nm diameter and several micrometres long [4]. They are described as long
flexible nanofilaments composed of a crystalline and amorphous portion [5].
Nanocellulose can be divided into three types of materials: (I) nano-fiber cellulose
(NFC), (II) nanocrystals cellulose (NCC) or cellulose nanowhiskers (CNWs), and
(III) bacterial cellulose (BC). However, a report in this book chapter covers only
that of NFC and typical Tem micrograph of NFC is shown in Fig. 1.

Unlike Petroleum based and synthetic polymer nanocomposite, NFC polymer
nanocomposite has many advantages due to low weight, reduced tool wearing, recy-
clable and biodegradable properties [6]. Moreover, in order to develop a fully
eco-friendly polymer nanocomposite, the use of a reinforcement derived from renew-
able biomass is needed.Petroleum-basedpolymershavegained attentiondue toavariety
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of products, e.g. plastic materials having several superior properties (e.g. water repel-
lence and formability). Despite thewide acceptability of the petroleum-based polymers,
there are major disadvantages associated with petroleum-based polymers. These
include; crude oil as a non-renewable resource, the products are not bio-degradable,
increasing oil prices, dwindling oil resources and a high focus on sustainability.

Similar to the petroleum-based polymer, the global concern towards the potential
hazard of the use of the synthetic fibres such as glass (or carbon, aramid, etc.) fibres
result in release of CO2 into the atmosphere (global warming), along with some other
health hazardous gases like NOx and SOx and dust [7, 8]. In addition, dust and
fragments are generated when recycling conventional plastic composites by grinding
them down and constitute disposal problem either to landfill or by incineration [9].

All these factors have motivated a renewed interest in bio-based polymers. For
the past two decades, research and development on the utilization of the most
abundant biopolymer on earth, such as cellulose have resulted in a variety of
products, e.g. cellophane, rayon, nitrocellulose (used in gunpowder), adhesives and
lacquer [10]. Substantial breakthrough is recorded through the production of the
biodegradable composite. The exceptional breakthrough recorded from the prop-
erties of the biopolymers has attracted more research findings due to the growing
environmental awareness among the consumers. In addition, the natural fibres have
high specific strength and modulus, high sound attenuation of lignocellulosic-based
composites, non-food agricultural based economy, relatively reactive surface
comparatively, easy processability and economical [4].

Previous use of a cellulose-based polymer as ropes, paper, timber for housing
structures and its recent use in the field of biopolymers, has proven the ubiquitous
and abundant nature of cellulose fibers. The global annual biomass production of
cellulose has been reported as about 1.5 � 1012 tons [11]. Natural fibers otherwise
referred to as cellulosic fibers are everywhere throughout the world in plants such as
grasses, seeds, stalks, and woody vegetation. Apart from the massive availability of
cellulose source of NFC, its application in polymer composite has been gaining

Fig. 1 TEM micrograph of
typical nano fiber cellulose
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universal attention for its environmentally friendly nature and its mechanical
reinforcement property [12]. Apart from wood which has been widely exploited
commercially as cellulose-based natural bio-resource, other cellulosic materials
gaining wide attention include, plants, bacteria, non-wood such as hemp, flax, jute,
ramie, cotton and agro-industrial wastes because they contain a natural polyphe-
nolic polymer, lignin, in their structure. The fiber of the cellulose bio-polymers
composed of bundles of microfibrils stabilized laterally by inter and intra-molecular
hydrogen bonding. In contrast, the use of natural fibers can minimize harmful
pollutants, and their eventual breakdown is environmentally benign.

Despite the fact that natural fibers, come from renewable animal or plant sources,
they usually lack the high-performance characteristics of many synthetic fibers [13]
(Khalil et al. 2016). However, natural fibers fillers or reinforcement in polymeric
matrix composites provides positive environmental benefits with respect to ultimate
disposability and raw material use [14]. Bio-composites which could be micro or
nano-based composite are a family of materials consisting of a polymeric matrix
reinforced derived from renewable sources or biodegradables.

2 Production of Cellulose Nanofibrils

NFC can be manufactured basically from Pulping processes which include;
Mechanical pulping, Homogenization, Chemical pulping, Steam explosion,
High-intensity ultrasonication etc. Furthermore, they can be prepared from a
number of different cellulosic sources through an energy-dependent process
entailing three major pathways as shown in Fig. 2.

NFC is obtained after a strong mechanical shearing applied on cellulose slurry
which is pumped through a homogenizer or grinder device. NFC displayed higher
specific area which leads to a higher amount of hydrogen interactions compared
with other cellulose fiber-based suspension, and they give gel-like structure at solid
content as low as between 2 and 5% [15]. So far, several devices based on a
high-pressure homogenizing system such as homogenizer system, micro fluidizer,
grinder and recently refiners’ devices have been developed to increase the pro-
duction yield and the quality of the NFC [16].

Several pre-treatments schemes needed in order to obtain fibers with decreased
fibrillation energy have been proposed. This include, enzymatic pre-treatment [15],
TEMPO-mediated oxidation pre-treatment [17], Carboxymethylation and acetylation
[18] and alkaline peroxide pre-treatment [14]. The pre-treatment methods are aimed

Cellulose 
source

Cellulose 
fibre 

extraction
Mechanical 
treatment NFC

Fig. 2 Nanofibrillated cellulose production flow chat
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at: (a) limiting the hydrogen bonding, (b) increasing the repulsive charge, and
(c) decrease the degree of polymerization DP or the amorphous link between indi-
vidual MFCs. The first and the most common mechanical treatments for NFC pro-
duction include Gaulin homogenizer and micro fluidizer, grinding process,
cryocrushing, electrospinning, energy consumption and new processes. The common
mechanical devices used in NFC production are shown in Fig. 3.

According to Syyerud and coworkers (2011) the less energy that is utilized, the
less the fibrillation of cellulose fibres and the amount of nanofibrilsproduced. Since
the first successful isolation of cellulose microfibrils was reported by Turbak et al.
[19] with the aid of Gaulin laboratory homogenizer, several pathways have been
successfully proposed for producing cellulose nanofibrils [15, 17].

All of these methods comprise, Mechanical treatments, e.g. cryocrushing,
grinding, high pressure homogenizing, chemical treatments and enzyme-assisted
hydrolysis [20]. Other processes include TEMPO-mediated oxidation on the surface
of microfibrils with mild mechanical treatment, electrospinning methods and
ultrasonic technique. In addition, cellulose fibersare subjected to homogenization,
steam explosion, and high-intensity ultra-sonication to disperse the agglomeration
of the microfibers [12]. These methods lead to different types of nanofibrillar
materials, depending on the cellulose raw material and its pre-treatment and more
importantly, depending on the disintegration process itself.

3 NFC Polymer Composite

Due to the ease of nanofibre dispersal in water, cellulose nano fibre composites
have explored primarily solvent casting as means of processing nanocomposites. In
another development, Oksman et al. [21] reported the processing of cellulose

Fig. 3 Schematic process for cellulose nanofibres production [68] copyright permission
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nanocomposites using twin-screw extrusion to produce different thermoplastic
polymers composite with cellulose nanofibres. Researchers have successfully
exploited the use of NFC as biodegradable polymers with improved brittleness, low
thermal stability and poor barrier properties [22]. NFC has been successfully used
in the field of engineering, biomaterials and medical care. The potential of NFC in
research and development of novel research in engineering reinforcement, medical
devices and applications in healthcare and veterinary medicine have also been
reported. Significant improvements in properties, disposal and recycling problems,
combined with environmental and societal concerns have further revealed the
potential of NFC [4].

The common nano fibrilated cellulose-thermoplastic composites and their
applications are tabulated in Table 1.

4 Challenges of NFC Polymer Composite

In spite of the global trends in the use of NFC in polymer composite, their appli-
cation as fillers and strength reinforcement in polymer composite has been saddled
with a lot of challenges which borders on the intrinsic physical properties.

Table 1 Summary of recent nano fibrilated cellulose-thermoplastic composites and their
applications [69]

Polymer component Manufacturing
technique

Applications

Polyethylene glycol PEG-g-CNF ribbons
by stretching hydrogel

Ultra-high tensile strength and modulus
for optoelectronic and medical devices

Amorphous dialcohol
cellulose

Oxidation + reduction
of CNF surface

Barrier films

Polyethylene Extrusion High-performance cellulosics
environmentally friendly HDPE,
Evaluation of cotton filler in LDPE

Thermoplastic starch Solution casting Decreased water sensitivity, thermally
stable starch

Maize amylopectin Solution casting Continuous papermaking

Polyvinyl amine Layer by layer Self-healing polymer films

Polyacrylamide Solution casting Films with good mechanical, optical
thermal and oxygen barrier properties

PVA Solution casting Flexible displays, optical devices,
packaging and automobile windows, food
packaging

Carboxymethyl
cellulose

Solution casting Edible coatings and packaging materials

Poly(butylene
adipate-co-terephthalate)

Injection molding Light-weight and high-performance
materials for defense, infrastructure, and
energy
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These physical properties including a high number of hydroxyl groups, leading to
strong hydrogen interactions between two nanofibrils and to the gel-like structure
once produced [23]. In addition, the high hydrophilicity of this material makes it
vulnerable to form agglomerates in petrochemical polymers.

As the dispersal of cellulose NFC in organic solvents is essential, consequently,
surface modification of NFC is of utmost importance in order to improve com-
patibility with a wider variety of matrices. The reactivity of NFC in polymer
composite is achievable by its surface modification chemically, to reduce the
number of hydroxyl interactions and also to increase the compatibility with several
matrices. So, many methods have been proposed for cellulose surface modification
[24], which consist of corona or plasma discharges [25], surface derivatization [26],
graft copolymerization [27] and use of surfactant [28]. Some approaches aiming at
surface modification in order to hydrophobizenano cellulosic include: Acetylation
[29], Silylation [30], Grafting [31], grafting in situ catalyzed ring-opening poly-
merization [32] and the use of coupling agents [33]. Due to strong hydrogen
bonding interactions between cellulose hydroxyl groups, it is challenging to obtain
well separated NFC in organic solvents, especially for non-polar solvents.

5 Poly-lactic Acid (PLA) Based Nanocellulosic Composites

PLA is biodegradable, thermoplastic and aliphatic polyester derived from renew-
able resources such as starch. Also, it appears as one of the best sustainable
alternatives to petrochemical-derived products [34]. PLA has been found to have
good stiffness and strength. It can be processed with conventional plastic processing
machinery and is being used in several applications, such as food packaging, water,
and milk bottles, and degradable plastic bags as well as in automotive applications
[35]. Products made from PLA are biodegradable, eco-friendly and potentially
compostable [36, 37]. The performance of PLA can be greatly enhanced by the
addition of nano-reinforcements.

Recent studies on PLA had shown that the biopolymer has good mechanical
properties, thermal plasticity, and biocompatibility, and is readily fabricated, thus
being a promising polymer for various end-use applications [38–40]. However,
PLA, similar to polystyrene, is a comparatively brittle and stiff polymer with low
deformation at the break and low impact strength. Dufresne et al. [41], reported that
the overall mechanical performance of nanocomposites, depends on six factors:
(a) Crystallinity of the matrix (b) aspect ratio of additive, (c) volume fraction of
additive (d) adhesion and compatibility between the polymer matrix and additives,
(e) the orientation of additives (f) stress transfer efficiency of additives. The
potential reinforcement efficacy of nanofibre was carried out with PLA using
mechanically fibrillated nanofibres [34]. The result shows that Young’s modulus
and tensile strength of the PLA was increased by 40 and 25%, respectively with the
addition of micro-fibrillated cellulose (MFC), without a reduction of yield strain at a
fibre content of 10 wt% [13].
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Ali Abdulkhani et al. [42] investigated the effect of morphological, thermal,
mechanical and barrier properties of PLA based biocomposites prepared with
embedded CNF-Ac using a solvent casting procedure. The report has it that, the
tensile strength (TS), elastic modulus (EM) and elongation percentage (E) were
significantly increased for the prepared cellulose nanocomposites with 3 and 5 wt%
CNF-Ac. The reinforcement of PLA with CNF-Ac caused a slight increase in glass
transition and melting temperatures. The mechanical tests of PLA and its
nanocomposite films results in an improvement in the mechanical properties of PLA
composites by the addition of acetylated cellulose nanofibers [34]. This observation is
born out of the fact that there was an increase incompatibility between the moieties.

Meanwhile, NFC has shown to be a promising reinforcement of PLA com-
posites. Their contribution to the biodegradability with improved barrier properties
has been of immense advantage. The application of PLA as a potential biopolymer
to substitute the conventional petroleum-based plastics is gradually gaining the
interest of researchers in the area of polymer biocomposite. PLA products are used
in packaging films (for textiles and non-wovens), packaging with good barrier
properties and low heat-seals. Other areas of interest are a paper coating, fibres, and
a host of moulded articles [4].

6 Polyhydroxyalkanoate (PHA) Based Nanocellulosic
Composites

PHA are polyesters produced naturally by numerous microorganisms. Different
monomers of PHA can be combined to give materials various properties. The
availability of PHAs has necessitated much research in the area of biosynthesis,
microstructure, thermal and mechanical properties. Research focuses on the
application of PHAs in recent years has been driven by its renewable resources and
the similarity of PHA physical properties to those of conventional plastics [43, 44].
In the bid to reducing their hydrophilicity, cellulose nanocrystals from microfibrils
cellulose were successfully topochemically trimethylsilylated. PHAs are used in
packaging films like bags, containers and paper coatings [45]. Analogous appli-
cations in conventional commodity plastics include disposable items such as razors,
utensils, nappies, feminine hygiene products, cosmetic containers, shampoo bottles
and cups [46].

7 Starch-Based Nanocellulosic Composites

Starch-based nanocellulosic as biodegradable thermoplastic materials has offered
great potential application in food packaging or biomedical industry. Among the
advantages of starch, films are its application as excellent intermediates for
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transporting antimicrobials and antioxidants. Different starch sources for
starch-based nanocellulose composite have been reported. Polysaccharide sources
for starch nanofillers and nanocomposites include flax, ramie, cassava bagasse,
wheat straws, regular maize, and chitin, chitosan, among others. Starch comprises
of a linear polymer amylose, and a branched polymer amylopectin, with a-(1–6)-
linked branch points [49]. Starch sourced from variety of crops such as corn, wheat,
rice and potato can be blended with biodegradable polymers such as PHB [50],
PLA [51], PCL [52] and chitosan [53]. Apart from its wide availability, starch is a
source of biodegradable biopolymer which is readily available at low cost when
compared with most synthetic plastics [54]. It has been reported that MFC and
biodegradable cellulose have also been reported as promising candidates for starch
reinforcement [55]. Some different methods for processing both starch matrix and
nanocomposites include solution casting method [56] and extrusion technique [57].

8 NFC Polymer Composite in Thermoplastics Materials

Thermoplastic polymers were compounded with biomaterials to reduce production
costs while maintaining original properties. The development of environmentally
friendly plastics for production of composites and nanocomposites is ultimately
promising. Aliphatic biodegradable polyesters, such as polylactic acid (PLA),
polycaprolactone (PCL), poly(3-hydroxybutyrate) (PHB), and polyglycolic acid
(PGA), have been widely compounded with different materials to produce green
composites. PLA is one of the most promising alternatives to typical plastics and
has gained much attention mainly due to its biodegradability. The advantages of
cellulose nanocomposite materials in polymer composite compared with conven-
tional composites is that at low reinforcement levels, there is superior thermal,
mechanical and barrier properties as well as their improved recyclability, trans-
parency and low weight [21, 22]. Researchers have explored the concept of
bio-derived nanocomposites as a route to the development of bioplastics or bior-
esins with better properties [21, 58]. There is some common eco-friendly
nanocomposite which includes: PLA, PHB, and Starch based nanocellulosic
composites. This recent shift to “green” composites have necessitated the coupling
of various kinds of natural fibers to biodegradable resins such as PLA and modified
starch to reinforce plant-derived, polymeric matrix materials and improve their
mechanical properties [59].

The fundamental compatibility challenges in the nanocomposite preparations are
polymer matrix is hydrophobic while natural fibers are generally hydrophilic.
Hence this barrier usually causes non-uniform dispersion of the fibers within the
matrix and poor mechanical properties have to be broken to allow for proper
coupling of the two or more composite fragments. To overcome this challenges of
compatibility and grafting between fibers and thermoplastic matrices in composites
production, surface treatment by the use of additives is adopted [9]. The common
additives used include chemical coupling agents or compatibilizers Maleated
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polyethylene (MAPE) [60], carboxylated polyethylene (CAPE) [61], titanium
derived mixture (TDM), Maleic anhydride polypropylene (MAPP), [62], calen-
daring, [63] thermal treatment [64], reaction with methanol melamine, isocyanates,
triazine, silane [65] and mercerization of the matrix [66]. Despite all these possi-
bilities, a better understanding of the molecular structure and interfacial interaction
between the matrix and the fibres and the relationship between the structure and
property is very important in this area of research [48].

9 NFC Polymer Composite in Automotive

Khalfallah et al. [67] reported that automotive parts industry is highly selective in
terms of the matrix characteristics. This means that matrices with good visco-elastic
properties, high thermal stability is required for meeting automotive specifications.
Nanocomposites have been used in several applications in automotive industries
such as various vehicle types of door handles, door panels, instrument panels,
parcel shelves, headrests, roofs, upholstery and engine covers and intake manifolds
and timing belt covers [68]. The use of green nanocomposite in impellers and
blades for vacuum cleaners, power tool housings, mower hoods and covers for
portable electronic equipment such as mobile phones are receiving interesting
attention [60, 69]. In addition, the recycling by combustion of lignocellulosics filled
composites is easier in comparison with inorganic fillers systems. Therefore, the
possibility of using lignocellulosic fillers in the plastic industry has received
considerable interest. Automotive applications display strong promise for natural
fibre reinforcements. 2–5 Potential applications of agrofibre based composites in
railways, aircraft, irrigation systems, furniture industries, and sports and leisure
items are currently being investigated [35, 70].

10 Conclusions

Cellulose nanofibres have been seen as stimulating potential reinforcements in
nanocomposites. Their potential application in medicine, automobile, and con-
struction has been attributed to their size and the ability to undergo surface chemical
modification. Several methods channelled towards cellulose nanofibres extraction
from cellulose sources have been categorized as chemical and mechanical treat-
ment. In order to reduce the mechanical energy, enzymatic or chemical
pre-treatment methods are inevitable. The strength properties of cellulose nanofi-
bres composite compete favourably with other engineering materials, hence, could
be useful in high-end technological applications. This study revealed that dispersion
of NFC is a very critical step to promote remarkable percolation of NFC by
interacting with each other, and with the surrounding matrix, in a way that greatly
enhances the mechanical properties of the resultant material. Due to compatibility

Extraction of Nano Cellulose Fibres … 253



problems of nanocellulosic materials and hydrophobic matrices, it can be antici-
pated that nanocomposites based on hydrophilic matrix polymers will be easier to
commercialize. In order to achieve improved mechanical properties in polymer
nanocomposites, good filler-matrix interaction is essential. Moreover, in order to
develop a fully eco-friendly polymer nanocomposite, the use of a reinforcement
derived from renewable biomass is needed. However, by combining the mechanical
treatment with certain pre-treatments, various works have shown that it can
decrease energy consumption significantly.
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Static and Dynamic Mechanical
Properties of Eco-friendly
Polymer Composites

Bernardo Zuccarello

1 Introduction

The increasing sensitivity to environmental protection and the recent laws against
environmental pollution that were implemented because of the production of high
amounts of synthetic materials based on petroleum chemistry, have led to a
widespread attention toward biocomposites, i.e. to eco-friendly polymer composites
produced by an eco-sustainable or renewable matrix reinforced by natural fibres.
If properly combined with ‘green’ matrixes or biopolymers, natural fibres could
enable for partially or completely renewable biocomposites to be produced. These
biocomposites can be easily biodegraded at their end of life by composting and are
therefore used as improver/fertilizer in agriculture terrains. Biodegradable polymers
and natural fibres are extremely attractive because they can substitute the synthetic
matrix obtained by the petroleum industry, and can produce composite materials
with interesting mechanical properties such as good tensile strength, sufficient
stiffness, and high toughness. Moreover, many natural fibres exhibit other proper-
ties that are highly regarded in the industrial field, e.g., low damageability, good
thermal and acoustic insulation, low skin irritability, high availability in the current
market, low embodied energy, and extremely low cost. Natural fibres have been
used to reinforce thermoplastic matrixes (polypropylene, polyethylene, poly-
urethane, polystyrene, PVC, etc.) that are characterized by higher toughness and
easier recyclability, and thermosetting matrixes (polyester, phenolic, and epoxy
resins, etc.) that exhibit better mechanical characteristics, but lower recyclability
and environmental compatibility.

Despite such interesting properties, biocomposites are hitherto used only for
non-structural applications (filling material, soundproofing, thermal insulation,
packaging etc.) in various fields of industrial production, packaging and automotive
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(large manufacturers such as BMW, Volvo, Mercedes-Benz, Ford, GM, Toyota, etc.,
increasingly use of biocomposites for the manufacturing of dashboards, insulating
elements, doors, backs, etc.), naval industry, and civil constructions (panels, sand-
wich etc.), where their lightness and low cost, both inferior to that of any composite
material reinforced by synthetic fibres, are particularly appreciated. In typical
non-structural applications, such biocomposites are constituted by green ther-
mosetting (partially bio-based) or thermoplastic (recyclable and/or renewable)
matrixes, reinforced by short or discontinuous randomly oriented natural fibres; they
are typically manufactured by moulding or extrusion processes, and are character-
ized by relatively low mechanical strength combined with sufficient stiffness.

Although various recent works have been devoted to the implementation of
high-performance biocomposites that can be used for structural applications
(self-bearing or load-bearing panels, etc.), and also by the preliminary improvement
of the fibre properties [1–18], the development of eco-friendly or renewable
high-performance biocomposites reinforced by natural fibres is an objective
expected by the scientific community; however, it has not yet been fully achieved.

The interesting synthesis of biocomposites hitherto are reported in various
review articles published in high-quality journals devoted to materials and com-
posites [18–34]. The primary objective of this chapter is to present both the static
and dynamic mechanical properties of eco-friendly polymer composites described
in literature, as well as to present the reader some scientific background to correctly
evaluate the matrix/fibre adhesion and interpret the mechanical behaviour of such
materials. This can also be achieved using recent micromechanical models devel-
oped for particular biocomposites; further, it can be extended to the entire family of
eco-friendly polymer composites reinforced by natural fibres. Therefore, the reader
will have sufficient knowledge on biocomposites and their capacity to substitute
traditional materials as metals and fiberglass.

2 Constituent Materials: Polymer Matrixes
and Natural Fibres

As mentioned above, eco-friendly polymer composites can be obtained using
several types of matrixes and various reinforcing natural fibres. Obviously the static
and the dynamic properties of such biocomposites are strictly related to the
mechanical characteristics of the constituent materials as well as to the primary
functional parameters such as the matrix-fibre adhesion, manufacturing process, and
fibre volume fraction. Considering the materials used as the matrix, the analysis of
the numerous research works reported in literature shows that they have considered
both thermosetting and thermoplastic polymers characterized by variable environ-
mental impact, from green matrixes obtained using an eco-friendly manufacturing
process [1, 2, 35–39], to partially bio-based matrixes [40–44], to completely
renewable matrixes obtained using proper biopolymers, such as PLA and the like
[45–47].
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Consequently, the environmental impact of a composite included in the wide
family of the polymer matrix biocomposites reinforced by natural fibre can vary in a
wide range; in practice, the renewability can vary from approximately 20–30%
(biocomposite produced by 20–30% of the weight of natural fibres mixed to tra-
ditional synthetic matrixes) to approximately 100% (biocomposites produced by
renewable matrix reinforced by natural fibres obtained by renewable extraction
processes).

2.1 Static Mechanical Properties

The static mechanical properties of the material that constitute biocomposites are
generally performed using tensile strength, although various researchers have also
used the proper flexural tests on the matrixes. In general, the matrixes and fibres
exhibit an elasto-plastic behaviour with variable plastic phase; in terms of experi-
mental scattering, the matrixes show values aligned with those of typical plastics
with standard deviations less than 3–5%, whereas a higher scattering characterizes
the single fibre tests used for the fibre characterization. As an example, Fig. 1
shows the results of champagne tensile tests performed on one lot containing 10
fibres of agave sisalana [36, 37].

This case shows an almost ideal linear elastic behaviour with the ultimate
stresses that vary from approximately 600 MPa to approximately 1150 MPa; the
tensile modulus varies instead from approximately 20 GPa to approximately
60 GPa. Considering that the experimental evidence regarding the tensile test
results show a good accordance with the Gaussian distribution, we can conclude
that the tensile strength (having in this case a mean value of approximately
690 MPa) is typically characterized by the standard deviation of approximately
10%, i.e. 2–3 times that of polymer matrix materials. Such relatively higher
experimental scattering of the fibre characteristics forewarned researchers that it can
lead to components with variable mechanical characteristics, although this

Fig. 1 Tensile tests results on single fibre of agave sisalana, and relative mean curve
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conjecture is not true because its presence in a generic component of thousands of
fibres leads to an obvious statistical mean such that, as widely confirmed by the
experimental evidence, the mechanical properties of different biocomposite speci-
mens have standard deviations comparable with those of other composite materials.

Synthetically, Table 1 shows the mechanical characteristics of the primary
polymer matrixes used in literature [25, 35, 36, 45–48] for the manufacturing of
biocomposites reinforced by various natural fibres.

Table 1 shows that the tensile strength and relative tensile modulus of various
thermosetting matrixes (epoxy, polyester, vinylester, phenolic, etc.) are within a
relatively small range: the tensile strength from 35 to 100 MPa; the Young modulus
from 2.0 to 4.8 GPa. The failure strain, however, is within a wider range, with
variations of approximately one order of magnitude: from 1 to 8%, approximately.

Regarding the synthetic thermoplastic matrixes (PP, LDPE, HDPE, PS, and
Nylon), Table 2 shows that the tensile strength varies from approximately 10–
95 MPa, whereas more significant variations affect the tensile modulus that varies
from approximately 0.1 GPa (LDPE) to approximately 3.9 GPa (Nylon 6.6). As
shown, the failure strain for thermoplastic resins can become extremely high; in
practice, it can vary from 1% (PS) to extremely high values of approximately 600–
800% (PP, LDPE).

Regarding the primary biodegradable matrixes in Table 3, except for PCL, PEA,
SPI and starch, the tensile mechanical properties of such polymers are comparable
with those of the synthetic thermosetting resins: tensile strength from approximately
25 MPa to approximately 60 MPa; tensile modulus from 0.35 GPa to approxi-
mately 6 GPa; failure strain from 1.4 to 9%. Unlike these, PCL, PEA, SPI, and
starch exhibit relative low tensile strength (5–20 MPa), low tensile modulus (0.1–
0.85 GPa), and high failure strain (approximately 30–235%). It is noteworthy that
although the failure strain is often neglected by various authors in the prediction of
the mechanical performance of biocomposites, as it has been clearly observed in [1,
2, 35–39], it influences significantly the damage mechanisms of the biocomposites
and, consequently, the actual mechanical strength. As an example, in a unidirec-
tional biocomposite laminate, a matrix failure strain less than that of the reinforcing
fibres leads to a premature damage of the biocomposite that occurs prior the tensile
fibre failure, by diffuse matrix/fibre debonding and possible delamination; conse-
quently, the biocomposite tensile strength can be much lower than that can be
obtained by the full utilization of the fibre tensile strength using a matrix having a
failure strain higher than that of the fibres.

Regarding the reinforcing fibres, Table 4 shows the primary natural fibres
extracted from plants, used for the implementation of interesting biocomposites
reported in literature. For a useful comparison, the primary synthetic fibres (glass,
aramid, and carbon) used to reinforce polymer matrix composites, have been
reported as well.

Table 4 shows that the tensile strength of such natural fibres can vary in two
orders of magnitude, from the values comparable or inferior to those of the ther-
mosetting matrixes, as shown by the alfa fibres (tensile strength of approximately)
to values comparable with that of the synthetic fibres. This is also shown by the
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curaua fibres (tensile strength of approximately 3000 MPa). Similarly, the tensile
modulus varies in the two orders of magnitude range, from approximately 1.44 GPa
for pineapple to approximately 128 GPa for ramie. Regarding the failure strain, it
varies from approximately 1% for ‘rigid’ fibres such as flax, hemp, jute, abaca, and
bagasse; approximately 8–50% for “deformable” fibres such as oil palm, piassava,
and coir. Consequently, we can conclude that this wide family of natural fibres
includes (a) “high failure strain” fibres that cannot be used to reinforce ther-
mosetting matrixes (having strain failures of less than 10%, see Table 1), the rigid
polystyrene (PS, see Table 2), the most biodegradable resins such as PLA, PHB,
PHBV, and PGA, as well as “low modulus” fibres that cannot be used to reinforce
polymer matrixes having relatively high modulus. Therefore, a fibre classification
more useful than the classical one based on the vegetable component from which
they are extracted (seed, fruit, bast, stem, leaf, etc.), is one that is based on the
tensile modulus that governs the reinforcing effects and, consequently, the failure
strain and subsequently the tensile strength.

To obtain high-performance biocomposites, two basic requirements must be
satisfied: (1) a good fibre reinforcing effect where the fibres should have a tensile
modulus at least 10 times higher than that of the matrix, (2) the failure strain of the
fibre should be inferior to that of the matrix to fully exploit the fibre strength
without premature matrix failure. Considering these requirements, similar to syn-
thetic fibres, natural fibres can be divided into three classes: low modulus
(LM) fibres that include fibres with a tensile modulus less than 10 GPa (coir, low
modulus sisal, cotton, low modulus pineapple, oil palm, low modulus palf, pias-
sava), intermediate modulus (IM) fibres that include fibres with a tensile modulus in
the range of 10–40 GPa (jute, bamboo, low modulus flax, bagasse, low modulus
kenaf, low modulus ramie, sisal, and low-modulus curaua), high modulus
(HM) fibres that include fibres with a modulus higher than 40 GPa (high-modulus
pineapple, high-modulus flax, high-modulus hemp, high-modulus jute,
high-modulus kenaf, high-modulus ramie, high-modulus palf, high-modulus cur-
aua). The LM natural fibres can be used to reinforce low-modulus polymer matrixes
such as PE, PP, low-modulus PLA, low-modulus PHB, PCL, PEA, SPI, and starch,
whereas the IM natural fibres can reinforce most polymer matrixes except those

Table 3 Mechanical properties of biodegradable polymers used as matrix in biocomposites

Polymer Density (g/cm3) Tensile
strenght (MPa)

Tensile
modulus (GPa)

Elongation (%) References

PLA 0.9–1.3 21–60 0.3–3,8 2.5–8.0 [45–48]

PHB 1.1–1.3 21–40 0.9–4.0 5.0–8.4 [45–48]

PHBV 1.2 26 1.0–2.4 1.4–25 [46, 48]

PGA 1.5 60 6.0 1.5 [45]

PCL 1.1 21 0.2 300.0 [45]

PEA 1.2 16 0.4 85.0–119.0 [46]

SPI 1.2–1.5 6 0.1 170.0–236.0 [46]

Starch 1.0–1.4 5–6 0.1–0.8 31.0–44.0 [45–47]
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having a modulus higher than 4–5 GPa such as some PSs, thermosetting matrixes,
and biodegradable PGA. Obviously, the HM natural fibres can reinforce any
polymer matrix except those having a lower failure strain. As an example, the coir
fibres (LM), having a modulus in the range of 3–6 GPa and a strain failure in the
range of 15–51% (see Table 4), can be used advantageously to reinforce the LDPE
that has a tensile modulus less than 0.2 GPa (less than 1/10 of the fibre modulus,
see Table 1) and a failure strain that is always higher than 90% (approximately 2–6
times the failure strain of the fibres); however, it cannot be used to reinforce a green
epoxy having comparable stiffness and a lower failure strain (approximately 2%,
see Table 1). Unfortunately, such elementary rules are not always adhered to in
literature, as can be observed from Ref. [1] that reported coir fibre being used to
reinforce PP having a tensile modulus of approximately 1–2 GPa, i.e. comparable
with that of the fibres, and a failure strain of less than 15%; consequently, it is not
surprising if the relative biocomposite has mechanical properties (tensile strength in
the range of 25–30 MPa, and tensile modulus in the range of 1.1–1.25 GPa) that
are comparable with those of the simple matrix (tensile strength in the range of
26–34 MPa, and tensile modulus of approximately 1–2 GPa). Further, as men-
tioned above, a rigid fibre cannot be always advantageously used to reinforce a
relatively deformable matrix; for example, an epoxy resin having a tensile modulus
of 3 GPa and a strain failure of approximately 2% can be reinforced advantageously
by flax, jute, hemp, kenaf, ramie, banana, and curaua with a mean tensile modulus
higher than 30 GPa and a failure strain of less than 2%, but cannot be reinforced by
sisal, bamboo, isora, alfa, piassava, and softwood because they always show a strain
failure higher than 2%. An exemplary demonstration of such important feature is
reported in Ref. [1], where the authors considered agave Marginata fibres extracted
by rolling (without any fibre treatment), and clearly showed how the substitution to
the green epoxy (having strain failure of 2%) with a PLA matrix (having strain
failure of approximately 5%) allowed a biocomposite having a tensile strength of
103.6 MPa to be transformed into a biocomposite having a tensile strength of
188.3 MPa, i.e. to obtain a strength increment of approximately 83%.

Finally, the density of the polymer matrixes used for the manufacturing of
biocomposites vary in an extremely limited range, from approximately 0.9–1.5 g/
cm3 whereas the density of the natural fibres falls within the range of 0.6 (low
density pineapple)–1.6 g/cm3 (cotton and palf), and is always significantly inferior
to the density of synthetic glass fibres (approximately 2.6 g/cm3); consequently,
polymer biocomposites reinforced by natural fibres are always lighter than the fibre
glass composites that they intend to substitute in several fields of industrial pro-
duction: automotive, construction, nautical, packaging, etc.

2.2 Dynamic Mechanical Properties

Unlike the static properties that can be defined for both matrixes and fibres, the
dynamic properties, i.e. impact and fatigue strength, can be analysed only for the
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polymer matrixes that can be subjected to both impact and fatigue tests; such
particular service loadings, in fact, cannot be applied to a single fibre. Tables 1, 2
and 3 show how the impact strength, determined typically by Charpy or Izod test, is
relatively low for the thermosetting matrixes (from 0.15 to approximately 3 J/m2)
that, as it is well known, exhibit brittle behaviour. The impact strength is instead
significantly higher, from one to three orders of magnitude, for thermoplastic
matrixes (from 20 to approximately 1000 J/m2) that exhibit a ductile behaviour
with higher ultimate strains. As expected by considering the experimental evidence
for synthetic composites, the reinforcing by natural fibres allow a user to increase
significantly the impact strength of the thermosetting matrixes, being more limited
to the reinforcing fibre contribution for thermoplastic resins (unlike the ther-
mosetting matrices, the stress concentration effect prevails on the reinforcing effect).

Similarly, the fatigue strength that is relatively low for a generic polymer matrix
(fatigue ratio of less than 0.25), can be increased significantly by the introduction of
natural fibres, especially in the cases of high module fibres. Obviously, the actual
improvement in the dynamical properties is strictly related to various parameters,
e.g., fibre length (short/long fibre) and its orientation (random or aligned), fibre
volume fraction, laminate setup, etc.

3 Fibre/Matrix Adhesion

As mentioned above and widely shown in literature, the mechanical properties of
generic biocomposites are strictly related to the fibre/matrix adhesion; in fact, it
influences significantly the load transmission, from matrix to fibres, as well as the
peculiar damage mechanisms that in many cases can include the premature phe-
nomena of fibre/matrix debonding, pull-out, and delamination, with important
consequence on the mechanical strength of the biocomposites in the static and
dynamic loading conditions. As it is well known, for short fibre composites, a low
matrix-adhesion can lead to the easy debonding of the transversal fibres along with
the possible pull-out of the longitudinal fibres. In the long fibre composite, instead,
a poor fibre-matrix adhesion can lead to the debonding phenomena, but only when
significant and diffuse matrix defects appear [49]. Unfortunately, little research has
been devoted to the accurate analysis of the actual fibre/matrix adhesion of bio-
composites. Typically, the low adhesion has been summarily deducted from the
observed low mechanical performance of the analysed biocomposites, ad also when
they were actually related to the low quality of the manufacturing process (presence
of diffuse voids and/or direct contact between adjacent fibres, etc.), or to a low
reinforcing effect owing to a low fibre/matrix elastic modulus mismatch. However,
many studies have been devoted to the improving of the fibre/matrix adhesion by
proposing various surface fibre treatments such as NaOH treatment (mercerization)
[18], the addition of nanomaterials [50], and the addition of a silane coupling agent
[14]. As it is well known, the fibre/matrix adhesion is typically analysed through the
pull-out test that comprises the measurement of the load that lead to the pull-out of a
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single fibre partially embedded on the matrix. In general, such a test is performed by
embedding partially a single fibre into a cylinder of matrix having the proper
diameter, and by computing the mean shear stress at the fibre/matrix interface by
dividing the relieved pull-out load to the interface area. The ratio between the
computing mean shear stress and the ultimate shear stress of the matrix is con-
sidered, as well as the goodness index of the matrix/fibre adhesion. Unfortunately,
as widely demonstrated in [1], such an approach yields an underestimated evalu-
ation of the fibre/matrix adhesion because the interface shear stress distribution is
not uniform and, most importantly, such nonuniformity tends to increase signifi-
cantly in the pull-out tests with the stiffness mismatch between the fibre and the
surrounding matrix cylinder. Consequently, considering this in the pull-out test, the
ratio of the transversal sections of the fibre and matrix can be extremely different
from that of the analysed biocomposite. subsequently, the interface shear stress
distribution can be extremely different, and the matrix/fibre adhesion evaluation
performed by considering the mean shear stress will not be reliable. As explained in
[1], a reliable evaluation can be instead obtained by considering the ratio ra between
the maximum shear stress smax that occurs at the fibre/matrix interface free point in
the pull-out incipient condition, and the matrix ultimate shear stress sm,u. Such a
ratio is an index that varies from 0 (null adhesion) to 1 (perfect adhesion), and it is
related to the pull-out load Ppull-out experimentally detected, by the simple formula
[1]:

ra ¼ smax

sm;R
¼ Ppull�outk

2pdsm;R

1� S
1þ S

� Tanh k
l
2

� �
þ ðd=DÞ

Tanhðkl=2Þ
� �

ð1Þ

where d is the fibre diameter, D is the diameter of the matrix cylinder as shown in
Fig. 2, S is the well-known stiffness unbalancing defined by the ratio between the
fibre stiffness and the surrounding matrix cylinder stiffness, whereas k is the base
parameter of the bi-material couple analysed, related to the geometry and the elastic
moduli of the coupled materials [1].

Equation 1 shows that the maximum shear stresses are proportional with the
fibre stiffness, and inversely proportional to the matrix stiffness. For a given matrix,
the fibre stiffness has a noticeable influence on the pull-out strength of the bio-
composite, as shown in Fig. 3. The latter shows the influence of the tensile modulus
of various agave fibres (it increases from the MDN type to MPN type) on the
interface shear stress distribution of a green epoxy (Fig. 3a) and a PLA (Fig. 3b)
matrix biocomposite.

Figure 3a shows that for the green epoxy matrix, the maximum specific shear
stresses vary from 1.85 to 2.87 N/mm, an increase of approximately +55%, cor-
responding to the transition from the stiffest MPN fibres to the less stiff MDN fibres.
Figure 3b shows that by substituting green epoxy with PLA, the maximum shear
stresses decrease (by approximately 40%), being included between 1.09 for the
stiffer MPN fibres to 1.74 N/mm for the less stiff MDN fibres.

The values of the index ra reported in Table 5 for the abovementioned agave
fibres reinforcing epoxy and PLA, corroborate clearly how, in accordance with the
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findings above, the increase in the pull-out load does not correspond necessarily to
an increase in the fibre-matrix adhesion, but a significant increase can be also be
associated with the increase in the fibre stiffness (and subsequently the unbalancing
of S that compares with Eq. 1).

Table 5 shows that for a given fibre, i.e., the PLA, the pull-out loads are always
higher than the epoxy ones. Such a result has caused several authors to erroneously
state that the PLA/agave adhesion is better than that of the epoxy/agave combi-
nation [35], whereas the higher pull-out load observed is solely due to the lower
stiffness of the PLA compared to the epoxy. Further, Table 5 shows that particular
fibre treatments such as mercerization (MDT and SDT fibres) lead to improvements
in the fibre-matrix adhesion (increasingly higher for the PLA), although significant
pull-out strength increments are obtained by increasing the fibre stiffness, as shown
in the stiffer MPN fibres that are not subjected to any fibre treatment.

As an example, Fig. 4 shows the typical trend of the pull-out test curve,
observed for natural fibres: a first elastic-linear step, corresponding to the loading
phase of the embedded fibre, followed by a second decreasing step characterized by
the fibre sliding that occurs in a discontinuous manner until the complete extraction.

D

le

P
d

x

r

Fig. 2 Experimental layout of single-fiber pull-out test

Fig. 3 Fibre-matrix interface shear stress distribution for a green epoxy and b PLA matrix
reinforced by various agave fibres
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4 Static Mechanical Properties

One of the primary objectives of the abundant research works reported in literature
regarding polymer matrix composites is the analysis of the mechanical properties,
primarily the tensile properties, although when the biocomposite is considered for
sandwich and/or structural panels, the flexural properties have also been analysed.
As mentioned above, the mechanical properties of a polymer matrix biocomposite
are strictly related to the particular type and distribution of the fibres; hence, in the
following, the static properties are reported and discussed by separating the
biocomposites into three different classes: short fibres of randomly oriented bio-
composites, MAT discontinuous fibres biocomposites, and long fibre biocom-
posites. The so-called class of woven biocomposites is neglected because the use
of coarse woven fabrics typically manufactured for the production of craft items is

Table 5 Results of the pull-out tests on green epoxy and PLA reinforced by various agave fibres

Fiber Matrix Ef (GPa) Ppull-out (N) smax (MPa) ra �sm (MPa) rað�Þ

MDN Epoxy 9.2 8.1 23.12 0.64 6.44 0.17

MRN Epoxy 9.3 9.2 28.09 0.72 7.88 0.21

MPN Epoxy 18.7 13.7 26.26 0.73 10.90 0.30

MDM Epoxy 12.7 13.5 32.28 0.89 10.74 0.29

MDT Epoxy 14.5 14.2 31.52 0.87 11.30 0.31

SDT Epoxy 9.8 10.1 27.85 0.77 8.04 0.22

MDN PLA 9.2 10.3 17.61 0.46 8.20 0.21

MRN PLA 9.3 10.5 17.83 0.46 8.36 0.22

MPN PLA 18.7 16.1 16.75 0.44 12.81 0.33

MDM PLA 12.7 21.9 30.26 0.79 17.43 0.45

MDT PLA 14.5 23.2 29.20 0.76 18.47 0.48

SDT PLA 9.8 18.3 30.06 0.79 14.57 0.38

Fig. 4 Typical single fibre
pull-out curve observed from
test on natural fibres
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not adequate for the manufacturing of good quality biocomposites to be used in
the industrial field.

4.1 Random Short Fibres Biocomposites

Natural short fibres of polymer matrix composites are the class of biocomposites that
are used more in the industrial field, owing to its particular properties of low cost,
easy manufacturing, and sufficient stiffness; in general, they are manufactured by
low-cost extrusion or injection/compression moulding processes and are used for
non-structural applications in various industrial fields, in which they are particularly
appreciated for their light weight, low cost, and high renewability that allow the
environmental problems related to their final disposal to be overcome. As demon-
strated in [37], a three-dimensional (3D) random distribution of the reinforcing fibres
leads to better mechanical properties with respect to a two-dimensional (2D) random
distribution that, therefore, should be avoided. However, the manufacturing process
is an important parameter that can influence significantly the quality of such bio-
composites, because the presence of internal defects as voids and/or the direct
contact between the fibres (i.e. fibre wetting defects) can lead to a significant
decrease in the mechanical strength, affected by the easy propagation of local
damage mechanisms. Hence, several research works devoted to the optimization of
the manufacturing process have been published [1, 2, 35–38]. In general, such short
fibre biomaterials exhibit a tensile strength comparable or inferior to that of the
simple matrix, along with a tensile modulus that, instead, can be significantly
superior to the matrix one. In other words, the reinforcing by randomly oriented short
fibres overcomes the limitation of plastics related to their low stiffness, although
improvements in terms of mechanical strength are again expected from the industrial
users to extend the use of such materials to semi-structural and structural applica-
tions. As explained in [37], the mechanical strength of such materials can be
potentially improved by four distinct actions:

(1) increase the fibre-matrix adhesion to contrast both the debonding phenomena
affecting the transverse fibres (occurring at the initial phase of the local dam-
age), and the partial pull-out of longitudinal fibres occurring in the final phase
of the damage process;

(2) increase the fibres length (l), assuring that it is greater than the critical length
(lc): in this case, the composite failure should be caused by fibre failure and not
by premature pull-out;

(3) increase the stiffness of the fibres to increment the load fraction supported by
the fibres themselves, and decrease the mean stress supported by the matrix,
with a consequent reduction of both the transverse debonding and the subse-
quent matrix failure phenomena;

(4) increase the fibre volume fraction, to decrease, as in the previous action (3), the
mean stress on the matrix, with the same advantages.
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Action (1) has been considered in literature by various authors, as it is corrob-
orated by the large number of research works [3, 4, 6, 7, 13–19] devoted to the fibre
surface treatments aimed to improve the fibre-matrix adhesion. Unfortunately, this
approach leads to limited increases in the biocomposite strength (always less than
approximately 10–20%), because the strength to the transverse debonding, that is
the local damage mechanism with which the damage of short fibre biocomposite
starts (see Fig. 5), is always limited by the relatively low matrix strength that is also
significantly influenced by the overall quality of the composite, i.e. by voids and the
direct contacts between the fibres, and are equivalent to microcracks in the matrix
and fibre-matrix interface, respectively.

In detail, the SEM micrograph of Fig. 5b corroborates that after the initial
debonding of transverse fibres, the typical damage mechanism involves both the
pull-out and tensile failure of the fibres aligned with the applied load.

Unfortunately, action (2) is not effective for natural fibre biocomposites because,
owing to the viscosity of the matrix, the manufacturing processes used for the
thermosetting (simple matrix-fibres mixing) and thermoplastic matrix (extrusion or
similar processes), yields a fibre curvature that increases with fibre length and leads
to a significant reduction in the biocomposite strength. Hence, the experimental
evidence shows that the maximum strength of the biocomposites is achieved using
a fibre length in the range of 3–6 mm [1, 2, 17, 21, 35–38].

Regarding action (3), it is noteworthy that increasing the fibre stiffness by fibre
treatment yields limited results with non-negligible increase in the environmental
impact; therefore, such an action is not advisable.

For the abovementioned reasons, the only potentially effective action that can
increase the strength of the natural short fibre biocomposites is the increment of the
fibre volume fraction (action 4), by the contemporary use of a proper manufacturing
process that permits the defects concentration to be limited, which tends to increase
with Vf. Consequently, as demonstrated in [37], similar results can be obtained by
implementing the proper compression moulding process characterized by a curing
cycle under a suitable combined pressure. In practice, such an optimized process

Fig. 5 a Typical failure of short fibre biocomposites subject to tensile load and b SEM
micrograph of the relative fracture surface
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should allow the increase in Vf above the typical values (10–20%) of literature,
without significant increases in the defects concentration.

As an example, Fig. 6 shows the optimal curing processes (pc and tg are the
curing pressure and gelling time, respectively) versus Vf, for a green epoxy matrix
biocomposite reinforced by sisal fibres [37].

Table 6 shows the static mechanical characteristic of the most random short fibre
biocomposites reported in literature.

By varying the fibre type (agave, hemp, jute, sisal, coir, abaca, flax), the max-
imum tensile strength corresponds to the critical fibre volume fraction Vf,crit that
falls within the range of 20–35% In practice, the tensile strength varies with Vf as
indicated in Fig. 7. Although it refers to agave fibres [37], it can be qualitatively
applied to any short natural fibre biocomposites.

Figure 7 shows that the ultimate tensile stress rb,u decreases in the range
0 < Vf< Vf,min, obeying to the simple relationship:

rb;u ¼ rm;R � ð1� Vf Þ ð2Þ

whereas for Vf � Vf,min, the tensile strength follows the relationships obtained by
considering a [0/±60] quasi-isotropic laminate model [37]:

rb;u ¼ Cr � rpull�out � Vf þ rm;u � ð1� Vf Þ
� �0� þ 2 ðrm;u � ra=KÞ

� ��60�
n o

=3 ð3Þ

in which C is a calibration coefficient introduced to consider the biocomposite
defects (primarily owing to the incomplete wetting of the free fibres), whereas the
subscripts f and m refer to the fibre and matrix, respectively.

The optimization of the manufacturing process can lead to an appreciable
improvement in the tensile strength, up to approximately 50% higher than that of
the simple matrix, as shown in Fig. 8 for the particular case of epoxy-sisal bio-
composite manufactured by an optimized compression moulding [37].

Fig. 6 a optimal thermo-mechanical curing processes for short agave fibre biocomposites and
b relative optimal relationship between pc and tg parameters versus Vf
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As shown, using an optimized compression moulding manufacturing process
allows the tensile strength to increment significantly; further, in the range Vf,crit <
Vf < Vf,opt, the tensile strength obeys again the abovementioned quasi-isotropic
model (Eq. 3).

In terms of the tensile modulus, Table 6 shows that the maximum stiffness
corresponds to the higher volume fractions that fall within the range of 30–60%. In
other words, the maximum tensile strength and the maximum tensile modulus
corresponds to different fibre volume fractions that have to be properly chosen if the
primary reinforcing objective is to increase the matrix strength or, in turn, increase
the matrix stiffness. In general, the tensile modulus varies with Vf in good accor-
dance with the following modified Halpin–Tsai model [37]:

Vf,min

Eq.2

Eq.3

u

Fig. 7 Strength of short agave fibre biocomposites versus Vf and comparison with theoretical
models

f,optV

Eq.3

Fig. 8 Strength of short agave fibre biocomposites obtained by an optimized manufacturing
process, versus Vf and comparison with the theoretical model of Eq. 3
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Eb ¼ 3
8
EL þ 5

8
ET ð4Þ

withEL ¼ Em
1þ 2ðl=dÞgLVf

1� gLVf
and ET ¼ Em

1þ 2gTVf

1� gTVf
ð5–6Þ

gL ¼ ðCEEf =EmÞ � 1
ðEf =EmÞþ 2ðl=dÞ ; gT ¼ ðCEEf =EmÞ � 1

ðEf =EmÞþ 2
ð7–8Þ

in which CE is a proper calibration coefficient introduced to consider the curvature
of the free fibres that leads to a decrease in the actual fibre stiffness. As an example,
Fig. 9 shows the tensile modulus of the biocomposites reinforced by short agave
fibres versus Vf, along with Eq. 4 and the non-modified Halpin–Tsai model.

As shown, the introduction of the calibration coefficient CE allows a reliable
theoretical relationship to be obtained that can be used for the prediction of the
tensile stiffness at the design stage.

Finally, hybrid biocomposites reinforced by natural and synthetic fibres have
been proposed in literature by various authors, as sisal/glass, jute/glass, and sisal/
jute/glass (see the last rows of Table 6) to improve the mechanical performance of
biocomposites reinforced by only natural fibres. The examination of the results
shows that the hybridization allows appreciable increments (up to approximately
25%) of the tensile strength, although more interesting results are obtained in terms
of the tensile modulus because the significant elastic modulus mismatch of the
fibres do not lead to a contemporary failure of the different reinforcing fibres.

Fig. 9 Tensile modulus of short agave biocomposites and comparison with the theoretical model
of Eq. 4
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4.2 MAT Biocomposites

With the term ‘MAT biocomposites’, most authors refer to biocomposites rein-
forced by 2D MAT fabrics composed of discontinuous and randomly oriented
natural fibres . The use of such fabrics enables the user to manufacture biocom-
posites laminate using hand lay-up or similar processes (hot pressed, etc.).
Interesting results have been reported in [25] that consider polypropylene-hemp
biocomposites, and in [37] that consider green epoxy/sisal biocomposites (see
Table 7).

From such works, it is shown that although using MAT fabrics allows for an easy
manufacturing process and a laminate of relatively high dimensions, it produces
biocomposites with mechanical strength inferior to that obtained by 3D randomly
oriented short fibres (in general, slightly inferior tensile strength compared to that of
the simple matrix). This is attributable to the higher defect concentration, especially
to the partial fibre wetting owing to the preliminary mutual fibre contact that occurs
during the MAT fabric manufacturing. Further studies are required to implement
new manufacturing processes that would overcome such drawbacks.

4.3 Long Fibre Biocomposites

As it is well known from micromechanics [51, 52], reinforcement with aligned long
fibres is a unique method that can potentially yield high-performance biocompos-
ites. Using such method, biocomposites having tensile strength 3–10 times that of
the simple matrix, and tensile modulus that obeys the modified rule of mixture can
be obtained. However, a good fibre alignment is an important feature, such that
high-quality natural long fibre biocomposites can be obtained only using unidi-
rectional fabrics with well-aligned fibres [35]. Further, limited misalignment can
yield significant mechanical properties reduction. Hence, the mechanical properties
of similar biocomposites reported in literature vary often in a wide range; for
example, as shown in Table 8, the tensile strength of unidirectional epoxy/sisal
biocomposites with a high volume fraction can vary from 150 to approximately
470 MPa according to the accuracy of the manufacturing process and fibre
alignment.

The influence of the matrix/fibre adhesion on the mechanical properties of long
fibre biocomposites is relatively negligible, except for a high percentage of matrix
defects or significant delamination [5]. As mentioned above, the ratio between the
failure strain of the matrix and fibres, along with the fibre alignment are basic
parameters that govern the tensile strength. Unfortunately, accurate unidirectional
fabrics of natural fibres are not available in the current market; therefore, the
practical exploitation of high-performance biocomposites depends on the future
industrial production of such products; for example, Fig. 10 shows the accurate
‘stitched’ unidirectional fabrics properly produced in laboratory [35].
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Figure 11 shows the primary parameter of the optimized compression
moulding process used to manufacture high-performance unidirectional epoxy/
sisal biocomposites.

The experimental analysis performed in [35] has shown that the use of accurate
manufacturing processes leads to high-quality biocomposites whose tensile char-
acteristics obey the modified rule of mixture (MRoM). The longitudinal tensile
strength is expressed by the well-known formulas:

rL;R ¼ Cdrf ;uVf þ rm ef ;u
� 	

1� Vf
� 	 ð9Þ

in which Cd is the correction coefficient that primarily considers fibre damage and
residual misalignment. Figure 12 shows the good accordance between Eq. 9 and
the experimental evidence, with deviation of less than 10%.

Figure 13 shows the good accordance between the longitudinal Young modulus
and the value predicted by a ROM properly corrected by introducing a corrective
calibration coefficient for the fibre modulus [35].

Finally, the example of fracture surface and the SEM micrograph reported in
Fig. 14 corroborates how the damage mechanism of high-quality unidirectional
biocomposites involves the fracture orthogonal to the longitudinal axis and the
expected fibre tensile failure without premature damage mechanisms as pull-out
and/or debonding.

Finally, it is remarkable to observe how high-performance biocomposites exhibit
tensile strengths of up to approximately 500 MPa (see Fig. 10 as an example or
Table 8), i.e. comparable with that of typical construction materials such as steels
(400–500 MPa) and good GFRP (�500 MPa). Further, such a maximum strength
is higher than that of many aluminium alloys widely used in the aeronautics and
automotive industry (260–410 MPa), and of typical epoxy-glass short fibre com-
posites (50–150 MPa). In terms of the specific tensile strength, it is noteworthy that

Fig. 10 a unidirectional
‘stitched’ fabric of agave fibre
obtained in laboratory
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Fig. 11 a Diagrams of an optimal curing process for long fibre biocomposites and b optimal
curing parameters versus Vf

Fig. 12 Tensile strength of long agave fibre biocomposites versus Vf and theoretical model
(MROM)
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the strength index of approximately rL,R/q = 35 	 103 m are reached, i.e. values
superior not only to that of typical steels (between 5.8 	 103 m and
10.6 	 103 m), but also to that of good aluminium (15 	 103 m approximately). It
is also comparable to that of good unidirectional GFRP (approximately 35 	 103 m
with Vf = 50–60%). Therefore, such high performance unidirectional biocompos-
ites [35] can replace both traditional metals (steel, aluminium) and glass fibre
reinforced composites (GFRP) in static structural applications. Considering the low
cost of natural fibres, such a replacement can lead not only to a significant reduction
in the environmental impact and the weight, but also a remarkable reduction in the
costs in many fields of industrial production.

5 Dynamic Mechanical Properties

The need to extend the use of biocomposites for semi-structural and structural
applications has led to an increased interest in the analysis and optimization of the
dynamic mechanical performance of such materials, especially in the presence of

Fig. 13 Longitudinal young modulus of the green epoxy/sisal fibre biocomposites versus fibre
volume fraction

Fig. 14 Typical fracture surface and relative SEM micrographs of the long fibre biocomposites
under tensile load
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fatigue and impact loading. Considering the impact strength, the research works
reported in literature (see also Tables 6, 7 and 8) show that the natural fibres have a
relatively high strength to impact, especially the fibres (agave, etc.) constituted by
subfibers that, like aramidic fibres, lead to high fracture energy. In more detail, the
reinforcing by natural fibres yields appreciable increments of the impact strength of
the thermosetting matrixes (see Tables 6, 7 and 8), up to one order of magnitude,
whereas negligible improvements are obtained for the thermoplastics matrixes.
Further studies are however necessary for a more reliable analysis of the impact
strength of most biocomposites, by varying the primary parameters as fibre volume
fraction, manufacturing process, etc.

Considering the fatigue strength, a few research works have been reported
hitherto, and further studies are necessary to deeply understand the fatigue beha-
viour of biocomposites. However, the research activities reported in literature, has
shown firstly that, as expected, the fatigue behaviour of the polymer matrix bio-
composites is strictly related to various parameters such as matrix fatigue strength,
fibre orientation, laminate lay-up, and manufacturing process. As observed from
Table 9, the fatigue properties of good quality short fibre biocomposites is rela-
tively good with respect to metal and other technical materials, which exhibits a
fatigue ratio of approximately 0.5; the fatigue ratio of the analysed biocomposites,
in fact, varies in the range of 0.7–0.8. Owing to the high fatigue ratio, we can
conclude that the reinforcing of polymeric matrixes with natural fibres allows the
user to increment significantly the fatigue strength of the matrixes; considering that
the fatigue ratio of the matrixes varies in the range of 0.15–0.30 (typical plastics),
whereas the fatigue ratio of the biocomposites varies in the range of 0.70–0.80. It
follows that for a typical biocomposite having static strength equal to that of the
matrix, the fibre reinforcing leads to a significant improvement in the fatigue
strength, from 3 to 5 times the value of the simple matrix. As an example, the
HDPE matrix shown in Table 6 exhibits a fatigue limit of approximately 5 MPa
whereas the corresponding biocomposite exhibits a fatigue limit of approximately
20–24 MPa, i.e. approximately 4–5 times the value of the simple matrix. Low
quality biocomposites obtained by compression moulding, lead instead to low
fatigue strength with fatigue ratio less than 0.55 (see last rows of Table 9).
Therefore, it is possible to state that although the reinforcing polymer matrixes by
the natural fibres do not lead in general to appreciable improvements in the static
strength, good quality biocomposites leads to interesting strength increments in
terms of fatigue strenght.

Regarding the long fibre biocomposites, only a few authors have performed
fatigue analysis and further studies are necessary to gain a complete knowledge of
the fatigue behaviour of such materials. As an example, Table 10 shows some data
relative to polyester and epoxy reinforced by sisal, with and without alkali treatment
[53], and by hemp, jute, kenaf and flax with different lay-ups.

As shown in Table 10, the unidirectional (UD) long natural sisal fibre bio-
composites exhibit fatigue ratio in the range of 0.40–0.58, i.e. lower than that of
good-quality short fibre biocomposites; similar results are shown for jute, flax and
kenaf, whereas better results are obtained for good quality biocomposites reinforced
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by hemp. However, owing to the high static strength increment from the long fibre,
it is possible to state that the reinforcement with long natural fibres leads to sig-
nificant fatigue strength increment of the polymer matrix that is always higher than
that obtained by short fibre biocomposites. Considering that the static strength of
good-quality long fibre biocomposites is in general 3–5 times that of the matrix one,
it is possible to state that the reinforcing by long natural fibre leads to an increment
in the fatigue life of the matrix by approximately one order of magnitude. As an
example, the reinforcing by sisal of a polyester matrix [53] having a fatigue strength
of approximately 12 MPa, leads to a biocomposite with a fatigue strength of
120 MPa (see also Table 10). Further, in the fatigue load condition, the scattering
of the experimental data of biocomposites are comparable with those of other
materials such as metals or synthetic composites, and a statistical approach
involving simple models such as the normal or Weibull distribution, can be used for
a better prediction of the fatigue behaviour [54]. Finally, it is noteworthy that such
results are extremely attractive especially by considering the low cost of the natural
fibres; unlike synthetic composites, the cost of the biocomposites is lower than that
of the simple matrix, i.e. unlike synthetic fibres, the fatigue properties increment
obtained by natural fibres is not associated with a significant cost increment.

6 Conclusions

The critical analysis of the static and dynamic mechanical properties of polymer
matrix composites reported in literature has shown that such properties are strictly
affected by the corresponding properties of the matrix and fibre, as well as by the
actual fibre/matrix adhesion whose correct estimation requires the consideration of
the nonuniform shear stress distribution that occurs at the fibre/matrix interface.
Such a distribution is significantly influenced by the fibre/matrix stiffness ratio such
that the pull-out load increases with the fibre stiffness, and such a parameter is not a
reliable parameter to the correct estimation of the fibre/matrix adhesion.

In general, the mechanical strength of the short fibre biocomposites is compa-
rable with that of the simple matrix and an appreciable increment can be obtained
only by using the proper manufacturing processes that allow the user to increase the
fibre volume fraction (until approximately 35% at least) without increasing the
typical defects such as voids and incomplete wetting of the free fibres. Hence,
recent research activities have shown that a strength increment of approximately
60% can be obtained, as it has been demonstrated for green epoxy/sisal biocom-
posites. Further, a 3D random distribution of the fibres is always better than a 2D
random distribution; therefore, the latter should be avoided during the biocomposite
manufacturing. Moreover, although the use of MAT fabrics (2D discontinuous
random fibres) allows the user to manufacture high-dimension laminates with hand
lay-up or similar manufacturing processes, the diffuse wetting defects lead to
mechanical strength that is always less than that of the randomly oriented short fibre
biocomposites. Consequently, this configuration is not advisable if the maximum
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mechanical strength is the primary objective of the reinforcement. However, the
best static and dynamic mechanical performances are shown by the long fibre
biocomposites. Such configuration is less affected by the limited matrix/fibre
adhesion and, if an optimized manufacturing process is used along with the
appropriate matrix/fibre couple (having a sufficient stiffness mismatch and adequate
failure strains), it can lead to unidirectional high-performance biocomposites with a
tensile strength up to approximately 500 MPa, with a tensile modulus of approx-
imately 30 GPa or higher. In this case, an important influence parameter is the fibre
alignment and the use of free fibre must be avoided; instead, it should be substituted
by high-quality unidirectional fabrics. The low specific weight of the natural fibres
(always less than that of the synthetic fibres) leads to long fibre biocomposites with
a strength index superior to that of typical steels, aluminium alloys, and GFRP;
consequently, these biocomposites can replace such materials (metals an compos-
ites) in various industrial applications.
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Synthesis, Characterization,
and Applications of Hemicellulose Based
Eco-friendly Polymer Composites

Busra Balli, Mehmet Harbi Calimli, Esra Kuyuldar and Fatih Sen

1 Introduction

Generally, composites offer very promising solutions to the ongoing problems of
the world[1–90]. Fuel cells [30–32, 90] materials for catalysis [79, 33–35, 80–86,
90–96], capacitors [20], solar cells [25, 26], thermopower applications [2], sensors
[9, 10, 13, 42, 90, 94] are some examples of these solutions. Materials are also used
corporately in combining their superior properties. Metal-metal combinations,
polymer-metal combinations and their some hybrids with carbon-based materials
are used for variety of nanomaterial applications [6, 7, 14–17, 23, 55, 78–84].

Composite materials are also widely used in developing appropriate materials for
various applications as conductive polymer and other electronically active material
composites. Graphene and graphene oxide [4, 27, 45–47], carbon nanotubes
(CNTs) [14–17, 45–47, 79–85, 93, 95], activated carbon (AC) [14–17, 33], vul-
canized carbon (VC) [30–32], carbon black [9, 10] and graphene derived materials
which have different structure and morphologies as reduced graphene oxide [3, 30–
32, 37, 45–47], graphene nanosheets, graphene nanoribbons, graphene nanoplate-
lets may thought as active materials for different applications. Also, a wide variety
of nanoparticles are utilized in composite systems [34, 35, 73, 74, 85–89, 91–93,
95, 96]. Besides, biodegradable polymers or polymer composites (PCs) produced
using renewable materials are referred to as eco-friendly polymer composites
(EFPCs). Since they have a carbon-neutral lifecycle, their use as an alternative to
petroleum-based materials can result in the reduction of carbon dioxide emissions.
Having a net zero carbon footprint, EFPCs are also good materials for the envi-

B. Balli � E. Kuyuldar � F. Sen (&)
Sen Research Group, Biochemistry Department, Faculty of Arts and Science,
Dumlupınar University, Evliya Çelebi Campus, 43100 Kütahya, Turkey
e-mail: fatih.sen@dpu.edu.tr

M. H. Calimli
Tuzluca Vocational School, Igdir University, Igdir, Turkey

© Springer Nature Switzerland AG 2019
Inamuddin et al. (eds.), Sustainable Polymer Composites and Nanocomposites,
https://doi.org/10.1007/978-3-030-05399-4_10

293

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-05399-4_10&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-05399-4_10&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-05399-4_10&amp;domain=pdf
mailto:fatih.sen@dpu.edu.tr
https://doi.org/10.1007/978-3-030-05399-4_10


ronment and surrounding eco-systems [97–109]. It is an unavoidable fact that the
world is currently facing serious challenges with regard to the environmental, social
and political crisis. Another pressing issue that needs to be tackled by people is that
of energy. Today, a large part of the world depends on fossil fuels to meet the
demand for energy [110–115]. However, fossil-based energy sources are becoming
exhausted at a great speed. Therefore, it is imperative that not only scientific
organizations but also public and private sectors focus on the innovation of
eco-friendly materials, also referred to as “green materials.” This research area has
recently witnessed important accomplishments thanks to scientists and engineers
who have realized that making environmentally responsible decisions is the ulti-
mate way to protect the environment and to prevent energy crises [108]. Figure 1
shows the world energy consumption according to energy sources.

Production of environmentally friendly materials requires different fields to
participate in the process. These fields engage in sustainable chemistry and work on
biodegradable and bio-based materials structurally, chemically, and physically
[116–120]. They also pay close attention to make sure that environmentally haz-
ardous substances are not included in any stage of the design and production
process. The fields with which we are concerned are EFPCs, sustainable chemistry,
natural resources and eco-friendly engineering processes, etc. Animal and plant
products can be used to manufacture many natural polymers. These materials have
various appealing features. They are ubiquitous, do not contain synthetic sub-
stances, can be recycled and consumed by microorganisms. In the last ten years,
numerous studies have been carried out on the production of polymeric materials
(blends, composites, and nanocomposites). These studies mostly conducted
experiments polymers and fillers were mixed. When resin systems are integrated
with reinforcing materials, EFPCs achieve excellent features. The combination of
resin systems and reinforcing fiber/filler particles results in the composite material
integrating the features of resin features and of fibers/fillers. In a composite material,
the resin matrix distributes the load on the composite between fiber/filler particles.
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In addition, it prevents fibers from being damaged due to abrasion and impact and
enhances the load-bearing capacity of the composite. The resulting composite has
high hardness and resistance and low density and is easy to use. Therefore, it is a
better material than metals to be used in the manufacture of various products.

EFPCs have the high specific strength and specific stiffness, high fracture,
abrasion, impact, corrosion and fatigue resistance, and low cost.

The greatest appeal of eco-friendly composites is that they are environmentally
friendly, completely degradable and sustainable. Baillie addressed the construction
and biorhythm evaluation of green composites in detail [8]. EFPCs might be
employed effectively for various purposes such as short life-cycle goods manu-
factured in large quantities and disposable goods. Cellulose, NR, polysaccharides,
starch, chitin, proteins, collagens/gelatin, and lignin are natural and biodegradable
chemical compounds while polyamides, polyvinyl alcohol, polyvinyl acetate,
polyglycolic acid, and polylactic acid are synthetic compounds. New
fibre-reinforced materials are made from renewable resources and used in almost all
areas [107].

Being superior to synthetic raw materials, EFPCs can play a significant role in
the elimination of environmental problems, especially caused by plastic waste, and
in the sustainable development of eco-friendly and cost-effective technologies [69].
Numerous studies are conducted on EFPCs to find innovative ways to manufacture
eco-friendly materials from biodegradable polymers and renewable sources.

Eco-friendly Polymer Nanocomposites (EPNs) have also drawn enormous
attention owing to their potential application in the field of agriculture such as
product waste management [118]. EPNs can also be employed to improve the
environmental compatibility of recycling processes.

There is the classification of six types of the most common EPN, including
(i) EPN with Green Fillers and (ii) EPN with Green-Base-Composite such as—EPN
from Cellulose,—EPN from Thermoplastic Starch,—EPN from Polylactic Acid,—
EPN from Polymer Mixture,—EPN from Others (Gelatin, PHB, Chitosan).

2 Definitions About Hemicellulose and Derivatives

Of natural polymers, lignocellulosic is likely to be a very important material as it
can be converted into biofuels and bioproducts. Mainly found in lignocellulose,
hemicelluloses are the second most abundant renewable material in nature, easy to
use, has film-forming features, good biocompatibility, and biodegradability [118,
119]. Hemicelluloses contain a very large quantity of free hydroxyl groups, which
are perfect for chemical modification. Materials with exclusive features can be
manufactured using chemically modified hemicelluloses in order to improve the
biopolymers [39, 75, 101]. In recent years, hemicelluloses-based biocompatible
films have been popular owing to reduced cost, oxygen barrier features and ease of
access [18, 51].
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Natural biopolymers are superior to synthetic ones in the sense that the former is
more cost-effective, biocompatible, harmless and biodegradable. Being the non-
cellulose cell-wall polysaccharides of agricultural and forest plants, hemicelluloses
are regarded as unlimited and sustainable materials for the manufacturing of
biopolymers and biomaterials [29, 70].

However, hemicelluloses contain a very large amount of hydroxyl groups dis-
tributed along the central and terminal region. In addition, these hydroxyl groups
generate intermolecular and intramolecular hydrogen bonds [70, 77].
Hemicellulosic materials are non-hydrophobic, semi-crystalline and hygroscopic
and have low mechanical features [36]. Due to these disadvantages, hemicelluloses
films cannot be used widely. Plasticizers are generally used to enhance the
mechanical features of films consist of hemicellulose [43, 44, 120].

As the main hemicelluloses in hardwood and annuals, xylan-type hemicelluloses
are regarded as appropriate sources to achieve films. Emulsification and coating
processes were employed to achieve arabinoxylan-based films [71, 72]. Lignin or
glycerol was used to produce pure xylan, yet, self-supporting films [43, 44].
Table 1 shows the content of some lignocellulosic materials.

Plasticized films from aspen glucuronoxylan exhibit low oxygen permeability
and therefore might be ideal for food packaging materials [49]. Up to 40% xylan in
wheat gluten was used to produce composite films [57]. In addition, chemical
modifications were performed in order to reduce the moisture sensitivity of

Table 1 Some lignocellulosic materials and their contents

Natural fibre Cellulose (wt
%)

Hemicellulose (wt
%)

Lignin (wt
%)

Total (wt
%)

Cotton 89.7 1.0 2.7 93.4

Flax 80 13 2 95

Hemp 74.1 7.6 2.2 83.9

Sugar cane 51.8 27.6 10.7 90.1

Bamboo 54.6 11.4 21.7 87.7

Coconut 51.3 11.7 30.7 93.7

Wheat straw 38 36 22 96

38.0 29.0 15.0 82

33.2 24.0 15.1 72.3

28.8 39.1 18.6 86.5

Rape straw 36 37 24 97

37.6 31.4 21.3 90.3

Spruce +
bark

42 27 26 95

41.0 24.3 30.0 95.3

50.8 21.2 27.5 99.5

Poplar wood 50 30 � 20 � 100
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hemicellulose-based films [50, 52]. The molecular structure of hemicelluloses had a
large effect on film formation, structure, mechanical features, and moisture content.
Side groups separated the xylan or mannan chains, and therefore, hemicellulose
where the backbone was least substituted with arabinose or galactose was the most
interactive one [29, 53, 66, 102].

Hemicelluloses can also be described in more detail and seen schematically in
Fig. 2. They are the second most abundant polysaccharides in biomass. They are
biosynthesized by trees and terrestrial plants. Despite the fact that they are in large
quantity, hemicelluloses are little used by industries. Hemicelluloses are not com-
pletely degraded in most of the lignocellulosic refining processes, but they are
removed or further used as feed raw material. Nevertheless, some methods have
been developed to separate and isolate high molar mass hemicelluloses. Alkalines
are used to extract hemicelluloses from plants. Water is also used to extract some
parts of hemicelluloses. Forests and agricultural areas provide a large number of
raw materials and studies have been and are being conducted to find potential
application areas for it. Potential areas of use of hemicelluloses are paper, pack-
aging, coatings, hydrogels, absorbents, and emulsifiers. As a group of polysac-
charides, hemicelluloses have a positive effect on cell wall flexibility by
cross-linking cellulose and lignin. They compose the hydrophilic component of
the cell wall. They have categorized into different groups according to their
structure: xylans, mannans, galactans, arabinans, and b-glucans. Xylans and man-
nans, the two most common ones, are used as components of polymer blends, PCs,
and nanocomposites. As plant mannan gums have similar chemical features to that
of hemicelluloses, they have also been categorized as hemicelluloses [73].

2.1 Properties

Most hemicelluloses support cell walls as do celluloses [100]. Thanks to the ability
of hemicelluloses to absorb a large body of water, cell walls become less brittle and,
more elastic and resistant to bending. Hemicelluloses also form absorbent molecular
networks around cellulose crystallites, which enable the cell walls to transfer

Fig. 2 The schematic representation of hierarchical structure of wood cell
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intermediate products and sources of nourishment [54]. In addition, it is reported
that some fundamental properties of arabinoxylans allow intermolecular alignment
between arabinoxylans and polysaccharides, which enables the composition of gels
with several components in the wall matrix. Furthermore, ferulic acid residues on
arabinoxylan chains allow for covalent interaction between polysaccharide–
polysaccharide, polysaccharide-protein, or polysaccharide-lignin [40].

Having less degree of structural order and polymerization, hemicelluloses are
chemically and thermally less stable than celluloses. Another difference between
hemicelluloses and celluloses is that the former is soluble in alkalines, the feature of
which is widely used to section various polysaccharides in samples which do not
contain lignin. Nevertheless, this process leads to the removal of ester groups and
decrease in solubility. Some hemicelluloses are able to be dissolved in water par-
tially or completely [5]. Hemicelluloses gain hydrophilic property thanks to various
free hydroxyl groups in them [38]. The more stable hemicelluloses are, the more
they are dissolved in water and less tightly bind to cellulose. On the other hand, the
more sporadic the side chains of molecules are, the less they are dissolved in water
and more tightly bind to cellulose [60]. A reduction in polymerization generally
leads to an increase in solubility [105]. Acetylated hemicelluloses can also be
dissolved in dimethyl sulfoxide, formamide, and N,N-dimethylformamide. Almost
all plants contain hemicelluloses, which are, therefore, found in diets. Cell-wall
polysaccharides are important as dietary fibers and contribute to lipid metabolism.
Therefore, their consumption helps feces pass through the digestive tract [5, 99,
108]. There is a classification of hemicelluloses such as (i) Softwood hemicellu-
loses;—Galactoglucomannan (Mannans),—Arabinoglucuronoxylan (Xylans),—
Arabinogalactan,—Pectins (ii) Hardwood hemicelluloses such as—Glucuronxylan,
-Glucomannan, (iii) Grasses like -Arabinoxylan-main.

3 Hemicellulose Based Composites and Their Applications

Environmentally friendly polymer composites (EFPCs) are used in the manufacture
of packaging materials, films, sanitation products, bottles, fishing nets, cutlery, trays
and various other products; sensing, adsorbing and many other applications [1, 19,
24, 28, 41, 61, 64, 99, 106, 109].

Expanding their areas of application, most eco-friendly polymers possess perfect
features. Hemicelluloses contain a very large quantity of free hydroxyl groups
distributed along the backbone and side chains, which are perfect for chemical
modification. Materials with exclusive features can be manufactured using chem-
ically modified hemicelluloses in order to improve the biopolymers [39, 101, 119].
In recent years, hemicellulose-based nanocomposite films (HBNCFs) have been
popular owing to reduced cost, oxygen barrier features and ease of access [75]. In
addition, these hydroxyl groups generate intermolecular and intramolecular
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hydrogen bonds [70, 77]. Hemicelluloses are hydrophilic and HBNCFs are
semicrystalline and hygroscopic and have low mechanical features [36]. Due to
these disadvantages, hemicelluloses films cannot be used widely. Plasticizers are
generally used to improve the mechanical features of hemicellulose films [43, 44,
51, 120].

Owing to the fact that hemicellulose-based biomaterials are biocompatible,
harmless and biodegradable, they have become of great interest for the manufacture
of pharmaceutical, tissue engineering, and food packaging products. HBNCFs have
attracted the greatest attention due to their oxygen barrier properties. However, they
are not very good at forming films and have low performance. Plasticizers or
hydrophobization is generally needed to turn hemicelluloses into appropriate
materials for packaging products. Rather than concentrating on materials them-
selves, most studies on hemicelluloses address converting polymers into sugars
[109]. Peng et al. suggested an efficient and feasible technique to manufacture
superior HBNCFs. He combined cellulose nanofibers (CNFs) and xylan (XH) films
as plasticizers were also included in the process. Sugar composition was xylose
(89.38%), arabinose (5.75%), glucose (1.87%), galactose (0.66%) glucuronic acid
(1.78%) and galacturonic acid (0.55%). Morphological tests indicated that XH film
surface and CNF-reinforced NCF consisted mainly of nodules (10–70 nm) and that
CNFs were embedded in the XH matrix. Aggregates started to develop in an
interval of arabinose/xylose ranging from 0.23 to 0.31 in an aqueous solution and
when the arabinose substituents were exhausted, unsubstituted xylan chains formed
a steady connection, which shows that the intermolecular interaction could be
adjusted by manipulating the substituted groups or by including a second compo-
nent that establishes an interaction with the molecular chains of hemicelluloses.
Film formation was better, and the tensile strength improved greatly due to high
aspect ratio and strong interactions between CNF and the XH matrix. Fang et al.
[39] employed the freeze-thaw method in order to use hemicelluloses from bamboo
holocellulose, PVA, and chitin nanowhiskers to manufacture a hybrid hydrogel.
FTIR and NMR results showed that the gelation process witnessed physical
crosslinking instead of a chemical reaction. PVA functioned as a hydrogel scaffold
while hemicelluloses were firmly hydrophilic and showed hydrogen-bonding fea-
tures when chitin nanowhiskers functioned as a cross-linker. According to atomic
force microscopy (AFM) images of chitin, whisker size was about 200 nm in length
and 40 nm in width. The mechanical features of hydrogels were greatly enhanced
by an increase in the rate of chitin nanowhiskers. The hydrogels are potential
materials to be utilized in the manufacture of tissue engineering products.
Laminated films, one layer of which is polyester and the other of which is made of
carbon nanotubes and hemicellulose, have been patented in Japan [58]. Polymers
were supplied by removing hemicellulose from Abelmoschus manihot or
Hydrangea paniculata. The homogenous distribution of carbon nanotubes in
hemicellulose films was leading to obtaining mechanically strong films [109].
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3.1 Composite Formation and Characterization
with Layered Silicates

For nanocomposite formation, polymer chains should be dispersed in the galleries
between silicate layers in order to obtain two distinct classes of lamellar
nanocomposites; intercalated and exfoliated as represented schematically in Fig. 3.
Intercalation takes place with a little polymer permeating into the galleries, which
leads to silicate layers expanding in a limited manner. This way, a systematic
structure with multiple layers separated by several nanometers is obtained.
Large-scale polymer diffusion causes silicate layers to exfoliate or delaminate. An
exfoliated nanocomposite contains nanometer thick platelets that are uniformly
dispersed all over the polymer matrix. On the contrary, when the polymer and
silicate do not form a homogeneous mixture when mixed, the layers do not apart,
and they function as agglomerates or tactoids.

Total diffusion of clay platelets in a polymer increases the number of usable
reinforcing materials to carry an applied load and to avert the formation of cracks.
The pairing of the enormous surface area of the clay and the polymer matrix enables
stress to be shifted to the reinforcement stage, which leads to mechanical
improvement. Furthermore, the impenetrable clay layers require a convoluted track
for a permeant to travel across the nanocomposites as seen in Fig. 4. Thanks to
obstructed diffusion tracks along nanocomposites, the barrier property and flame
retardancy of polymer-clay nanocomposites are improved, and they are more
resistant to chemicals and uptake less solvent [104].

Fig. 3 Possible structures of nanocomposites
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3.2 Packaging Materials

The food producers have a wide range of natural recipes that are used in packaging
applications and have a variety of needs that ensure the quality and safety of food.
The first goal of this industry is assuring the protection of food products from the
many factors related to the environment, gases, water etc. The most important factor
in food packages is oxygen since oxygen has a very important material in the
various chemical industries because oxygen mostly affects the expiration date of
foods, fruits, vegetables, microbial growth etc. Nowadays, in order to cancel this
effect of oxygen, Al plates and/or foil and some of the polymers such as poly-
ethylene vinyl alcohol (EVOH), polyvinylidene chloride (PVDC) etc. are mainly
used as packaging materials. Water, then again, is one of most important material,
the catalyst that affects the chemical reactions and/or enzymatic changes and known
as the principal food ingredient.

Biomass has become of greater interest for food packaging applications. The aim
of most studies is to alter hemicelluloses and enhance the mechanical features of
HBNCFs converted into a quaternary form. To this end, those studies focus on
assuming an environmentally friendly and feasible approach. Chen et al. Integrated
quaternized hemicelluloses, chitosan, and MMT to produce films. They analyzed
the morphological structure and optical, physical, mechanical and thermal features
of the films. Another aim of the study was to determine the ideal ratio in order to
produce HBNCFs. The principal endeavour will present chitosan-based materials.

Peng et al. [70] reported that the molecular makeup of hemicelluloses had a great
effect on film formation, mechanical features, and moisture content. The side
groups made xylan or mannan chains separate, indicating that the hemicellulose
which had the biggest interaction was the one in which arabinose or galactose
substituted the backbone the least [53, 100, 102]. This was a pioneer study in the
sense that it aimed to incorporate cellulose nanofibers into XH in order to manu-
facture mechanically improved nanocomposite films. SEM and AFM images
pointed out that surface of XH and CNF-reinforced nanocomposite films consisted

Fig. 4 Proposed model for
the tortuous zigzag diffusion
path in a polymer-clay
nanocomposite when used as
a gas barrier
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mainly of nodules with a diameter of 10–70 nm and that CNFs were embedded in
the XH matrix as shown in Fig. 5. The XH film had a peak at 2h = � 18°, indi-
cating that it was semicrystalline. The thermal stability of the nanocomposite film
was better than that of the XH film. Film formation was better, and the tensile
strength improved greatly due to high aspect ratio and strong interactions between
CNF and the XH matrix, which points to an efficient and feasible technique for the
manufacturing of superior HBNCFs [77].

3.3 Other Applications

Xylan is used in a wide variety of medical applications. Glyceronoxylene, xylitol or
sorbitol-based films are widely used in the field of food packaging because their
oxygen permeability is very low and there is a potential for further spread in the
future [49]. Xylooligosaccharides (XOS) would hydrolysis results from claiming
xylan-type hemicelluloses for guaranteeing possibility to a significant number of
fields including chemical, sustenance and pharmaceutical commercial enterprises.
For case, in the nourishment industry, XOS has an assortment of incredible
physiological properties such as bringing down cholesterol levels, moving forward
gastrointestinal function and the organic accessibility of calcium, and decreasing the
risk of colon cancer [62, 76].

Fig. 5 Properties of CNF-reinforced nanocomposite films
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In order to make further improvements on the properties of the all-cellulose
composites, it is recommended to use cellulose nanofibers that extracted from Napier
grass fibers as reinforcement in cellulose matrix in further studies. According to the
properties of composite films, it can be concluded that all these cellulose composites
are suitable for using in warping, mulching and sorbent applications [97]. Another
example of using natural fibers as reinforcement was seen in the study of Maniraman
et al. [65]. Furcraea foetida (FF) plant was extracted and investigated. The structure
of natural fibers generally longer, they have smaller diameter values and low spiral
angle of the cellulose arrangement [56]. That quality of a bio-composite relies on the
properties of the fiber and the resin and additionally on the quality from claiming
their interfacial holding. So, to in front of fabricating bio-composites, additionally, it
is a necessity to learn about those properties of fibers. There are many kinds of
literature about natural fibers and their properties. They enlighten that celluloses,
hemicelluloses and non-cellulosic components (lignin, wax, and pectin) are con-
structed in the natural fibers. But, the bio-fiber yielding plants grow only in particular
regions based on environmental circumstances [11]. New assortments of fibers have
appropriate properties for use as reinforcement are needed to be identified and
developed. A lot of leaf fibers, such as those mined from Artisditahystrix,
Sansevieria cylindrica, Tamarindus Indica L and sansevieria ehrenbergii have been
used as an unsurpassed reinforcement for polymeric matrices [65].

Also, Kozlowski and Przybylak carried out a research and review to collect fire
performance data for several types of eco-friendly polymer composites reinforced
by cellulosic fibers [59].

Glucomannan type’s materials can be seen as hemicellulosic materials which
have film-forming properties. It is generally used in wooden as a “green” absorption
material (gels, etc.) and it can be isolated from various method turbines or pro-
duction fibreboard. Modification of new materials including non-hydrophilic and
thermal character also can bring about the xylan which has high molecular weight
displaying a stepped forward capability to form films. Film-forming is essential so
as for xylan if you want to form self-supporting barrier films to be used in food
packaging.

3.4 Basic Components of Composite Materials

The composites consist essentially of the matrix and reinforcing materials that give
it physicochemical properties. The matrix part is the basic component of the
composite and supports the physicochemical and biological properties of the
reinforcing material. Matrixes are the main component to protect the reinforcements
of the composites from abrasion and environmental influences. At the same time, it
provides composites stability by allowing the matrix fibers and filler materials to
coexist. A reaction with synergistic effect occurs by the matrix loading of the
reinforcing materials. Thus, thanks to the reinforcement material and matrix,
composite materials with the desired properties are prepared. Due to the
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physicomechanical properties of the polymer composites, they are of great interest
because they have a much higher application area than the individual polymeric
structures. The main materials reinforced with composite matrices are metallic
oxides, clay, fiber constructions and carbonates. These reinforcing materials give
physicomechanical and biological properties to the composites [12, 98].

The structure of lignocellulosic stocks forms polysaccharide and lignin. When
lignocellulosic raw materials are introduced into biorefinery and subjected to a
series of treatments, products such as cellulose, hemicellulose and lignin are
formed. Cellulose, hemicellulose and lignin products are raw materials of ligno-
cellulosic composites. These substances are the main components of animal feed
and lumber resources. Cellulose is naturally present as a composition of lignin and
hemicellulose fibers. Lignin protects carbohydrates from biological attack and is
infectious by very few microorganisms [22, 68].

3.5 The Effect of Fibers on Composite Materials

Fibers play a very important role in the development of multifunctional composite
materials. The shrinking the size of any composite material causes a reduction in
material defects. The fibrous materials have a higher surface area, a larger surface
area, compared to bulk materials. Many studies have shown that multifunctional
composite properties depend on properties such as fiber length, volume, fiber type,
fiber orientation, etc. These features can be briefly summarized as follows:

– Composite materials composed of long fiber structures have higher mechanical
resistance than short fibers. Whereas short fiber composites are less costly and
easier to process than long fibers [117].

– Increasing the amount of fiber loading to a certain amount of composite mate-
rial, resulting in an increase in composite material properties. However, after
this particular value, there is a decrease in the composite properties due to the
interlocking between the matrix and fibers [63].

– Fiber loading method make a significant impact on composite material prop-
erties. The lowest value of Young’s modulus was found to be 45° and 60° in the
fibers and there have been seen discrepancies between theoretical and experi-
mental values [48].

– Generally, the fibers are made of beeswax, gelatin starch and oily materials to
improve adhesion and retention properties [67].

4 Conclusions

In this chapter; the synthesis and characterization of Eco-friendly polymer com-
posites (EFPCs) and their usage in various applications such as food packaging,
medical applications, gas barriers etc. have been examined in detail and as it can be
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seen these polymer composites are getting more and more attention to science and
technology due to their superior properties such as biodegradability, renewability,
high strength and stiffness, low cost and ecologically friendly formation.
Eco-friendly polymer composites (EFPCs) from natural components provide a
potential alternative to other commercial composite materials without compromis-
ing strength, stiffness and abrasion resistance properties to a variety of industrial
and other applications.
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Impact of Nanoparticle Shape, Size,
and Properties of the Sustainable
Nanocomposites

Thandapani Gomathi, K. Rajeshwari, V. Kanchana, P. N. Sudha
and K. Parthasarathy

1 Introduction

Nanotechnology has imposed a hopeful approach to resolve many technological
impasses incurred in various the branches of science and technology. The field of
nanotechnology is an interdisciplinary area and it is one of the most popular areas of
current research and development basically in all disciplines. It obviously includes
polymer science and technology [78]. It can be defined as “the design, character-
ization, production and application of structures, devices and systems by controlling
shape and size at the nanoscale” (<100 nm) [108]. According to Drexler,
“Nanotechnology is the principle of manipulation of the structure of matter at the
molecular level. It entails the ability to build molecular systems with atom-by-atom
precision, yielding a variety of nanomachines [131, 72].”

In the past decades, major research on the production of nanocomposites
includes the use of synthetic polymeric materials, which have become a present
dispute [85, 37, 135]. The dispute is because of the shortage of the natural resources
and also the environmental concerns for their non-biocompatibility, cross con-
taminations and toxicity risks [4, 22, 63, 101, 129]. Renewable and sustainable
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materials are of great concern in scientific research and industry which has over-
come the disputes over the use of synthetic materials. These materials include
biomass as industrial and agricultural residues and energy crops. The preparation of
polymer composites using natural polymers has advantages over synthetic sources,
particularly as a solution to the environmental problems [109]. Also, the green
chemistry explores chemistry techniques and methodologies so as to reduce or
eliminate the use of hazardous materials to human health or to the environment
[116].

Therefore, sustainable green nanocomposites are these days broadly researched
due to the want for transformation to nanocomposites from biodegradable poly-
mers, complete eco-friendly conservation and reduction of carbon dioxide release
[2]. The nanocomposite is the term, which is extensively used to describe a broad
range of materials with one of the dimension is in nano range. Blends of polymers
and nanoparticles, commonly called “polymer nanocomposites” (PNC), have gar-
nered much attention due to the possibility of dramatic improvement of polymeric
properties with the addition of a relatively small fraction of nanoparticles [49, 157,
122, 32, 145, 146, 132]. The use of agricultural wastes has attracted many
researchers for the production of nanocomposites [128]. Polymer nanocomposites
(PNCs) are made by dispersing nanoparticles (NPs) into polymer matrices [112].
The use of PNCs is anticipated to enhance producing speed and utilization with
increased biocompatibility [109]. This chapter will provide the physicochemical
and biological importance of sustainable nanocomposites in various fields of
applications with the impact of its properties.

2 Composites

Composites, the wonder materials composed of matrix phase and dispersed phase
and have become an essential part of today’s material. They are widely used in
diverse areas of applications such as transportation, construction, electronics and
consumer products. Composites are the materials that consist of two or more
chemically and physically different phases separated by a distinct interface. Matrix
phase is the primary phase having a continuous character, usually more ductile and
less hard phase. Dispersed (reinforcing) phase is the second phase which is
embedded in the matrix and it is usually stronger than the matrix. When this
different phases combined, it will lead to the material with more useful structural or
functional properties non-attainable by any of the constituent alone [45]. They also
offer unusual combinations of properties such as stiffness, strength, and weight
which was difficult to attain separately by the individual components [48, 49]. The
progress in the field of materials science has taken a new led since the advent of
nanocomposites.
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2.1 Nanocomposites

Nanocomposites are a relatively new class of materials with ultrafine phase
dimensions, typically of the order of a few nanometers. Nanocomposites are the
composites which are size dependent with at least one of the phases shows
dimensions in the nanometer range [123] and are different from those of the atomic
and bulk counterparts [45]. The size plays a vital role in the nanocomposites with
unique properties typically not shared by their microcomposite and, therefore, offer
new technology and business opportunities [48, 49]. According to the type of matrix
materials that are used for the preparation of nanocomposites, the nanocomposites
are classified into following three classes [34]: Polymer Matrix Nanocomposites,
Ceramic Matrix Nanocomposites and Metal Matrix Nanocomposites.

In the current economic and environmental climate, it is more critical to develop
sustainable composites utilizing nanotechnology. But the polymers which have
excellent properties such as low cost, lightweight, easy processing, corrosion
resistance, ductility and high durability the productions of sustainable nanocom-
posites are achievable. These properties can arrive from the polymer more over than
ceramics and metals. Also on comparing with metals and ceramics, polymers have
poor electrical, thermal and mechanical properties, low coordination number and
lightweight atoms, poor gas barrier, heat resistance and fire performance properties.
Therefore, polymers can find many more applications as engineered materials
[141].

2.2 Sustainable Polymeric Nanocomposites

Polymer nanocomposites (PNCs) are two-phase materials with high industrial
importance, in which the polymers are reinforced by nanoscale fillers. All ther-
moplastics, thermosets, and elastomers have been used to make sustainable polymer
nanocomposites. As a result of increasing focus concerning on the environment, the
development of new environmentally friendly or biodegradable polymers has come
on the role and these materials are called environmentally friendly PNCs
(EFPNCs). The field of applications EFPNCs is immense [118, 13], because of their
lightweight, high chemical resistance, and low dielectric constant, high interfacial
area, unique shape- and size-dependent, tunable properties [110]. Also, PNCs have
to provide the scope for the improvement of various mechanical, thermal, optical,
rheological, magnetic, and electrical [95] even at a very low loading of nanopar-
ticles. Due to the advantage of nanotechnology nowadays, nanoscale materials have
been used as fillers instead of conventional microscale materials and also provide
better properties [110].

Nanoparticles, such as nanochitosan, nanocellulose, carbon nanotubes, clays or
layered silicates, nano silica, graphene, and nano calcium carbonate are widely used
in the polymer nanocomposites in the development of sustainable polymer
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nanocomposites to alter the chemical, electrical, mechanical, optical, and thermal
properties of biodegradable polymer matrices [94]. However, nanocomposites
prepared using biodegradable polymers and clays materials are much attractive and
impressive because of its enhancements in the physicochemical properties.

3 Preparation Methods

There is a great challenge over the past decade in preparing the uniform
nanocomposite using hydrophobic (water repelling) polymer matrix and hydro-
philic (water absorbing) fibers. Because this combination resulted in the
non-uniform dispersion of fibers within the matrix with poor mechanical properties
[11, 66]. Traditionally, there are three methods available for the preparation of
nanocomposites. The methods are solution casting, melt blending, and in-situ
polymerization.

Nowadays, nanocomposites are engineered with a variety of sizes, shapes, and
chemistries. Also, for preparing nanocomposites, initially the nanoparticles are
synthesized and modified for its surface area and exposed to the physical and
biological application in our current research paradigm. In the literature reports,
many researchers adopted various techniques for the fabrication and modification of
nanomaterials. In the case of biomedical application, the nanostructures material to
be capable of navigating the body, infecting and transforming cells, or detecting and
repairing diseased cells. Therefore to engineer such kind of biocompatible material,
the better understanding of the size, shape, surface area and functional properties of
the nanomaterials and its interaction with the system are needed. Hence the fabri-
cation methods include solvent casting, phase separation, drawing-processing,
template-assisted synthesis, self-assembly, and electrospinning techniques.

3.1 Electrospinning

Recently, electrospinning methods have achieved widespread attention as an easy,
leading and adaptable technique for the fabrication of fibers matrix in nanometer
scale. Electrospinning technique is a preferred technique because of the delivering
of nanofibers with the high surface area to volume ratio and a large number of
inter-/intra fibrous voids capable for various applications over solvent casting and
phase-separation [120]. From the literature, it was reported that the electrospinning
technique has helped for the advancements in many applicable areas like bio-
engineering, environmental protection, electronics, optics, sensors and catalysis
[24, 28, 70, 74].

Especially in biomedical applications, nanofibers fabricated via electrospinning
methods leads to the materials with high surface area which is essential for surface
interchanges and highly interconnected porous structure for the diffusion and
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transport of fluid, essential nutrients and drugs for tissue engineering applications to
achieve a great success in that field [130]. This type of fibrous mats can be produced
using electrospinning method by electrically charging a suspended droplet of
polymer melt or solution and control over physical nature of the fibrous mats with
suitable thickness and composition along with the porosity of the (nano) fibrous
mesh [125] which is available in the electrospinning instrument. The physico-
chemical properties such as large surface-to-volume ratio, flexibility, surface
functionality, mechanical properties, and the freedom on materials’ design [51, 59]
are possessed by the resulting ideal membranes for the above specified important
applications.

3.2 One Step in-Situ Polymerization Method

Zou et al. [165], reported one step in-situ polymerization method for the preparation
of polymeric nanocomposites. This technique involves the dispersion followed by
bulk polymerization. During dispersion of nanofillers in the monomer(s), the
nanofillers was always modified initially to increase the interaction or good dis-
persion between the polymers. Easy handling and better performance are the
important advantages of this method. Using this method, [54], synthesized gra-
phene, GO, and functionalized GO—Epoxy nanocomposites, Dash et al. [33]
synthesized poly(anthranilic acid) (PAnA)/MWCNT composites and Wu and Liu
[158] prepared PS/MWCNTs.

3.3 Thermal Spray Synthesis

Thermal spray processing is a well-proven technique for the development of
nanostructured coating [64]. This thermal spray technique is considered as an
effective method for the preparation of nanocomposites because agglomerated
nanocrystalline powders formed during synthesis of nanomaterials are melted,
accelerated and quenched very rapidly in a single step. Due to rapid melting and
solidification process, there will be the retention of a nanocrystalline phase and even
amorphous structure. This retention of the nanocrystalline structure leads to
enhanced wear behaviour, greater hardness, and reduced coefficient of friction
compared to other conventional coatings methods.

3.4 Sol-Gel Method

It is a bottom-up approach using for the preparation of polymeric nanocomposites.
The term sol-gel is associated with two relations steps, sol (a colloidal suspension)
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and gel (3D interconnecting network formed between phases) [119]. During
engineering the nanostructured material using this technique, the solid nanoparticles
is dispersed initially in the monomer solution. The resulting colloidal suspension
(sol) from polymerization reactions forms an interconnecting 3D network which
extends throughout the liquid between phases (gel followed by the hydrolysis
procedure [137]. Here, the polymer serves as a nucleating agent and promotes the
growth of layered crystals. As the crystals grow, the polymer seeps between layers
and hence nanocomposite is formed.

4 Biophysical Properties

Polymer nanocomposites always exhibit enhanced physical properties than indi-
vidual materials [80]. These properties do not depend solely on the chemical
structure of the matrix but also on other factors like processing steps which
determine the orientation of the molecules in the final morphology and the effect of
fillers. The enhanced of properties can be arrived even at small amounts of
nanoparticles loadings in the matrix and were browbeaten at the economic degree
for decades already [13].

Many parameters of the nanoparticles can also play a position inside the rein-
forcement of the polymer matrix. The parameters are nanoparticle shape and size,
loading and dispersion, interaction, mobility, temperature, entanglement of the
polymers, diploma of polymerization, elasticity, surface chemistry, and biopersis-
tence [75]. The effect of particle morphology is the main parameter during synthesis
and for the synthesis of nanoparticles, the solutions of polymeric materials used
should contain size-confined, nanosized pools of inter- and intramolecular origin.
Also for optimizing the ultimate properties of the nanocomposites for various
application the understanding of the relationship between processing, morphology
and functional properties of nanocomposites will be very helpful for predicting
properties of nanocomposite systems.

4.1 Structure

As structural members, composite materials are used as crashworthiness, protective
armours in air and space vehicles. Nanocomposites materials can be produced both
by complex and simple processes. For preparing the nanocomposites with the
preferred structure the first essential condition is the formation of homogeneous
phase by the nanoparticles in the polymer matrix [71]. The complexity of structure
and the factors figuring out it trade from one nanocomposite to the other, conse-
quently the structure is mentioned according to the kind of reinforcement.
The nanostructure phases of nanocomposite structure can be defined as:
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zero-dimensional (embedded cluster), 1D (one-dimension; e.g. nanotubes), 2D
(nanoscale coatings) and 3D (embedded network).

Particulate reinforcements have dimensions which might be about same in all
guidelines. Large particle and dispersion-strengthened composites are the 2 sub-
classes of particle-reinforced composites [136]. Depending upon the reinforce-
ments, the PNCs have structures like molecular layers, films, membranes, plates,
particles, network, nanotubes and nanofibers, ribbon, tape, rosette, cage-like and
tubular morphologies have been synthesized [71, 50].

4.2 Shape

Numerous attempts had been made to distribute spherical nanoparticles in a
polymer matrix with the maximum one of a kind strategy, due to the fact that
aggregation is the main issue in those composites. The most regularly used method
is the use of conventional technologies to homogenize the previously organized
particles into the matrix polymer. According to the shape of the crystallites or
grains, the nanomaterials are broadly classified into four categories such as
(1) Three dimensional (3D) nanomaterials like zeolites or molecular sieves with
cage-like nanopores, (2) Two dimensional (2D) nanomaterials such as thin films,
quantum well, (3) One dimensional (1D) nanomaterials such as quantum wire/
quantum rod etc., (4) Zero-dimensional (0D) nanomaterials such as quantum dots
[134]. In 3D, nanomaterials are composed of equiaxed nanometer-sized grains. In
this case, the electrons are delocalized and move freely in all directions (x, y and z).
In 2D, the electrons are delocalized in two directions (x and y) and confined in one
direction (z). In 1D, the electrons are delocalized in one direction (z) and confined
into two directions (x and y). Zero dimension exhibits confinement in all three
spatial directions and there is no delocalization. Usually, particles don’t have any
preferred directions and are specially used to improve properties or lower the cost of
isotropic materials [17]. The shape of the reinforcing particles can be spherical,
cubic, platelet, or regular or irregular geometry.

4.3 Size

Lately, there has been an extremely good deal of attempt to use both the shape and
the size of nanoparticles to goal precise cell uptake mechanisms, biodistribution
styles, and pharmacokinetics [75]. Even though the physicochemical properties of
nanosized complexes and structures have an effect on their function [40], it will
likely be critical to apprehend how the physicochemical properties relate to bio-
logical interactions and functions in order to appropriately materialize the capability
of nanotechnology. For instance, the shape at once impacts uptake into cells: rods
display the best uptake, followed with the aid of spheres, cylinders, and cubes [53].
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NP size may additionally have an effect on the uptake efficiency and kinetics, the
internalization mechanism and additionally the subcellular distribution. A size-
dependent uptake in different cell lines has been reported for Au [10, 30, 156],
mesoporous silica [91], polystyrene [147] and iron oxide NPs [61], with the
maximum cellular uptake at a NP core size in the range of 30–50 nm, which
suggests that there is an optimal size for active uptake. Gratton et al. [53] deter-
mined this ordering using synthesized nanoparticles larger than 100 nm. In studies
with sub-100-nm nanoparticles, spheres show an appreciable advantage over rods
[30, 114].

4.4 Surface Area/Morphology

Surface area is the important parameter to enhance the applications of nanocom-
posites. The surface area of the nanoparticles is more essential for the improvements
of the properties, although, the high surface area and surface attraction can also
result in agglomeration. The nanofillers may not give expected results if they exist
as micrometre-sized agglomerates. The two main aspects of mixing viz, dispersion
and distribution, facilitate the breakdown of the filler agglomerates into aggregates
and particles, as well as distributing the particles uniformly throughout the poly-
meric matrix, without affecting the particle size and final properties. The improved
properties can be obtained if there is a relatively better dispersion of nanoparticles
in the polymer matrix. A good dispersion enhances the number of possible inter-
action between the polymer and the filler. Although, the introduction of nanopar-
ticles into polymer or polymer blends have benefited in improving various
properties, the polymer that interacts with the nanofiller plays the determining role
in the final property. The high specific area associated with nanoparticles enhance
the chances of adsorption of the macromolecular chains onto their surfaces and
influences the structural evolution and phase separation. The effective dispersion of
the fillers in the polymer matrix and the improvement of polymer-filler interactions
are two key challenges in the field of polymer nanocomposites.

4.5 Applications

Size, shape, and surface morphology play pivotal roles in controlling the physical,
chemical, biological, optical, and electronic properties of nanoscopic materials. The
high surface energy of these particles makes them extremely reactive, and most
systems undergo aggregation without protection or passivation of their surfaces
[44, 155, 32, 144]. The use of nanoparticles (NPs) in the biomedical field is one of
the most important branches of nanobiotechnology.
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4.6 Biological Applications

The biological applications of nanocomposites mainly depend on the specific
structure−activity relationships between NP shape and certain common biological
endpoints [154, 152]. The variables such as size, shape, composition, ligand
chemistry and coverage can influence the toxicity of nanoparticles to organisms.
This can be avoided by analyzing the unique effects shown by each variable. It is a
highly challenging job to study the impact of each parameter, but it can be studied
by changing one variable and keeping others as constant [19].

From the biological viewpoint, the majority of microorganisms such as bacteria
and virus appears in different shapes. The majority of bacterias and viruses appears
to be spherical in shape. The other shapes such as filamentous, crescent, twisted,
bullet- and rod-shaped forms have also been observed in nature [75]. Khatamiana
et al. [73] has worked on binary hybrids of chitosan-zeolite nanocomposites various
medical applications such as tissue engineering and industrial applications such as
antimicrobial food packaging, which exhibit dose-dependent toxicity to cells and
very low toxicity was observed up to 0.2 5 and 0.1 mg/mL concentrations.

Lifeng et al. [113] and Ma and Lim [93] reported that the nanochitosan exhibited
higher antibacterial activity and antifungal activity. The antibacterial activity is due
to the fact that the negatively charged surface of the bacterial cell wall interacts
effectively to a greater degree with the polycationic nanochitosan (NHþ

3 ) and
hinder the growth of the microorganism [164]. This suggested also suggested that
chitosan nanoparticles might also be able to diffuse into a fungal cell and hence
disrupt the synthesis of DNA as well as RNA. This interaction caused disruption of
the microbial cells, which then changed their metabolism and led to cell death [83].

4.7 Drug Delivery/Gene Delivery

The use of nanocomposite in drug delivery application depends on many factors
such as size, shape, surface morphology and its composition [87]. The particle size
is the prime factor which determines the half-life of drug clearance in tissues [65].
To arrive at a tumour-specific nanoparticle design, it is first essential to understand
the relationships between nanoparticle size and shape with its transport. The
remarkable factor in the competence of most of the drug delivery system is particle
size and surface area. These factors will enhance the solubility and bioavailability,
an additional capability to cross the blood-brain barrier (BBB), go through the
pulmonary system and be absorbed through the endothelial cells of the skin [76].
The effect of particle size on nanoparticle pharmacokinetics, margination,
extravasation, and binding has been comprehensively studied. Early studies eval-
uating the effect of liposome size on pharmacokinetics have identified the size range
of 60–100 nm to be ideal for maximizing blood circulation half-life [88, 100, 104].
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When the particles size of the nanoparticles gets smaller, the surface area of the
nanoparticles gets larger, which results in the adherence of the drug molecules to
the surface of the particles. The above literature assessment and discussion leads to
the importance of size optimization of nanoparticles composites for the effective
delivery of the drug molecules. It was predicted that approximately 100 nm size of
drug carrier will be effective. Due to the high diffusive component of transport for
smaller nanoparticles, there may be significant particle washout from a tumour over
time [142]. On the other hand, larger nanoparticles have higher long-term tumour
accumulation. Therefore caution must be taken with size selection, however, as
pharmacokinetic and margination performance does not necessarily correlate
to faster extravasation kinetics. For instance, the apparent permeability of a
nanoparticle to the vascular endothelial wall decreases as the radius of the particle
increases [162]. The particle size and distribution of nanoparticles can be controlled
by different synthesis method and modified various synthesis parameters for
example by adjusting the pH and ionic strength in coprecipitation, a commonly
used method [68].

The shape also plays a major role in not only nanoparticle pharmacokinetics, but
also intravascular transport, binding, and accumulation at the site of a tumour.
Hence, the basic ideas about nano-bio interactions will be helpful in engineering the
nanostructured material for the specific design of carrier to ensure the highest
possible delivery efficiency. In many cases, nanoparticles enter the cell after binding
to the receptor target. Once bound, several factors can dictate the behaviour of
nanomaterials at the nano-bio interface.

Li et al. [87] reported that effect of nanoparticles shapes using a coarse grain
model with self-consistent field theory and Flory theory. They developed
PEGylated in different shapes such as nanospheres, nanorods, nanocubes, and
nanodisks with the same surface area of 201 nm2 to ensure an equal number of PEG
molecules on the surface regardless of shape [87], polyethylene glycol
(PEG) coating improves the biocompatibility and circulation time [150].

Veiseh et al. [148] studied the effect of surface charge on internalization on
different cell lines by MNPs. The report tells that the material can bind with
non-targeted cells, resulting in a specific internalization which was due to the
surface phenomenon of the MNPs. [98], utilized Chitosan functionalized magnetite
doped luminescent rare earth nanoparticles (Fe3O4@LaF3: Ce3+, Tb3+/chitosan
nanoparticles) in targeted delivery of paclitaxel for lung cancer.

An et al. [6], used glycopolymer modified magnetic mesoporous silica
nanoparticles for Magnetic resonance imaging (MRI) scan and controlled drug
delivery of anticancer drug 5-fluorouracil. The hybrid Fe3O

4− carboxymethyl chi-
tosan nanoparticles [87] finds the medical application of tumor-targeted delivery of
rapamycin.

The other, nanoparticles coated with polymers or surfactants like polyethylene
glycol polyethylene oxide, polyoxamer, poloxamine, and polysorbate 80 [8],
single-walled carbon nanotubes (SWCNTs) and multiwalled carbon nanotubes
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(MWCNTs) [115, 124] have been confirmed valuable in drug delivery applications.
[25, 103] applied Buckminsterfullerene C60 (spherical molecule) and its derivatives
are utilized for the treatment of cancer [69].

4.8 Wound Healing

Wound healing is a multifaceted and major biological response that helps in the
restoration of tissue consistency and body functions [3]. The main point in wound
healing is a physiological situation favourable to tissue repair and rejuvenation in
the shortest time with less pain, restlessness, and scarring to the patient. Wound
healing follows a complex sequence of events at the cellular level, which replaces
the devitalized tissues and restores the natural characteristics of the skin that are
conciliation by an injury (Matthews and Rawlings [99]. A recent study of bioma-
terials on wound healing has gained special interest because of their inimitable
chemical, physical, and biological properties.

Nanofibers are key materials for wound healing applications because of their
surface area. There are several methods for producing nanofibers such as drawing,
template synthesis, phase separation, self-assembly, and electrospinning. A range of
polymeric, metallic, and ceramic nanomaterials are investigated for wound healing
applications.

Silver has been used as an antimicrobial since the 1800s but in the last two
decades, interest in silver for wound treatment resurged [42]. Silver nanoparticles
impregnated in the biocompatible polymeric matrix were therefore utilized for
antimicrobial wound healing material [97]. TiO2 and ZnO nanoparticles are
extensively used in the cosmetic and pharmaceutical industry as UV shield and also
as a wound healing material (Murphy and Evans [102]. Antimicrobial peptides
formulated with gold Nanodots inhibit the multiplication of multidrug-resistant
bacteria pathogen and also promotes wound healing in an animal model [86]. The
drug delivery of curcumin using various nanomaterial-based vehicles has been
studied in wound healing acting as anti-biotic, anti-viral and antioxidant properties
[21].

The size and concentration of nanoparticles will influence the wound healing
characteristics. Graphene oxide is used as antibacterial in the field of biomedicine.
Graphene related materials have shown potential results in the area of tissue
engineering and wound healing [6].

4.9 Tissue Engineering

Tissue engineering (TE) is a multidisciplinary field focused on the development and
application of knowledge in chemistry, physics, engineering, life and clinical
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sciences to the solution of critical medical problems, as tissue loss and organ failure
[82]. In tissue engineering, the scaffold prepares a three-dimensional (3D) construct
for cell attachment and migration, proliferation, and formation of an extracellular
matrix (ECM), deliver and retain cells and biochemical factors enable diffusion of
vital cell nutrients, as well as a carrier of growth factors or other biomolecular
signals [9]. Many biomedical applications require nanoparticles with low toxicity,
biocompatibility, and stability with high preferential accumulation in the target
tissue or organ [79].

Scaffolds for tissue engineering should have good mechanical properties, suit-
able biodegradability, and most importantly good biocompatibility [9, 117].
Particularly, the surface properties of the material define the interactions between
the cells and the material and, consequently, affect cell adhesion [36].

Nanomaterials and nanotechnology are being progressively integrated into tissue
engineering to ease the development of various tissue treatment and substitutes to
restore missing, damaged and injured tissues and organs (Fig. 1). The triumph of
nanomaterials in tissue engineering is contingent upon the inflammatory responses
they elicit in vivo [96] and also be utilized for a number of biomedical and
biotechnological applications such as drug delivery, enzyme immobilization and
DNA transfection etc. [84]. Nanotechnology offers hybrid materials with potentials
at the molecular level [35].

Yadav et al [161] suggested that Graphene-based chitosan nanocomposites have
been used in tissue engineering application for wound healing purpose.
A nano-HAp/collagen composite was fabricated into a three-dimensional scaffold
from nano-HA powders and natural collagen by simply blending the two

Nanocomposites 
in Tissue 

engineering
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Skin 

Bone 

.
Pancreas

Valve 

Fig. 1 Polymer nanocomposites in tissue engineering applications
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components together. The composite of CNPs has also been generated for bone
tissue engineering.

The naturally derived silk fibroin nanoparticles find numerous applications in
various application mainly in bone regeneration and dentistry nanospheres and
nanofibrous scaffolds [111, 153, 57]. Fonseca-Santos and Chorilli [43] reported the
faster cell attachment on graphene/CS nanocomposite films displaying good bio-
compatibility and non-cytotoxicity. Similarly, [29, 151], prepared CS/GO
nanocomposites containing nano-hydroxyapatite composites with improved
mechanical properties. These materials can show high cell proliferation rate [133]
and [149]. Chitosan-gold nanoparticles have managed to supplement osseointe-
gration of dental implants. Nanomaterials enhance the wound healing and burn
curing. Gold and silver metal nanoparticles prove to be a marvellous property such
as low toxicity in vivo, bacteriostatic and bactericidal activities [107].

Silver nanoparticles based bandage supports the recovery of severe partial
thickness burns. The benefit of silver nanoparticles-based dressings, even for a
prolonged period, does not have a negative effect on the proliferation of fibroblasts
and keratinocytes, which leads the healing of the wound [58]. The implant of
Collagen with silver nanoparticles proves to have the antibacterial activity and
makes it an appropriate component for wound dressing material.

According to [52], Gold nanoparticles are biocompatible, cell viable, hence used
in drug delivery and wound healing process. The cross-linking of collagen with
gold nanoparticles which allowed the ease assimilation of biomolecules like growth
factors, peptides, cell adhesion molecules by their immobilization at the Gold
surface without altering of collagen structure. The combination of gelatin chitosan
with gold nanoparticles shows safe and excellent wound healing property. [143],
suggested that bio-composite scaffolds containing chitosan/ nanohydroxyapatite/
nano-copper-zinc have appropriate morphological and physical quality in Bone
Tissue Engineering (BTE).

4.10 Water Treatment

Wastewater usually contains several poisonous and unsafe contaminants, such as
heavy metals, organic impurities, dyes, pesticides, and inorganic salts etc., that
being discharged from various industrial effluents and domestic resources [5]. The
water reservoirs containing these substances causes many chronic or acute diseases,
therefore these contaminants must be removed and discarded from the wastewater
before being discharged into the nearest water bodies [1]. The methods for
removing pollutants from the wastewater was given in Fig. 2. Many researchers
suggested that the nanocomposites have excellent adsorption capability, selectivity,
and steadiness than nanoparticles. So, they find a range of applications in multiple
areas.

The adsorption of different pollutants such as heavy metal ions, dyes, and
pesticides from the polluted water with the help of nanocomposites has alarmed
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important interest. In this chapter, various nanocomposites and its blends utilized
for treatment of wastewater have been highlighted such as graphene, CNT, nan-
oclays [41, 126], nanochitosan [89], nano alginate [20, 38]. Bai et al. [12] suggested
that the Graphene with certain polysaccharides (such as alginates, starch, cellulose,
chitosan) forms nanocomposites with improved mechanical properties. Starch/
graphene nanocomposite films with 0.2–3.0 wt% graphene platelets were prepared
via aqueous solutions casting which was used as an adsorbent. Apart from this, it
was also utilized to use in the selective determination of iodide in seafood samples.
The heavy metals like Au(III) and Pd(II) were adsorbed on cross-linked CS/GO
nanocomposites, with maximum adsorption capacities were observed [127].

Long and Yang [90], has found CNTs to be exceptional adsorbent for the
removal of lead, cadmium and organic 1, 2- DCB from water, being a potential
medium in wastewater treatment. Nanoclays also find applications in remediating
heavy metals from the effluents which are readily available, eco-friendly, eco-
nomical chemical substances and recent studies reveal the above findings [77]. The
nanoclay combination with cationic starch was studied to relate the relationship
between polymer and nanoclay in atrazine reduction.

The nano adsorption technique, have been effectively used to investigate the
removal of pollutants. Remediation of wastewater using several nano-materials and
nano-adsorbent is being concentrated recently [163]. Nano-adsorbent has high
adsorption capacity on the surface of the nano-material [81].

Recently development on carbon-based nano-materials (CNMs) in the form of
carbon nanotubes, carbon nanoparticles and carbon nanosheets has gained more
attention for treatment of wastewater [26]. Other than this silicon, nanoclays,
polymer-based nano-materials, nanofibers and aerogels nano-material is also used
as nano-adsorbents which are discussed in the various literature. [47] reported that
oxide based nano-particles have high surface area for the effective wastewater

Fig. 2 Removal methods for wastewater treatment
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treatment applications [46], cerium oxides, Titanium oxide/dendrimers composites
[15, 14] zinc oxides, magnesium oxide [55], manganese oxides, copper oxides,
Zinc oxides [39] and ferric oxides [160, 159]. Gupta et al. [56] done Surface
modification of Fe2O3 nanoparticles with 3-aminopropyltrimethoxysilane.
According to Gupta et al. [56], the modification of these nano-adsorbents shows
high affinity for the removal of different pollutants such as Cr3+, Co2+, Ni2+, Cu2+,
Cd2+, Pb2+, and As3+ simultaneously from wastewater.

The nanoparticles of manganese oxide show high adsorption ability due to their
morphological and polymorphic structure [92]. Generally, they were used for the
removal of various heavy metals such as arsenic from wastewater [154, 152].

Ihsanullah Al-Khaldi et al. [62] used widely Carbon-based nanomaterials
organic materials in the field of removing heavy metals in recent decades, due to its
nontoxic nature and high sorption abilities. Earlier activated carbon was used as
sorbents, but its drawback to remove heavy metals at micro levels other nanopar-
ticles such as carbon nanotubes, fullerene, and graphene are synthesized and used as
nanosorbents [6].

By using CNT such as MWCNT [60] and SWCNT were used to several studies
reported the removal of heavy metals such as Pb(II) and Mn(II) [139], alumina
supported on CNT adsorbed Cu(II) Pb(II) from its aqueous solution [55, 138].

Chen et al [24, 28] and [27], synthesized Inorganic nano-adsorbent the highly
ordered Mg(OH)2 nanotube arrays inside the pores anodic alumina membranes to
form Mg(OH)2/Al2O3 composite membranes. And these membranes are used to
adsorb Nickel ions from wastewater with high efficiency. Chandra et al. [23]
accounted magnetite-graphene adsorbents with a particle size of *10 nm which
gives a high binding capacity of different oxidation states As3+ and As5+, and the
rate of binding capacity increases with increase in adsorption sites in the graphene
composite.

Therefore nanocomposites have enormous characteristics predominantly for the
effective removal of pollutant from wastewater even at micro level concentration,
with high selectivity, sensitivity and adsorption capability.

4.11 Agriculture

Nanotechnology applications in the agriculture could play a fundamental role. The
main application of nanocomposites in agricultural is to reduce the application of
plant protection products, minimize nutrient losses in fertilization and increase
yields through optimized nutrient management. Nanoparticles technology is a
fast-growing strategy to tackle [106] specific treatment in the agricultural field. The
goal of this imaging nanoparticles is to reduce the number of unnecessary troubles
in agriculture sectors [140].

The new nanosensors such as active carbon nanotubes, nanofibers, and
fullerenes also relevant implications for application in agriculture in particular for
soil analysis, easy biochemical sensing and control, water management and
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delivery, pesticide and nutrient delivery. Research peoples are concentrating in the
field of biopolymer composites in order to improve the properties of individual
polymers. Generally, silicate, clay and titanium dioxide (TiO2) added to biopoly-
mers to improve mechanical, barrier properties, other functions, and applications,
thereby acts as an antimicrobial agent, biosensors and oxygen scavenger [121].
Antifungal activities of polymers based copper nanocomposites against pathogenic
fungi have been reported [31]. A functional hybrid nanocomposite based on the
intercalation of two herbicides anions (2,4-dicholorophenoxy acetate and 4-
chlorophenoxy acetate) with zinc – aluminium layered double hydroxide [16].

A number of studies reported that the nanoparticles mediated plant transfor-
mation has the potential for genetic modification in plants by observed plant
reactions after contact. Specifically in specific agricultural problems in
plant-pathogen interactions and provide new ways for the crop protection [105].
Nanosilver is widely in agriculture field because of its specific properties [67].
Nanotechnology develops effectiveness, safety, patient adherence, as well as
reducing health care costs [7]. Nanoparticles not only influence the health agri-
cultural plant growth, it also associated with null use of hazardous insecticides and
pesticides by acting as the alternative product [18].

The application of nanotechnology would be highly promising in agricultural
research to put forward not only the detection of plant diseases and also in the
analysis and assessment of the use of nanoparticles in plant tissues.

5 Conclusion

Nanostructured materials have a greater impact in various fields. The ability to
engineer nanostructured materials has already demonstrated great value. In the next
decade, it will be important to elucidate how the physicochemical properties of
nanomaterials and their by-products interact with biological systems. This chapter
will substantially have an effect on our capacity to engineer new generations
nanomaterials with nontoxic and specified properties for various applications. This
chapter also provides the essential ideas on basic concepts of structural properties of
the material successful nanomaterials to design.
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Polymeric Composites as Catalysts
for Fine Chemistry

P. SundarRajan, K. GracePavithra, D. Balaji and K. P. Gopinath

1 Introduction

For the past three decades, conjugated polymers (CPs) have been studied inten-
sively ever since the discovery of the conducting polyacetylene (PAc) in 1976 [41].
Among CPs, Polypyrrole (PPy) and polyaniline (PANI) are often studied. Later, a
variety of CPs has been developed and extensively used due to their high con-
ductivity, as listed in Table 1. These CPs are normally stable in air, widespread
availability, cheap, chemically inert, and can be effectively prepared as a host for
incorporating various catalysts which having intriguing properties. New generations
of these materials find its application in the various sectors such as chemical sen-
sors, biosensors, energy storage (super capacitors, dielectric capacitors, batteries,
solar cells, fuel cells), biomedical devices, optical devices, electromagnetic inter-
ference shielding, anticorrosion and antistatic coatings, electro active devices and
catalysis.

In recent times, these CPs was recognized as suitable candidate for supporting
heterogeneous catalysts (e.g., noble metals) as well as for basic research and
practical applications owing to their intrinsic properties, for example, chemical
stability, superior electrical conductivity, special optical properties, better carrier
mobility, enhanced electrochemical activity, reusability, high accessible surface
area, chemical functionalities (like solvation, templating effect, wettability and so
on) and bio-compatibility [14, 28]. Most of the catalytic processes which are
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followed in industrial applications are found to be so complex because individual
catalysts cannot meet the demand in terms of catalytic activity, selectivity and
resistance towards deactivation. Hence, the introduction of composite catalyst,
which has at least two components clubbed together attracted many researchers
[60]. Among composite catalyst, CPs based composites show outstanding perfor-
mance as an effect of synergistic performance which is derived from individual
component anchored on them. Therefore, in this chapter, the applications of
polymer composite as a catalyst in wider fields such as fuel cells, cross-coupling
reaction, photocatalysis and 4-nitrophenol reduction are discussed briefly.

2 Electrocatalytic Activity of Polymer Composite

Low-temperature fuel cells are receiving substantial interest due to an eco-friendly
approach of direct electrochemical oxidation of hydrogen/alcohols (mostly, low
molecular weight) into either H2O or CO2 or both, which produces electricity in the
fuel cell. For oxidative and reduction reactions in a fuel cell, platinum or platinum
catalysts supported on a conductive material are frequently utilized as electrode
materials [4, 7]. In those catalysts, the surface to volume ratio of metal particles is
very high which promotes the accessible area for the reactions. The cost of fuel cell
operation usually relies upon the morphology and dispersal behaviour of these
metal particles because they are assumed as a key part in decreasing the loading rate
of the catalyst. The main prerequisites of a proper catalyst support to be used in a
fuel cell are

(a) appropriate void fractions for supporting gas flow,
(b) high stability during fuel cell working environments,
(c) high surface to volume ratio, for achieving high metal dispersion, and
(d) high specific conductance.

Table 1 Some reported conducting polymers [1, 12]

Polymer Label Band gap (eV) Conductivity (S cm−1) Yeara

Polyacetylene Pac 1.5 103 to 1.7 � 105 1977

Poly(p-phenylene) PPP – 500 1979

Poly(p-phenylenevinylene) PPV 2.5 3 to 5 � 103 1979

Polypyrrole PPy 3.1 102 to 7.5 � 103 1979

Polyaniline PAni 3.2 0–200 1980

Polythiophene PT 2.0 10 to 103 1981

Polyfurane PF – – 1981
aReported for the first time (in the year) as conducting polymer
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Currently, in low-temperature fuel cells, carbon, specifically Vulcan XC-72
carbon blacks, is usually preferred for supporting electrocatalyst nanoparticles
because of its substantial specific conductance and surface area [3]. A primary issue
associated with the utilization of carbon blacks as a cathode catalyst support in a
fuel cell is their less resistivity towards corrosion due to the electrochemical oxi-
dation of carbon surface. The carbon support instability leads to platinum particle
coalesce and platinum detachment which results in reducing platinum surface area.
On the other hand, the similar corrosion was to be found higher in the anode
catalyst, during the reversal of the cell voltage caused by fuel starvation. Likewise,
platinum catalysts appear to stimulate the carbon corrosion rate [4, 42, 49].

In addition, the existence of more numbers of micropores will leads to the low
accessible surface area for the dispersion of particles and uneven transport of the
fuel to the surface. Thus, carbon blacks having a huge surface area comprising
mainly micropores (<1 nm) becomes a burden to act as a catalyst support.
Eventually, carbon does not conduct protons that restricts the performance
achievements. A proton-conducting polymer (e.g., Nafion®) is typically blended
with a catalyst for the maximum usage of the catalyst because it mainly assists the
transport of protons within the catalyst layer. In response to that, several substitutes
of electrocatalyst supports are being investigated. Among them, mesoporous carbon
and carbon gels received a greater attention as a fuel catalyst supports due to the
presence of high quantity of mesopores and high surface area, which permits for
high flow of reactant and metal dispersion [4].

Catalysts deposited on aforementioned carbons exhibited catalytic activity much
higher than similar catalyst deposited on carbon black support. Their stability
during fuel cell operational condition is nearly the same as that of carbon blacks.
Lately, carbon-based nanostructures, for example, carbon nanofibers (CNFs) and
carbon nanotubes (CNTs) were explored as a supporting material for a catalyst in
fuel cells. Platinum/bimetallic Pt-based catalysts deposited on CNT and CNF
exhibited catalytic activity much higher than similar catalysts deposited on carbon
blacks support, because of the exceptional morphology and features like high
chemical stability, high accessible surface area and high electrical conductivity [3].
Investigations performed using carbon-based nanostructures in polymer electrolyte
membrane fuel cell (PEMFCs) conditions demonstrated that these nanostructures
can be more robust and can replace the traditional carbon black [54]. Though, these
supporting materials do not inhibit corrosion due to the oxidation of carbon surface
instead merely reduce the rate.

In such a case, non-carbon materials have been explored as a support for the
catalyst. Conducting oxides are developing as a suitable candidate for catalyst
support due to their oxidative resistance. Additionally, during fuel cell operation,
these materials exhibited electrochemical and thermal stability and delivered
remarkable resistance towards corrosion in different electrolytic media. Unlike
carbon, conducting oxides cease to improve electro-catalysis, but rather acts just as
a mechanical support, in some cases several metal oxide supports will be able to
serve as co-catalysts. Certainly, it is notable that several metal oxides, for example,
SnO2, WO3, and RuO2 can able to enrich the catalysis of platinum for oxidation of
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alcohol [20, 37, 40]. However, a major issue associated with the ceramic oxides is
their low surface area, which influences the metal dispersion and, thereby resulting
in a reduced catalytic activity. Additionally, the electrical conductivity of some
metal oxides, for example, TiO2 and SnO2 are low at temperatures beneath 200 °C.

Depending on the morphology features, conducting polymers (CPs) have been
employed in a fuel cell as a supporting material for catalysts. Normally, CPs
satisfies the main prerequisites of a proper catalyst support to be used in a fuel cell
that is mentioned earlier. Some of the CPs are proton- as well as
electron-conducting materials, so they can be alternative to catalyst incorporated
with Nafion® and deliver improved performance. The most commonly used CPs are
heterocyclic polymers such as polypyrrole (PPy), polythiophene (PTh), polyaniline
(PAni) and their derivatives. Table 1 shows the conductivities of some common
conjugated polymers. The catalyst activity seems to be higher in PPy and PAni that
is mainly due to the synergistic effect of the host matrix and the metal particles [3,
14]. Under fuel cell environment, polymer-supported catalyst usually exhibits a
satisfactory stability (e.g., catalytic activity and film integrity). But, in both PAni
and PPy, chemical degradation was found during metal doping and the catalysis. In
addition, under both oxidizing and reducing conditions, the deposition of the cat-
alyst particles resulted in the degradation of electrical conductivity of the
polypyrrole.

And the intermediate products (aldehydes) formed during alcohol oxidation
degraded the polyaniline. Furthermore, the use of PAni and PPy as electrocatalyst
supports are limited due to loss of electrical conductivity [4].

In summary, the utilization of either carbon or ceramic or polymer materials as a
catalyst support in a fuel cell is not totally satisfactory. Accordingly, composite of
polymer–carbon, ceramic–carbon and polymer-ceramic materials have been pro-
posed in the most recent years as catalyst supports in fuel cells. These composite
may have more reasonable properties than the individual materials when used as a
supporting material for the catalyst. Gomez-Romero [12] divided them into two
major categories, as per the inherent features of the host and guest phases. Thus,
organic-inorganic (OI) materials signify composites with organic hosts and inor-
ganic guests, whereas in inorganic-organic (IO) materials, the organic phase is guest
to an inorganic host. In OI hybrids, generally, the inorganic molecules will con-
tribute their chemical activity and requires the structural support from CPs to form a
useful solid material. On the other hand, in IO hybrids, the inorganic phase will be
providing the structural task even though embedded CPs can also imprint their
polymeric nature onto the materials acquired.

2.1 Composite Polymer-Carbon Black Supports

Usually, the electrochemical activity of catalysts supported on composite polymer–
carbon blacks (normally Vulcan XC-72), is higher than that of the similar catalysts
supported on either carbon or polymer. This enhancement is mainly due to the
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higher accessible surface area and electrical conductivity of the support and the
polymer/electrolyte interface with simpler charge-transfer which permitting the use
of almost all the deposited metal nanoparticles. Xu et al. [61] basically examined
the influence of PAni on carbon characteristics (IO material) and found the opti-
mum mass ratio of PAni to C (PAni: C = 0.25:1). An excess amount of PAni will
reduce the conductivity of the composite, whereas a limited amount of PAni will
reduce the anti-poisoning ability of the catalyst. Subsequently, the produced CO
poisoning intermediate compound contributes 61.5% of the reduction in methanol
oxidation current on the Pt/C catalyst, after 200 potential cycles, however, just 20%
reduction is observed while using the Pt/PAni–C composite catalyst. This implies
that the anti-poisoning ability of Pt/PAni–C was three folds greater than the Pt/C. In
addition, the presence of PAni encourages ability of the catalyst to absorb more
water and generates an active oxy-compound (Pt–OH), which elevates oxidation of
carbon monoxide into carbon dioxide.

The work of Wu et al. [55] addressed the impact of using conventional carbon
particles (Vulcan XC-72) along with CP (PAni) (OI material). They demonstrated
that the integration of carbon particles into PAni film not just increases the electron
conductivity, yet additionally reduces charge-transfer resistance across PAni/
electrolyte interfaces. In both cases, for methanol oxidation, the activity of platinum
supported on PAni–C (polymer-carbon) composite was considerably higher than
that of the single host component.

Mokrane et al. [35] synthesized conducting polypyrrole (PPy)/C (Vulcan
XC-72) composite material with different PPy/C ratios via chemical polymerization
method. They noticed that the composite firmly affected the electrochemical activity
of supported platinum toward the oxygen reduction reaction (ORR) in acid med-
ium. The variation of the PPy/C ratio decides the so-called substrate effect for
electrocatalysis. Thus, ORR is indirectly proportional to PPy content in the
composite.

2.2 Composite Polymer-CNT Supports

Among many varieties of carbons, carbon nanotubes were commonly used as the
carbon material in polymer-carbon composite due to their attracting features. To
understand the different characteristics of polymer–CNT composites, comprehen-
sive knowledge of the morphology, properties, and chemistry of CNT is significant.
CNTs are prepared by single sheets of hexagonally arranged carbon atoms, called
graphene and represented in the form of 3D cylindrical nanostructures. There are
two basic classifications of CNT, that is, single-walled carbon nanotubes
(SWCNTs) and multi-walled carbon nanotubes (MWCNTs) [4]. SWCNT can be
pictured as a rolled-up graphene sheet (tubular), which comprises of benzene
molecules, including hexagonal rings of carbon atoms, whereas MWCNT contains
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a stack of graphene sheets that are rolled up into concentric cylinders. The unique
properties related with CNT is usually influenced by various parameters, such as
nanotube synthetic method, quality of nanotubes, chirality, size, shape, alignment
of nanotubes, defect density, and degree of crystallinity [36]. In most cases,
polymer–CNT composites are OI materials, where CNT are dispersed in the
polymer matrix to enhance the electrical and mechanical properties of the polymer.
The probability of attaining high conductivity at low CNT content makes them a
suitable candidate for many potential applications. Moreover, in order to achieve
the desired CNT properties, the system is designed in such a manner to create a
uniform dispersion of CNT in the composites with high stability.

The major problems associated with the synthesis of polymer-CNT composites
exist in the effective integration of CNT into a polymer matrix, the control over the
alignment of CNT in the matrix and the evaluation of the dispersion. Accordingly,
several techniques have been proposed for the incorporation of CNT in the polymer
matrix includes melt mixing, in situ polymerization, electrospinning, chemical
functionalization of the carbon nanotubes and solution mixing [43]. Besides, at
existing phase of technology growth, CNT production methods are too expensive
and not reasonable for manufacturing at pilot scale. Additionally, because of the
complex synthesis approach, the quality of CNT differs from one supplier then onto
the next and even with the same vendors at various times, making them unreliable
for pilot-scale use [31].

Baikeri and Maimaitiyiming [5] revealed that poly(9,9-dioctyl
fluorine-alt-2-amino-4,6-pyrimidine) (oligomer) acts as an effective dispersant for
SWCNTs. Pt particle was doped on the Py-SWCNT films by H2PtCl6 via coordi-
nation reaction. Furthermore, the incorporation of SWCNT also lead to higher
catalytic activity due to the higher accessible surface area and the electrical con-
ductivity of Py-SWCNT composite was considerably higher. Zhu et al. [68] pre-
pared homogeneous PAni-MWNT nanocomposites by functionalizing the
MWCNT by the means of diazotization reaction. The 4-carboxylicbenzene group
was altered on MWCNT surface via a C–C covalent bond, which helps the dis-
persion of carbon nanotubes in aniline. Later, electrochemical polymerization was
performed by cyclic voltammetry in sulphuric acid containing aniline and 0.8 wt%
MWNT. The functionalization of the MWNT can prevent separation of microscopic
phase in the nanocomposite and thereby ensure the adaptability of CNTs in the
PAni matrix. Compared to pure PAni film, the Pt-modified PAni–MWNT com-
posite exhibited long-term stability with a higher activity for formic acid oxidation.
On this basis, the Polymer–CNT composites can serve as excellent host matrices for
fuel cell catalysts.

2.3 Composite Polymer-Ceramic Supports

A recently developing field of materials, so-called “nanohybrid” or “nanocom-
posite” materials, produced by coordinating interactions of different organic and
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inorganic materials at the molecular level to obtain new materials with enhanced
features and unique functions. This strategy has been effectively utilized currently
for the production of new nanocomposite materials by a redox intercalation
approach to get hybrid lamellar transition-metal oxides possessing improved syn-
ergistic activity. It is renowned that intercalation prompts alteration in the spacing
between the layered structures. For instance, a few conducting polymers, for
example, PAni, PPy, and PTh are known to oxidatively polymerize in presence of
strong oxidizing transition-metal oxides (like V2O5).

In low-temperature fuel cells, ceramic materials (includes carbides and metal
oxides which acts as a carbon-alternative) have been studied as oxidation resistant
supports for catalysts [4]. During fuel cell operational condition, these materials are
highly stable and exhibited exceptional resistance towards corrosion (under dif-
ferent electrolytic medium). In some cases, various metal oxide supports also acted
as co-catalysts. Mesoporous ceramic materials are effectively utilized as a support
of fuel cell catalyst because they possess high accessible surface area, large pore
volumes with controllable sizes. On these bases, PANI-doped mesoporous metal
oxides have been studied as anode materials in fuel cell applications.

Maiyalagan and Viswanathan [30] prepared a stable conducting PEDOT-V2O5

nanocomposite material via the intercalation of poly(3,4ethylenedioxythiophene)
(PEDOT) in V2O5 matrix. PEDOT-V2O5 was used as the support for Pt in
formaldehyde reduction method. For methanol oxidation, the electrochemical
activity and stability of the Pt/PEDOT-V2O5 electrode were greater than that of Pt/
C electrode, under the electrochemical operating conditions. Pang et al. [39] syn-
thesized PAni-SnO2 composites via chemical polymerization of aniline in presence
of SnO2. The Pt has supported the PAni-SnO2 matrix and on SnO2 for comparative
study. The characterization study using XRD (X-ray diffraction) indicated that the
nanoparticles Pt were evenly deposited on PAni-SnO2 than the other one. In
comparison with the Pt/SnO2 electrode, the Pt supported-PAni-SnO2 electrode
exhibited better electrochemical characteristics (larger electrochemical surface area
(ESA), better anti-poisoning ability and higher electrocatalytic activity for methanol
oxidation) under the same operating parameters.

3 Catalysing Cross-Coupling Reactions

In the coupling reactions like Mizoroki-Heck, Suzuki-Miyaura and
Sonogashira-Hahihara reactions, homogeneous palladium catalysis has garnered
vast significance. This kind of catalysis offers high turnover numbers (TON), high
reactivity and frequently provides high yields and selectivity. With the help of
ligands (such as phosphines, amines, carbenes, dibenzylideneacetone (dba), etc.),
the Pd catalysts properties can be enhanced.
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Recent development in ligand-free Pd catalysts has replaced ligand assisted
techniques. In another aspect, homogeneous catalysis has various disadvantages,
such as difficulty in reuse or recycling the catalyst. This resulted in the loss of
precious metal and ligands. Additionally, the impurities and the residual metals in
the end-products have to be expelled [11]. These issues are to be resolved in order
to catalyse the coupling reactions in the industry using homogeneous Pd-catalyst
which are still an as challenging task. Heterogeneous Pd catalysis was found to be a
feasible alternative. In this technique, Pd is attached to a solid support, such as
zeolites and molecular sieves, activated carbon, metal oxides (mainly alumina or
silica and also ZnO, MgO, ZrO2, TiO2), alkali, clays and alkaline earth salts
(BaSO4, CaCO3, SrCO3, BaCO3), organic polymers, porous glass or polymers
implanted in porous glass. In another aspect, Pd can also be converted to composite
material by attaching it directly to a solid support; or by covalently bounding Pd to
the supports with the help of ligands. These two methods of solid support permits to
reuse or recover the heterogeneous catalyst after the process until the catalyst get
deactivated. However, heterogeneous catalysis requires more extreme reaction
conditions than homogeneous catalysis without causing a problem to the stability of
the catalysts, because Pd catalyst is often thermally stable.

3.1 Suzuki-Miyaura Reactions

For the modern synthetic organic chemistry especially in the synthesis of biaryl
compounds, Suzuki-Miyaura reaction was turned into the backbone. In recent
times, the biaryl compounds are synthesized by catalysing arylation through
Suzuki-Miyaura reaction using Pd/C catalyst and they also exist in heterocyclic.
Furthermore, Suzuki-Miaura reactions can utilize for coupling variety of organic
compounds which are different from aryl compounds (such as alkynes, alenes or
alkenes). Marck et al [32] reported about the Pd/C catalysed Suzuki reaction for the
first time in 1994.

Generally, in catalytic applications, some of the expected outcomes are evenly
dispersion of nanoparticles, easy recovery and reusability, and control in particle
size. However, nanoparticles often get aggregated and influenced the selectivity and
catalytic activity of the catalyst. Hence, these nanoparticles should be anchored on a
host complex such as macromolecular organic ligands or polymer. Esmaeilpour
et al. [10] investigated the Suzuki–Miyaura reactions using Fe3O4@SiO2-
polymer-imid-Pd magnetic nanocatalyst without added phosphine ligands.
So-produced Pd nanoparticles provided better accessibility for reactants without
getting aggregated. In addition, they offered the easy separation of the catalyst using
a magnetic field, short reaction times, easy purification, higher product yields and
reduced Pd leaching. Sun et al. [46] prepared the magnetic polymer-supported
catalyst by dispersing of Pd on the surface of the orange-like Fe3O4/polypyrrole
(PPy) composite and investigated their application in Suzuki cross-coupling reac-
tion in water. The PPy provided two functions: (i) protection of the magnetic
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particles against corruption and oxidation by acids and oxygen; (ii) presence of
numbers of functional groups (–NH–) on the surface facilitated the immobilization
of catalytic active species. Furthermore, the easy separation of magnetic Fe3O4

(seeds in composite) was achieved and reused for 6 times during a reaction turn
without any loss.

3.2 Heck Cross-Coupling Reactions

The first Mizoroki-Heck cross-coupling reactions were discovered separately by
Mizoroki et al. [33] and Heck and Nolley [15] where the palladium-catalysed
arylation of olefins. In presence of palladium catalyst, an aryl (pseudo) halide reacts
with an alkene along with a base to form an arylated alkene. This reaction has been
employed in many fields, including fine chemicals syntheses, bioactive compounds,
drug intermediates, natural products, antioxidants, UV absorbers, and other
industrial applications Esmaeilpour et al. [10].

For Heck cross-coupling reactions, soluble palladium compounds such as
phosphine palladium complexes are found to be the effective catalyst [21, 45]. The
advancement of the catalyst with non-phosphine ligands [18, 29] gathered the
attention of many researchers as phosphine ligands are found to be unfit to our
environment due to its cost, toxicity, sensitivity to air and moisture. In recent
studies, several efficient eco-friendly matrices were reported for supporting
heterogeneous catalysts (Palladium) such as carbon nanotubes/nanofibers, clay,
ionic liquids, silica, zeolites, metal oxides, graphene, d-glucosamine, magnetic
materials and polymers. For the efficient separation of catalyst for recycling and
organic end-products, immobilization of metal catalyst on solid matrix considered
to be an efficient tool. In most cases, polymers are used a solid matrix because it
provides different combinations of metal bonding to the matrix of the polymer by a
non-covalent or covalent bonding, through hydrogen bridges, hydrophobic or
specific fluorous interactions as well as ionic bonding.

Many types of research recently reported that under phosphine-free conditions
polymer-anchored palladium composites were active for the Heck reaction. Under
the phosphine-free condition, Islam et al. [18] examined the catalytic activity of Pd
(II) supported on poly (N-vinyl carbazole) in the heck reaction (cross-coupling
reaction) of terminal alkenes with aryl halides. The polymer-anchored metal
complex found to be air-stable, non-polluting and active under different reaction
parameters while optimization of the reaction conditions. The simple reaction
conditions and in operation, higher yield, easy regeneration of the catalyst and rapid
conversion makes them a suitable candidate for industrial application. Sarkar et al.
[44] prepared a heterogeneous poly(hydroxamic acid) Pd(II) complex by utilizing
corn-cob cellulose waste as a solid matrix with a reusable ability. Cellulose
(biopolymer) is considered as a supporting material due to various attracting fea-
tures such as low-density, inexpensive, insolubility, better stability while using
organic solvents and wide availability. Under ambient reaction conditions, the
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cellulose-poly(hydroxamic acid)-Pd(II) catalysed the reaction of aryl/heteroaryl
halides and arenediazonium tetrafluoroborate with a different olefins and without a
loss during recycling of the catalyst.

3.3 Sonogashira-Hagihara Reaction

The sonogashira cross-coupling reaction is well-known for the construction of c-c
bonds, especially for the formation of alkynes. Generally, the catalyst used for this
type of transformation includes Pd/C, CELL–Pd(0), Pd(dmba)Cl(PTA),
PdCl2(PCy3)2, PdCl2/PPh3 and PdCl2(PPh3)2 together with CuI as co-catalyst [25,
34]. In recent decades, modification in the conventional Sonogashira protocol has
been done. Notable among them are phase transfer and copper-free condition; and
catalyst utilization, which includes N-heterocyclic carbene (NHC) ligands mostly
used for reaction with less reactive bromo- and chloroarenes. The consequence of
various solvent such as ionic liquids, aqueous-organic solvent mixtures in presence
of water-soluble phosphine ligands is explored. (Bhattacharya and Sengupta [6].

Tamami et al. [48] developed a catalytic system by anchoring palladium
nanoparticle on poly (N-vinyl imidazole) (PVI) grafted silica through an
eco-friendly approach. This catalytic system showed exceptional activity in
copper-free Sonogashira-Hagihara reaction of phenylacetylene with aryl halides,
under short reaction times with high yields. Furthermore, seven consequence cycles
demonstrated that the polymer-supported catalyst retained its activity and recy-
clability without any loss. Heravi et al. [17] combined copper- and solvent-free
Sonogashira coupling for the different reaction of alkynes with several aryl halides
in presence of recyclable and reusable PdCl2 catalyst which is supported on
modified poly(styrene-co-maleic anhydride). In addition to higher activity, the
catalyst also produced a wide variety of coupling products with remarkable yields.
Moreover, without any pre-activation steps, the catalyst was reused for a minimum
of five consecutive cycles.

4 Photocatalytic Degradation of the Pollutant

Due to the properties like higher catalytic activity, structure-based optical and
electronic property, rapid reaction rate, and higher surface area, nanoparticles have
high in potential as catalyst as well as redox active media, which attracted many
researchers in designing of photo/chem-catalytic materials with greater efficiency
especially for the purification of water and gases which are contaminated. Nanosized
semiconductor materials such as nano-TiO2 [24, 50], ZnO [38], CdS [67], and CdO
[47], zero-valence metals such as Cu0 [27, 57] and Fe0 [51, 52] and bimetallic
nanoparticles such as Fe/Pd [53], Fe/Ni [56], and Pd/Sn [26] are commonly used
catalytic nanoparticles. For a variety of contaminants which includes polychlorinated
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biphenyls (PCBs), halogenated aliphatics, organochlorine pesticides, azo dyes [66],
halogenated herbicides and nitroaromatics are degraded using a catalyst or redox
reagents. But the limitations are seen in the segregation of fine particles from the
aqueous suspensions and in catalyst recovering. This limit has been rectified by
immobilizing the nanoparticles onto polymer support (such as porous resins [26],
polymeric membranes [9, 47, 50] and ion exchangers [27]) with minimum particle
loss and coalesce. Table 2 summarizes some polymer-supported nanocomposites for
photocatalytic degradation of pollutants from the various aqueous environment.

In degradation of organic pollutants, nano-TiO2 usually plays as a catalyst.
Ameen et al. [2] done a research on degradation of methylene blue (MB) dye by
poly 1-naphthylamine (PNA)/TiO2 nanocomposite prepared by in situ polymer-
ization, where enhanced photocatalytic activity was observed. The photodegrada-
tion efficiency of MB colour might be due to the effective charge separation of the
electrons (e−) and hole (h+) pairs at the interfaces of PAN and TiO2. Some bimetals
(such as Cu0, Fe0, Fe/Pd, Pd/Sn, Ni/Fe, etc.) and nanoscale metals are found to be
very efficient in degradation of different organic pollutants (such as brominated
methanes, chlorinated methanes, trihalomethanes, chlorinated benzenes, chlorinated
ethenes, other polychlorinated hydrocarbons, dyes and pesticides) [26, 51–53, 56,
57]. The aforementioned metal nanoparticles are found to be very higher in reac-
tivity, for example, self-ignition of nZVI is possible when exposed to air. Hence,
oxidation is inhibited in order to preserve the nature of the chemical until they are
exposed to the targeted contaminants.

Lin et al. [27] done a research using cation exchanger resin doped with
nanoscale zero-valent copper (nZVC) which increases the accessible surface area of
the catalyst by reducing aggregation of nZVC particles. During the reaction
between CCl4 and Cuo, the Cu ion produced is recycled back by simultaneous
cation exchange resin. The combination of sorption due to host resin and degra-
dation by means of nZVC resulted in declination of the quantity of pollutant (CCl4)
available in aqueous solution.

Dong et al. [8] researched a composite made by intercalating sodium car-
boxymethylcellulose (CMC) (serves as a stabilizer) into parallelized iron (Fe/Pd)
nanoparticles. When comparing to CMC-stabilized nanoparticles, the pristine Fe/Pd
particles, showed less stability against agglomeration, soil transport and chemical
reactivity. It is concluded from batch dichlorination tests that CMC-stabilized
nanoparticles photodegraded trichloroethene (TCE) which is found to be 17-folds
faster than the non-stabilized nanoparticles.

5 Catalytic Reduction of 4-Nitrophenol

Recently, for the degradation of aromatic dye and nitro-compounds, various metal
nanocatalysts has been developed in order to attain sustainable environment. Since
4-nitrophenol was found to be toxic, it has to be reduced to 4-aminophenol which is
important in application aspect. Comparing to 4-nitrophenol, 4-aminophenol find its
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footprint as intermediate in the hair-dyeing agent, antipyretic drugs, anticorrosion
lubricant and photographic developers etc. Hence, conversion of 4-nitrophenol
(4-NP) by borohydride ions (BH4

−) using metal nanocatalysts into 4-aminophenol
(4-AP) via catalytic reduction became more significant. Various novel metal (such
as Ag, Au, Pd, Pt etc.,), metal oxide (such as Cu2O) and bimetal (such as Au/Ag,
Au/Pt, Pd/Ag, Pd/ZnO2 and Pt/CeO2, etc.,) nanostructures were considered as
catalyst for the reduction of 4-NP using NaBH4, which is a pollutant in industrial
wastewaters and non-biodegradable material, can be harmful to environment and
human health [63].

For the enhancement of the activity of these type of catalysts, the particle
morphology and size can be altered. Moreover, the catalytic performance is found
higher while using bimetallic nanomaterials (such as Pt/Au alloy nanoparticles
(NPs)) [62], Ag/Pd bimetallic NPs [19], and Au/Ag alloy nanoclusters [58].
Therefore, the important key variable for catalytic activity is considered as
low-coordination sites and the elevated range of surface-to-volume ratio in
nanocatalysts. In any case, these variables have the potential to reduce the surface
energy of nanocatalyst and thereby increases the chance of agglomeration which
influences the catalytic activity of nanocatalysts. In response to above problem, a
promising technique has been proposed, that is anchoring of nanocatalyst on the
support matrix, such as cellulose nanofibers [16], silica nanotubes [64], carbon
nanotubes [22, 23], polymer-type matrices [13, 59], and graphene [22, 23]. Among
these support materials, polymer-type carriers have received great interest for
practical application because these materials contain various functional groups
which act as anchor sites for loading nanoparticles (catalyst) and thereby improves
the properties of nanoparticles, dispersibility and recyclability. Wu et al. [59]
fabricated a composite particle of polystyrene/reduced graphene oxide@gold
nanoparticles by a facile and controllable method and reported that as-prepared PS/
RGO@AuNP composite has good dispersibility in water and additionally, showed
excellent catalytic activity in the reduction of p-nitrophenol by sodium borohydride
in aqueous solution. In Heidari [16] work, cost-effective biopolymer (nanofibril-
lated cellulose (NFC)) was used as support for silver nanoparticles and achieved
shorter reduction period. Zhang et al. [65] immobilized silver nanoparticles in
sulfhydryl functionalized poly(glycidyl methacrylate) microspheres for enhancing
monodispersity and recyclability. Moreover, Ag NPs@PGMA-SH composite
showed higher catalytic activity during the reduction of 4-NP, which was 1.3–1.32
times higher than reported in the literature. This catalyst also exhibited excellent
reusability as a conversion higher than 92% (after 10 consecutive cycles).

6 Conclusions

Many researchers dedicated their work on CPs ever since the discovery of con-
ducting polyacetylene in the 1970s and published more number of research results
in this relevant field. The rapid development in the field of science and technology
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has led to the advancement in the CPs and their composite materials in nanoscale.
The application of these polymer-based composites is found to be interesting. The
well-known use of polymer-based composites in catalytic applications such as fuel
cells, cross-coupling reaction, photocatalysis degradation and reduction of pollu-
tants are discussed briefly. Among them, polymer composite as a catalyst in fuel
cell and photocatalysis are often studied. Moreover, the interaction behaviour
between the host polymers and the immobilized catalyst are highlighted. Others
issues regarding the technology limitation and challenging tasks are also discussed.
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FBS Fetal bovine serum
FN Fibronectin
G Gelatin
HEMA Hydroxyethyl methacrylate
HUVECs Human umbilical vein endothelial cells
IPN Interpenetrating polymeric
iPS-CMs Induced pluripotent stem cell-derived cardiomyocytes
LbL Layer-by-layer
LCA Life-cycle assessment
LECs Lymph epithelial cells
MBSCs Bone marrow stromal cells
MCS Maleic chitosan derivatives
MMT Montmorillonite
NHDFs Normal human dermal fibroblasts
PAAm Polyacrylamide
PBS Phosphate buffer saline
PEG Poly(ethylene glycol)
PEGDA Poly(ethylene glycol) diacrylate
PLGA Poly(lactic-co-glycolic acid)
PPGs Polyacrylamide particle gels
PPO-PEO Poly(propylene oxide)-poly(ethylene oxide)
PVA Poly (vinyl) alcohol
PVP Poly (vinyl pyrrolidone)
PVSA Poly-vinylsulfonic acid
RGD Arginine-glycine-aspartic acid
TPVA Thiol-terminated poly (vinyl alcohol)
VAc Vinyl acetate

1 Introduction

What is a hydrogel? Answering this seemingly simple question could appear easy
but this is not the case. Using the SciFinder portal (https://scifinder.cas.org), the
word “hydrogels” led to 114,105 references (70% published between 2007 and
2017) including 28 book chapters, 6761 reviews, 24,324 patents and 83,187 articles
(Fig. 1). Except for book chapters, the number of research articles, reviews and
patents per year has doubled in less than 10 years. Basically, hydrogels are
three-dimensional, smart and/or hungry polymer networks extensively swollen with
water. Their sizes are variable, and they are named recently micro- and nanohy-
drogels when their sizes are reduced to 1 µm and 1 nm respectively [1]. Depending
upon the pore size between polymer networks, the structure of hydrogel can be
classified as nonporous, microporous, or superporous [2]. These complex structures
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are capable to absorb large quantities of water or other fluids such as biological
liquids, but they do not dissolve in them. Owing to their varying compositions,
hydrogels are classified into three categories for biomedical applications depending
on their physical properties, i.e. liquid, semi-solid and solid [3]. They should be
biocompatible, and non-toxic and can be biodegraded (or not) for specific appli-
cations. The most common hydrogels are cross-linked polymers generated by the
polymerization of one or several monomers [4]. They can be also formed by the
reticulation of synthetic or natural polymers [5]. Their hydrophilicity is mainly due
to the presence of hydrophilic groups such as –OH, –CONH2, –COOH, –CONH–
or others [5]. Their ionic nature can be neutral, cationic or anionic, some of them
having ampholytic behaviour. Hydrogels are sometimes named ‘reversible’ or
‘physical’ gels if molecular entanglements (ionic interactions, hydrophobic forces
or hydrogen-bonding) play the main role in forming the network. It is sometimes
possible to dissolve them by changing physicochemical environmental conditions,
such as the ionic strength of the solution, light, magnetic field, pH, or temperature
[6]. Hydrogels are non-reversible when a cross-linker leads to the formation of
covalent bonds to build the network. All these families of hydrogels may have
natural or synthetic origins. Novel hydrogels with specific properties made of
natural and biodegradable polymers are in great demand. Nonetheless, during the
50 last years of scientific literature and patents speaking of hydrogels, the natural
hydrogels have been gradually replaced by synthetic ones. Synthetic hydrogels are
described in the literature as homopolymeric, copolymeric or multipolymeric
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hydrogels. They have been found more versatile and diverse for biomedical
applications owing to their tailorable designs or modifications. Hydrogels based on
polyethylene glycol (PEG), poly (vinyl) alcohol (PVA), poly (vinyl pyrrolidone)
(PVP) are examples of synthetic hydrogels. Natural hydrogels are produced using
polymers (mainly polysaccharides and proteins) extracted from various biomass.
Despite their “green” nature and biocompatibility, they have some disadvantages
such as insufficient mechanical properties but also some variations depending on
the production batch. The polysaccharides currently used in natural hydrogels are
dextran, hyaluronic acid, alginate or chitosan [7–9] whereas the main protein
employed is collagen [10].

The success of hydrogels in tissue engineering, agriculture, drug delivery,
superabsorbent, wound dressing, sealing, coal dewatering, artificial snow, separa-
tion of biomolecules or cells, antiadhesive compound, biosensors, contact lenses
and other is linked to their characteristics including gas (such as O2) permeability,
stability, biocompatibility, excellent mechanical properties, wettability and per-
meability to water, refractive index and light transmittance [3, 4].

This book chapter intends to clarify the classification of hydrogels, to describe
the methodologies for making them and to synthesize all their applications in
several scientific and industrial areas.

2 Classifying Hydrogel: What’s the Bottom Line?

Fabrication methodology of sustainable firstly requires a strong and comprehensive
understanding of hydrogel products involved in the preparation. Recently,
Varaprasad et al. [11] published a decent mini review describing an updated
hydrogels classification, regarding their cross-linking and physical states but also
some associated developments in miscellaneous applications. Based on different
aspects (Fig. 2), hydrogels can be classified in many ways, depending on (i) source,
which is of main importance for a sustainable point of view, (ii) polymeric com-
position, (iii) physicochemical composition, (iv) type of cross-linkers used,
(v) network electrical charge and finally (vi) physical appearance [4]. Today,
life-cycle assessment (LCA) of hydrogels should be also considered as a seventh
item. In an eco-designing point of view, the good knowledge of the environmental
effect and generated hydrogels is of first importance. LCA should be considered
here as a comprehensive methodology to estimate and evaluate the environmental
impact of the whole fabrication methodology of hydrogels, but also allover its
whole life cycle according to ISO 14044. This notion implicated not only one single
parameter but a succession of analyses throughout the product lifecycle. Thus, the
best typical crop of the environmental impact of a product must consider the
environmental courses all over the whole product’s life, including the emission to
land, water and air as well as the energy and material balance of product resources
[12–14]. A complete LCA from the extraction of polymers/materials following
by their modification/transformation/designing/manufacturing into a “sustainable”
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hydrogel, through the practical use of the product and finally the end of life cir-
cumstances, such as disposal or recycling, should be considered [15]. It was found
that engineered bio-sourced materials should prospectively play an increasingly
major role in our consumer society which is in perpetual search of sustainable and
environmentally friendly materials. It was particularly reported that in comparison
to petroleum-based materials, biopolymer materials could significantly reduce
the energy/environmental balance impact. The use of biomass feedstocks and
byproducts (polysaccharide-based composition for example) for making hydrogels
is also not negligible and could contribute to trapping carbon thanks to this concept.

Hydrogels can be separated depending on their natural or synthetic origins.
Thus, the hydrogel can contain natural polysaccharides and/or proteins such as
chitosan, cellulose, alginate, starch, gelatin, or collagen. The list of synthetic
polymers is longer, and the most common synthetic monomers used, especially in
the pharmaceutical field, are probably PEG and its derivatives (PEG acrylate,
methacrylate, diacrylate, dimethacrylate), ethylene glycol (EG), acrylic acid
(AA) or hydroxyethyl methacrylate (HEMA). Table 1 gives an overview of these
polymers commonly used for the preparation of hydrogels.

The type of polymer network generating during the fabrication method also
greatly affects the classes of hydrogels [16]. From a single species of monomer, it is
possible to obtain homopolymeric hydrogels which may have cross-linked skeletal
structure, as reported by Takashi et al. [17]. The use of two or more different

Fig. 2 The overall bottom line for classifying hydrogels
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monomer species can be used to prepare copolymeric hydrogels, which needs at
least a hydrophilic component and are characterized by a specific configuration in
the chain of the polymer network [18]. Note that this kind of hydrogel can include a
natural polymer in its structure [19]. The last type according to polymeric com-
position classification, i.e. the so-called multipolymer interpenetrating polymeric
(IPN) hydrogels, is made of two independent natural and/or cross-linked synthetic
polymers. The semi-ipn hydrogel is also reported in the literature and is composed
of a cross-linked and a non-cross-linked polymer [20]. The kind of cross-linked
interactions is also considered since it is possible to prepare hydrogels with
chemically cross-linked networks (e.g. grafting, radical polymerization,
condensation/enzymatic reaction, high-energy radiation) but also physically
cross-linked networks. The cohesion of the last one is in general based on ionic and/
or hydrophobic interactions, hydrogens bonds, polymer chain entanglements,
stereo-complex formation, thermo-reversible gels, maturation due to heat-inducing
aggregation, freeze-thawing [4, 11, 21]. The physical and chemical structure plus
the physical appearance of hydrogels give birth to supplementary classes, e.g.
non-crystalline, semi-crystalline, crystalline as well as gels (macro/micro/nano),
matrix, film or microsphere. Generally speaking, some authors also report three
main classes based on physical properties, i.e. solid, bio-adhesive and liquid-based
hydrogels [11]. The preparation process is mainly involved for obtaining these
looks (see Sect. 3). Finally, as reported by Ahmed [4], four groups describe the
importance of electrical charge into hydrogel network on the cross-linked chains,
i.e. neutral, ionic, amphoteric electrolyte and zwitterionic.

Table 1 Some natural and synthetic monomers used for making hydrogels

Natural
polymers

Number of
publicationsa

Synthetic polymers Number of
publications

Chitosan/
chitin

218/82 Poly(ethylene glycol) (PEG) 370

Alginate 336 PEG-acrylate
PEG methacrylate
PEG diacrylate
PEG dimethacrylate

27
38
118
33

Dextran 55 Methacrylic acid 72

Cellulose 105 Ethylene glycol (EG) 319

Gelatin 262 Hydroxyethyl methacrylate (HEMA)
and derivatives

59

Fibrin 72 Ethylene glycol dimethacrylate
(EGDMA)

29

Collagen 252 Vinyl acetate (VAc) 2

Polyvinyl alcohol (PVA) 101

Acrylic acid (AA) 141
aBased on Scopus, with the keywords combination “polymer name AND hydrogel AND
fabrication”
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3 Methodology for Making Hydrogels and Sustainable
Hydrogels

3.1 Goals and Technical Features

As described above, talking about hydrogels involves working on highly hydro-
philic polymer networks presenting high swollen properties with water and aqueous
media. Lot of works in the literature described hydrogels as a hydrocolloid gels
material in which one, the dispersion medium is water [4, 22]. One of the most
important applications of hydrogels largely described during the last decade is
probably their uses as polymeric matrices for: (i) controlled releases of pharma-
ceutics drugs and and (ii) living cells entrapment/encapsulation [23–25]. Therefore,
from the past 30 years, hydrogels continue to be a technology booming thank to
their very high flexibility degree closely like human tissues [4, 26, 27]. A lot of
studies was published for the optimization of hydrogels synthesis aiming to increase
the technical features and improve their efficiency in pharmaceutical and biomedical
applications [3, 4, 28]. In fact, the perpetual search for new biomaterials (e.g.
artificial organs or tissues, filling materials, pharmaceutical release, diagnostic
system) such as hydrogel is a fundamental notion in the biomedical sector. This
requires a multidisciplinary approach involving physicians, biologists, chemists,
and physicochemical. Hydrogels thus constitute a group of polymeric biomaterials
having a hydrophilic structure allowing them to retain large quantities of water per
area unit in a complex three-dimensional network. Moreover, thanks to the
cross-links between the chains of the network, these biomaterials are highly
resistant to dissolution in aqueous media. Consequently, as related by lot of authors
[22, 23, 29, 30] we can easily list different functional features to characterize a most
favorable hydrogel material for industrial applications such as: (i) highest bio-
compatibility, (ii) lowest solubility, (iii) highest swelling properties in water and in
saline media, (iv) highest re-wetting ability depending on the desired applications,
(v) highest biodegradability, (vi) highest stability and robustness in swelling sur-
rounding, (vii) highest durability during storage before use, (viii) lowest releaser of
toxic compound, (ix) odorless and/or colorlessness, (x) highest temperature, pH and
photostability before and after swelling formation and, (xi) highest porosity to allow
the fluid circulation and the best swelling properties. In general, it is well estab-
lished that according to the use of the hydrogels, the main technical features to be
developed must be optimized to consider a genius balance between the properties of
the biomaterials and the targeted applications [3, 30]. Moreover, as very well
related by Ahmed [4], it was clearly established that according to the nature, the
intrinsic properties, the distribution and the density of compounds used (e.g. natural
or synthetic polymers, cross-linkers, adhesives, adjuvants, extracellular matrices),
hydrogel macrostructures could include diverse amount of water in swelling state in
the application medium leading to higher water mass fraction in scaffold than
polymers mass fraction itself. Therefore, if we focus particularly on the case of
entrapment living cell application, another innovative technology is the cell coating
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(CC). Generally, classic in vitro cultures in two dimensions (2D) can only present
monolayer structures even after reaching cells confluency in the culture dish. One of
the explanations might be the lack of extracellular matrices (ECMs) expressed by
cells when they are maintained in 2D culture, which is necessary to switch into
three-dimensional (3D) structure tissues. To overcome this issue, artificially addi-
tion of ECM surrounding the cells can be performed. This is called CC, which
means nanometer- or micrometre-sized polymer thin films around cells, to induce
their biological activities. This coating is performed using protein or polymer and
can control for instance cell adhesion [31], growth direction [32, 33], or even killing
specific bacteria [34]. Different coating methods exist, one of them is called
“Layer-by-Layer” (LbL) formerly developed by Decher in 1981 to coat polymer
and proteins onto substrate surfaces by dipping or spraying [35, 36]. This approach
has been more and more used for cell surface modification, due to its easy
preparation and tunable composition on cell surfaces under physiological condi-
tions. The aim is to use specific ECM as coating components, known for their
interactions with integrin receptor on the cell membranes. Many different types of
ECM are found in our body, the most represented being collagen, laminin, hya-
luronic acid, fibronectin or elastin. By selecting appropriate natural ECM compo-
nents cytotoxicity is avoided while inducing specific cell-adhesive properties on
molecules like RGD (arginine-glycine-aspartic acid) [37]. Among the cell mem-
brane proteins, integrin receptors are important, determining the specificity for
extracellular ligands as well as inducing intracellular signaling processes [38, 39].
Specifically, the a5b1 integrin receptors can recognize the ECM component
fibronectin (FN) since it contains the RGD sequence [40]. Gelatin (G) is a mixture
of peptides and proteins produced from partial hydrolysis of collagen extracted
from the skin, bones, and connective tissues. FN and G can interact with each other
due to the collagen-binding domain found in FN, leading to nanometer-sized
cell-adhesive surface films on cell surfaces, like the natural ECMs for multilayered
structures without any cytotoxicity.

3.2 Technologies Developed for Their Preparation

A lot of strategies has been described in the literature to synthesize diverse forms of
hydrogels. As recently mentioned in a very interesting review [30], hydrogels can be
prepared by using several methodologies such as (i) polymerization grafting;
(ii) chemical or physical cross-linking and (iii) radical cross-linking (Fig. 3).
Conventionally, polymerization and radical processes are well defined as a good
technology to generate varied hydrogels with controlled size, composition, particles
distribution and morphologies [41–43]. Generally, the chemical method is the most
common process related in literature for the preparation of hydrogel biomaterials
with very good mechanical strength [23]. Nevertheless, the main drawback of
chemical cross-linking is the use of toxic cross-linker such as for example
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glutaraldehyde and epichlorohydrin which must be removed for industrial and/or
human applications. Consequently, a healthier alternative is the physical cross-link
method [4, 22].

In a classic way, for the production of hydrogels (from macro- to nanogel
3D-networks) lot of cross-linking reactions have been performed (Table 2) such as:
(1) the photo-induction reaction, (2) the Schiff-base reaction, (3) the thiol/disulfide
reaction, (4) the carboxyl/amine reaction, (5) the amide/amine reaction and, (6) the
click chemistry reaction [4, 23]. Furthermore, to perform the best hydrogel syn-
thesis with controlled cross-link density and molecular sizes, studies traditionally
recommend multi-steps procedure from polymerization to cross-link multifunc-
tional mono/polymers having very reactive groups/functions [3, 4, 23]. As clearly
mentioned by Mahinroosta et al. [30], the most important challenge for the
preparation of hydrogels is the crucial control of the particle size distribution

Polymers Cross-linker

Cross-linking

Hydrogel precursors

chemical Hydrogel

(a)

(b)

photo-induction
γ-radiation

X-ray
Heat treatment

Polymers and copolymers

Cross-linking

Physical Hydrogel
(non covalent cross-link)

Ionic interaction
Hydrophobic interaction

Hydrogen bond
Crystallisation

Hydrophobic block

Hydrophilic block

(in water)

Hydrophilic block:
- Poly(ethylene glycol)- Poly (vinyle alcohol)- Polysaccharide- Protein

Hydrophobic block:
- Poly(butylene oxide)- Poly (propylene oxide)- Hydrophobized polysaccharide- Protein

Fig. 3 The mains strategies to prepare hydrogels. a Chemical cross-linked polymers, b physically
cross-linked polymers
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modulated by synthesis processes such as the regulation of monomer/polymer/
cross-linker ratio, the perfect adjustment of experimental conditions (e.g. pH, ionic
strength, temperature). To accomplish this aim, other cross-linking alternative
methods using enzymes were proposed to generate specific hydrogels [23]. As for
example, Sperinde and Griffith [44] synthesized original hydrogels with
cross-linking between a lysine-containing protein and a functionalized PEG by
using transglutaminase (a human tissue enzyme). In their study, authors showed the
catalyzed reaction between the amine group of lysine and the c-carboxamide group

Table 2 Examples of cross-linking reaction performed to prepare hydrogels

Methods Mechanisms/cross-linker Polymers/blocks References

Chemical
cross-linking

Gamma radiation Cellulose, tara gum,
acrylic acid

Alla et al.
[81], Amin
et al. [82]

Aldehyde-amine reaction/
glutaraldehyde

Chitosan, polyvinyl
alcohol

Zu et al. [83]

Addition reaction/
1,6-hexanedibromide

Scleroglucan Coviello
et al. [84]

Condensation reaction/N,N-
(3-dimethylaminopropyl)-N-ethyl
carbodiimide (EDC)

Gelatin Kuijpers
et al. [85]

Photo-polymerization Acrylated lactic acid, poly
(ethylene glycol)

Hubbell [86]

Physical
cross-linking

Photo-clickable polymerization Maleilated chitosan, poly
(vinyl alcohol)

Zhou et al.
[52]

Amphiphilic graft Polystyrene, poly
(vinylpyridine)

Forster and
Antonietti
[87]

Hydrophobic modification;
self-aggregation

Cholesteryl, modified
pullulan

Taniguchi
et al. [88]

Ionic interaction/calcium ions
(Ca2+)

Alginate Gacesa [89]

Melt polycondensation Poly(butylene
terephthalate); Poly
(ethylene glycol)

Bezemer
et al. [90]

Enzymatic
cross-linking

Transglutaminase reaction Lysine-containing protein,
poly-(ethylene glycol)
glutaminamide

Sperinde and
Griffith [44]

Horseradish peroxidase reaction Silk fibroin proteins,
hyaluronic acid

Raia et al.
[46]

Alcalase reaction Sucrose, acrylate,
metacrylate

Chen et al.
[45]

Transglutaminase reaction Hyaluronan Broguiere
et al. [54]

Transglutaminase reaction Gelatin Yang et al.
[91]
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of PEG resulting in an attractive biomaterial allowing highly hydrated 3D-networks
for living cells. In another enzymatic strategy, Chen et al. [45] developed
chemo-enzymatic and enzymatic approaches to prepare a sugar-based hydrogel
such as poly-sugar acrylate/methacrylate with highly water absorbents and drug
delivery systems properties. As a final point, not to mention that recently, an
enzymatic crosslinked silk fibroin proteins-hyaluronic acid hydrogel was produced
by using horseradish peroxidase resulting in a highly elastic hydrogel with the
application as scaffolds in tissue engineering [46]. The main enzymatic
cross-linking way to prepare hydrogels are presented in Fig. 4.

Concerning the LbL coating (see Sect. 3.1), this “cell accumulation technique”
technology provide around 6 nm thick FN-G films around cell surface, fabricated
by FN and G coatings alternatively for 9 steps. Till now, over 100 µm thick
3D-tissue models with capillary networks [47, 48] were successfully constructed for
further advanced studies as drug delivery systems, cancer cell invasion mechanism
observation, or even manufacturing a biosensor chip [49]. Some tissues, for
example, cartilage tissues [50], require a higher amount of ECMs, cell-cell distance
in the tissues being in micrometre-sized level, and LbL FN-G coating methodology
providing only nanometer-sized level. Another novel approach called “collagen
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coating method” and “multiple coating methods” was thus developed to construct
3D-tissue models with lower cell density and more ECM content using
micro-coating technologies [51]. For this method, collagen type I, the most widely
used material in biomedical and tissue engineering, was directly used. The method
lies in the specific recognition abilities between another integrin receptor, a2b1, and
the collagen I fibers.

3.3 Preparation and Optimization: Few Examples

In view of the above concerning the technologies used (chemical, physical and
enzymatic cross-linking) to prepare hydrogels, a lot of optimization processes have
been recently developed in order to synthesize improving hydrogel biomaterials
with higher application performances. As for example, in their study, Zhou et al.
[52] produce a very interesting maleilated chitosan/thiol-terminated PVA hydrogel
by using photo-clickable thiol-ene polymerization process with and thiol-terminated
poly (vinyl alcohol) (TPVA) and maleic chitosan derivatives (MCS) activated under
UV light source (60 mW/cm2) by a photo-initiator such as the 2-hydroxy-1-
[4-(hydroxyethoxy) phenyl]-2-methyl-1-propanone (Darocur 2959). In this case,
the author has clearly shown the potential of this new photocrosslinked MCS/
TPVA hydrogels as tissue engineering scaffolds biomaterial due to the efficient
L929 cells attachment and proliferation.

Moreover, we can mention the work of Lu et al. [53] on the specific preparation
of a new tissue adhesive phenolic glycol chitosan hydrogel using an optimized
photo-cross-linkage process activated by blue-light illumination. In this study,
author particularly showed that this biomaterial possesses hemostatic properties and
very good tissue adhesiveness. Moreover, the encapsulation of antibiotic such as
gentamycin into these hydrogels gave very advantageous antibacterial ability.

Recently, Broguiere et al. [54], proposed a new hyaluronan hydrogel synthesized
by an optimized enzymatic cross-linking strategy using a transglutaminase activity
from the activated blood coagulation factor XIII. Authors related that this hydrogel
possesses higher significant ability for 3D neuronal network tissue engineering
(strong synaptic connection, dendritic and axonal specification, faster neurite out-
growth) than classical hyaluronan gels. Last technological advances in the hydrogel
biomaterial fields were performed lately (Fig. 5). First, we can cite Yan et al. [55]
who developed a multiscale modeling approach to synthesize an extracellular
matrix mimetic hydrogel with sequestered recombinant human bone morphogenetic
protein-2 (rhBMP-2). This novel synthetic bone scaffold prepared by an optimized
carbohydrazide/aldehyde cross-linking strategy was efficiently validated as by
in vivo assay with rat ectopic model. Secondly, Kim et al. [56] designed a very
smart heparin mimetic hydrogel to improve and stabilize bone morphogenetic
proteins 2 (BMP-2) properties which are well known as one of the most important
bone formation stimulators. In this study, authors prepared a hydrogel biomaterial
surface model with an efficient photo-crosslink process using heparin and
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polysulfonate derivatives such as poly-4-styrenesulfonic acid (PSS) and
poly-vinylsulfonic acid (PVSA). These sulfonated hydrogels were successful used
to bind/encapsulate BMP-2 to increase osteogenesis and osteoinductive properties
of bone marrow stromal cells (MBSCs) for bone tissue engineering.

Finally, other optimizations were done in the case of CC methodology, in order
to evaluate coating effect on the construction of 3D-tissue models, cells without
coating, cells coated with FN-G nanofilms or cells coated with collagen microfilms
were seeded. Cells coated with collagen microfilms resulted at least 2-fold higher
tissue than nano-coating (Fig. 6), with about 1/3 the cell number sufficient to
fabricate equal-thick 3D-tissues. Collagen micro-coated cells led to tissues thick-
ness up to 1871 lm. Also, cell-cell distances in these 3D-tissues were calculated as
15.6 ± 4.0 and 8.8 ± 3.1 µm, respectively. In comparison, cells without any
coating resulted in compact distribution in some area and the very near distance
between cells, about 3 times smaller than a cell with collagen micro-coating (data
not shown). The difference in cell number also showed that the thickness of all
samples increased according to the seeded cell number. The next step was the
construction of functional 3D-tissue models. The development of 3D-vascularized
thick tissues possessing high-density blood capillary networks is still an important
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issue for tissue engineering. To get a vascularized model, a sandwich culture with
one layer of Human Umbilical Vein Endothelial Cells (HUVECs) seeded between 4
or 10-layers of FN-G nanofilm coated Normal Human Dermal Fibroblasts (NHDFs)
was used. After 1 week, a highly developed homogenous capillary network with
the tubular morphology of HUVECs was observed (Fig. 6B1, B2). With
micrometre-sized collagen fiber-coated cells, vascularized network structures were
also observed, suggesting that collagen coating method can be used to construct
vascularized thick 3D-tissues (Fig. 6A1, A2). Other functional tissue models with
FN-G nanofilm coated cells, as induced pluripotent stem cell-derived cardiomy-
ocytes (iPS-CMs) or lymph epithelial cells (LECs), were also successfully con-
structed. Strong beating phenomenon was assessed during incubation [57]. When
using collagen microfilm coating method, the constructed 3D tissues showed stable
and strong beating (80 times/min) and high cell viability (>90%) after 4 days of
incubation in 800 lm thick 3D tissues. Immunostaining assays such like actinin
antibody, troponin T antibody, connexin antibody, and Azan stains were also
performed to confirm the good functionality of cardiac myoblasts in the 3D iPS-CM
tissues [24]. The collagen microfilm coating method can thus be applied to various
types of cells and different purposes.

4 Innovative Sustainable Hydrogels: What’s New?

4.1 Utilization of Current and Classical Hydrogel Products

Also known as smart and hungry three-dimensional networks, hydrogels are still
subject of numerous papers and patents because of their high-tech potential for
applications in a large range of fields, from the biomedical, biotechnology, agri-
culture to the pharmaceutical, microelectronics industry, oil recovery or cosmetic
[30, 58]. Today, hydrogels must respond to physicochemical parameters (electric/
magnetic field, solvent, pH, ionic strength, temperature) in their surroundings,
change their physiochemical properties and be able to return to their initial states.
Thus, the use of hydrogel products is obviously reliant on their technical features.
Overall, the following items correctly characterize the functional properties that
hydrogels should achieve [4], i.e. (i) the lowest soluble content and residual
monomer, (ii) the lowest price, (iii) most eco-friendly approach (LCA concept),
(iv) the highest stability and durability in the swelling environment, (v) the highest
behavior against storage, (vi) the best potential for biodegradation without forma-
tion of toxic species, (vii) a light-stability without any color, odor and toxicity, (viii)
a re-wetting capacity, that is, the ability to release or maintain solution trapped in
the hydrogel (high flexibility), (ix) the highest absorbency under load, (x) the
highest absorption capacity but also the possibility to correctly control a desired rate
of absorption. Different items and levels in these features must be considered for
making an “ideal” hydrogel. Nevertheless, authors recognize that no hydrogel can
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Fig. 6 Schematic illustration of fabrication of ECM layers on cell surfaces by (top left)
nanometer-sized FN/G films and (top right) micrometre-sized collagen nanofiber matrices for
construction of 3D-tissue models with higher and lower cell densities. Images of confocal laser
scanning microscopy (CLSM) of vascularized 3D-tissue models constructed by A1 nano- and A2
micro-coatings by sandwich culture. Immunohistological staining images using anti-CD31
antibody of the 3D-tissue models by B1 nano- and B2 micro coating methods, adapted from Liu
et al. [80]
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simultaneously (and at maximum level) fulfil to each item. Thus, the applicative
goals of hydrogels strongly impact the way for their fabrication, leading sometimes
to porous hydrogel/aerogel (delivery drug system) [59] or superabsorbent capacity
for (blood, hygienic) compress use [60] for example. Table 3 gives an overview of
applications and performance of hydrogels in various fields before 2015.

4.2 An Innovative Strategy for Making Hydrogel Products

Since 2015, recent developments have been made in miscellaneous application
fields. These works actually address few classes of hydrogels even if we can
consider the growing interest for natural and sustainable hydrogels, i.e. (i) natu-
ral-based hydrogels, (ii) synthetic-based hydrogels, (iii) superabsorbent hybrid
hydrogels or (iv) conducting polymer hydrogels. The properties of these innovative
hydrogels will depend on several parameters such as concentration, type, and a
number of ionizable groups, medium (and associated counter ion), hydrophilic/
hydrophobic balance, charge, etc. As reported by Mahinroosta et al. [30], new
intelligent hydrogels (Fig. 7) should be (i) sensitive to a wide range of external
stimuli, such as temperature [61], enzymes [62], light [63] or pH (Aycan and
Alemdar 2018), (ii) able to change their volumetric shape (expansion/contraction),
(iii) swell and deswell (swelling ratio) biological fluids in particular for drug
delivery applications and/or medical devices, etc. Recent developments especially
involve the use of 3D printing for the fabrication of intelligent scaffolds. Tan et al.
[64] published a cryogenic 3D printing method using the liquid to a solid phase
change of a composite hydrogel. They successfully produced specific geometrical
structures with compressive stiffness of O(1) kPa (0.49 ± 0.04 kPa stress at 30%
compressive strain). Collagen type I, gelatin and other molecules were used to coat
the 3D printed material before testing the systems on human dermal fibroblasts and
other biomedical contexts, e.g. surgical training and tissue engineering. Besides,
cross-linkable multi-stimuli responsive hydrogels were also prepared by
direct-write 3D printing [65]. The behaviors of the new hydrogels were particularly
interesting since they responded to shear-thinning, UV light but also temperature.
This robust scaffold were made of poly(allyl glycidyl ether)-stat-poly(alkyl glycidyl
ether)-block-poly(ethylene glycol)-block-poly(allyl glycidyl ether)-stat-poly(alkyl
glycidyl ether) and synthesized by polymerization of glycidyl ethers. Bioelectronics
platforms also gain attention and their fabrication can be performed using simple,
flexible route by 3D bioprinting [66]. The authors confirmed the biocompatibility of
the system against C2C12 murine myoblasts cell line. 3D printed hydrogels are in
general programmable and responsive to environmental and fields signals, repeat-
able and stable over cycle/time, as reported by Lv et al. [67] for poly(ethylene
glycol) diacrylate hydrogel microstructures which have excellent humidity
responsiveness. New startups also try to take control of the cell microenvironment,
e.g. Alvéole (http://alveolab.com, France) which develops innovative photopat-
terning solution (PRIMO) for 3D scaffold designing. This tool, using pseudo
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hydrogel solution, allows the absorption of specific proteins on illuminated areas
then cells to these proteins, respecting a defined micropattern, and thus 3D con-
struction, for biomedical and tissue engineering for example. Finally, recent works
highlighted 4D fabrication using shape-morphing hydrogel [68]. Alginate and
hyaluronic acid were used as biopolymers for the conception of the hydrogel, and
mouse bone marrow stromal cells for the biocompatibility tests. The authors were
able to generate average internal tube diameters (20 µm), comparable to the
smallest blood vessels without any loss of cell viability. Their statements are strong
since this 4D (four-dimensional) biofabrication strategy aims to produce dynami-
cally reconfigurable architectures, with tunable functionalities, as reported in Fig. 7.
Wang et al. [69] recently published a comprehensive review concerning new
development and biomedical applications of these hydrogels. This paper illustrates
the work already done but mainly to perform in the fabrication processes which
absolutely need to be (i) inexpensive, (ii) from and/or using nontoxic/
non-hazardous materials and techniques and (iii) fine and easily-tuning possibili-
ties. Thus, a wide range of papers are nowadays available in the literature and
natural polymer (DNA, protein, polysaccharide) based-hydrogels take benefit from
the situation [70–72].

Fig. 7 Main strategies for the conception of new smart hydrogels and recently associated
polymers
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4.3 Focus on the Nano to Micro ECM Gel Coating System

Classic collagen hydrogels are still widely used for tissue engineering despite its
limited collagen content of maximum 0.3%, remaining far away from the in vivo
conditions. In this context, the use of collagen microfibers instead of classic col-
lagen dilution can achieve higher density (until 20–30 wt%). The method relies on
the immersion of porcine type I collagen in �10 PBS (Phosphate buffer saline),
followed by its homogenization for 2 min to create the microfibers (VH-10
homogenizer, As One Corp., Osaka, Japan). After centrifugation, the microfibers
were washed in DMEM (Dulbecco’s modified eagle medium) without FBS (Fetal
bovine serum) before being mixed with the cells suspension.

4.3.1 Live-Staining of Secreted Elastin by Smooth Muscle
Cells in All Tissues

Elastin is one of the major components of the extracellular and thus often assessed
during tissue regeneration. For example, the aorta wall is constructed with an
arrangement of elastin in concentric lamellae presenting smooth muscle cells
between them [73]. A new fluorescent ElaNIR probe was used to visualize specific
elastin secretion in smooth muscle cells 3D-tissue models. Human umbilical artery
smooth muscle cells were seeded in ball microfibers collagen tissues. These ball
tissues were made by centrifuging the mix cells-collagen microfibers in round
bottom low-binding plate wells. Smooth muscle cells ball tissues displayed an
increase of extracellular elastin fibers as stained by ElaNIR probes (Fig. 8a), con-
firmed by consistent elastin antibody staining (Fig. 8b). Overall, the specific
ElaNIR probe along with the in vivo like smooth muscle tissue can be used as a
model for observation of elastin production during tissue regeneration or for the
screening of elastin-enhancing chemicals in cosmetics products [74].

JFig. 8 Schematic illustration of collagen microfiber hydrogels model construction. a Bright field
(left) and ElaNIR signal in NIR channel (right). b ElaNIR signal was detected in NIR channel
(left), the signal from an anti-elastin antibody (middle) and overlay imaging (right). Scale bar:
100 lm. c Live/dead assay attesting the good viability of mature adipocytes after 14 days in
collagen microfibers hydrogels. d Adipose vesicles diameters measured each week using Nile red
specific lipids staining. e Adipogenesis gene expression assessed by RT-qPCR on total RNA of
ADSC (PPARc2, FABP4, GLUT4 and HSL genes) expressed in fold changes regarding 2D
condition. f Leptin secretion measurement by ELISA in the culture medium every week and
normalized by DNA content. Perilipin immunostaining performed at day 21. Error bars represent
SD. Tukey multiple comparison test (double-way ANOVA) was used with *p < 0.05, **p < 0.01,
and ***p < 0.001
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4.3.2 Adipose Tissue Regeneration Inducing and Maintaining
the Functionality of Both Pre and Mature Adipocytes
in Long-Term Cultures

Adipose tissue regeneration is currently a competitive challenge for either cosmetic/
pharmaceutical assays or plastic surgery purposes. Conventional in vitro
two-dimensional (2D) cell cultures using directly mature adipocytes (AD) showed
limited culture time by quickly dedifferentiating [75] while getting sufficiency
matured AD by differentiating adipose-derived stem cells (ADSC) usually required
more than one month [76]. The existing three-dimensional (3D) models accelerated
the ADSC adipogenesis, but the mature AD still cannot be maintained more than
one-week in vitro cultures [77]. In this context, the construction of a biomimetic
3D-tissue is determinant. Using collagen microfibers, high-density collagen (until
20–30 wt%, see H/E staining (Fig. 8c), similar to in vivo [78] artificial adipose
tissues were performed mixing the homogenized type I collagen with a mature AD
or ADSC and seeding in 24 well transwells. These 3D-tissues ensured the long-term
maintenance of unilocular mature AD with a good viability of 95% at day 14 (Live/
Dead image Fig. 8c). On the contrary, the 2D mature AD showed significantly 4
times smaller multiple vesicles (Fig. 8d). Concerning ADSC, 3D adipogenic genes
expression was found at least significantly doubled throughout the differentiation
(even 8.3 times higher for GLUT4 at day 21, Fig. 8e), along with up to almost 4
times bigger fat vesicles observed at day 14 (data not shown). Perilipin
immunostaining, the protein stabilizing the fat vesicles, and leptin secretion, the
well-known safety protein, finally attested the up to the twice better functionality of
3D adipocytes (Fig. 5e). The obtained long-term functional maintenance and the
faster adipogenesis made this model relevant for screening assays and reconstruc-
tive surgery.

5 Conclusions

More and more hydrogels have been published and patented these last years for
their specific properties leading to various applications. Some of them are widely
present in commercial products. Their success is linked to their ability to swell in
aqueous solutions or suspensions. This book chapter has done the state of the art of
the different natural or synthetic hydrogels available and described the obtaining
processes for different uses in numerous industrial fields. The potential of these
macromolecular networks has not been fully explored at this time notably in
therapy for tissue engineering and drug delivery, two fields where only a few
products are on the market. Covalently cross-linked hydrogels made in the absence
of solvents are the more popular for this kind of applications. Undoubtedly,
methods from supramolecular chemistry applied to the synthesis in aqueous envi-
ronments of new hydrogels having modifiable properties could open the way of
new possibilities. Supramolecular chemistry is a domain of chemistry that focuses
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on the building of macromolecular systems made up of non-covalently assembled
molecular subunits. Current researches focusing on hydrogels for multidrug
delivery by a single system and/or sequential delivery on demand with a high level
of control by stimuli highlight also new opportunities. Another way of hydrogel
improvement, notably for application in the human body, could be the control of
their swelling capacity. Indeed, the swelling of hydrogels and/or their degradation
after their implantation can alter surrounding tissues. This disadvantage can be
limited by decreasing the polymer concentration but in this case, the time to form
the hydrogel is too long. An interesting article recently published in Nature
Biomedical Engineering proposed an original solution of a two-step gelation pro-
cess of PEG hydrogels at low concentration [79]. In a first step, branched polymers
clusters were generated but the crosslinking reaction was intentionally stopped just
before the full gelation. The solution was then injected into the body at the required
place and the clusters present in the co-crosslinked solution to form a gel in ten
minutes. These hydrogels have low cytotoxicity and can act as an artificial vitreous
body. So, the future of hydrogels in the therapeutic area will be probably linked to
the development of innovative properties such as those described above but also to
the reduction of costs for their obtaining.
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Application of Sustainable
Nanocomposites for Water
Purification Process

Hayelom Dargo Beyene and Tekilt Gebregiorgs Ambaye

1 Introduction

Water is one of the most vital bases for the living system and is used in daily life
activities. Due to rapid industrial growth, natural water resources are affected by
several water pollutants. The World Health Organization (WHO) 2014 report on
water supply and sanitation estimated that 748 million people still lack safe
drinking water, 2.5 billion peoples without access sanitation and 3900 children die
every day due to poor quality water and communicable diseases [1]. These statistics
indicated that water pollution by numerous pollutants becomes an alarming issue
worldwide. Consequently, competent water treatment technologies have been
established to raise the potential of water resources and to decline the challenges
and concerns associated with water pollution. In this regard, nanocomposite has to
play a significant role in the water purification technology including potable water
treatment, wastewater desalination, and treatment in order to deliver the real
technology to clean water at a lower price using less energy by decreasing further
ecological impacts.

Nanomaterials are materials which have the structural components sized from 1
to 100 nm [2]. They have unique properties when compared with other conven-
tional materials, such as mechanical, electrical, optical, and magnetic properties due
to their the small size and higher specific surface area, nanomaterials [2]. In recent
years, nanomaterials have been effectively applied to numerous perspectives as
catalysis [3], medicine [3], sensing, and biology [4]. They have extensive appli-
cations to prevent several environmental problems like water and wastewater
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treatment. Because, nanomaterials have the potential to eliminate different toxins,
for instance, heavy metals, organic pollutants, inorganic anions, and pathogens [5].
Zero-valent metal nanoparticles (nZVI), metal oxides nanoparticles, carbon nan-
otubes (CNTs) and nanocomposites are the most recent appropriate nanomaterials
for water and wastewater treatment [6].

The nZVI is one of the most useful nanomaterials for water purification [7–9].
The nZVI has a role in water purification as an electron subscriber which
encourages the conversion toxic metals to safe forms (the reduction of chromium
from hexavalent into trivalent form), adsorption, co-precipitation processes and
strong reducing ability [10]. The nZVI has discovered real application for elimi-
nating various organic and inorganic pollutants such as polychlorinated compounds
[11, 12], Nitrates, phosphates and perchlorates [13, 14], nitroaromatic compounds
[15], organic dyes [16], phenols [17], heavy metals [18], metalloids [19], and radio
elements [6, 20].

Other nanoparticles like silver (Ag), titanium oxide (TiO2), zinc oxide (ZnO),
iron oxides and CNT are applied in water treatment technology. Silver nanoparti-
cles (AgNPs) are very noxious to microbes and hence have solid antibacterial
effects for an extensive variety of microorganisms (viruses, bacteria, and fungi)
[21]. AgNPs are the promising antimicrobial agents, which have been extensively
used for water disinfection [21]. AgNPs have the removal potential for bacteria’s
like methicillin-resistant Staphylococcus aureus, ampicillin resistant E. coli, a
common water contaminant, erythromycin resistant Streptococcus pyogenes and
vancomycin-resistant Staphylococcus aureus [22], Pseudomonas aeruginosa,
Vibrio cholera [23], Bacillus subtilis [24]. There are different ways of Nanosilver
disinfection mechanisms such as the interaction of AgNPs with DNA, altering the
membrane and altering the enzymatic activity and thus destroy it [25–28], the
dissolution of AgNPs that able to react through the thiol sets of enzymes disable,
and interrupt usual services the cell [29].

In nanocomposites (NCs), there is no a previous documented review of their
application in water and wastewater treatment perspectives. NCs are formed
through the combination of more than two materials having various physical and
chemical properties and unique interface [28], [30]. Composites have many
advantages than other compounds due to their unique characteristics such as high
durability, high rigidity, high strength, gas-barrier features, corrosion resistance,
low density, and heat resistance. The combination of the matrix (continuous phase)
and the reinforced materials (dispersed) is knowns as composite materials. They are
materials of the 21st century which are multiple phase materials a minimum one of
the phase’s displays sizes from the range 10–100 nm [31]. Todays, NC materials
have developed as appropriate choices to overwhelmed restrictions of various
manufacturing tools. NCs have wide practice in various fields such as life sciences,
drug distribution schemes, and wastewater treatment. In NCs, the nanoparticles
were merged within diverse functionalized materials like multiwall CNT, activated
carbon, cheap graphene oxide, and polymeric media. NCs have a number of
application in the area of food packaging [32–34], anti-corrosion barrier protection
[31], biomedical [31, 35] and coating [36]. This chapter focuses on the exciting NC
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types and their current application in water purifications. Besides, the future per-
spective of nanocomposites in water treatment also addressed.

2 Conventional Water Purifications Technologies

Surface water (spring, rivers, and lakes) and unconventional water resources (which
are not available for direct use. For example, wastewater, seawater and brackish
water) are the major universal water resources potentials [37]. Globally, the upsurge
in industrialization and urbanization with a quick population growth and weather
change contributes to the pollution of freshwater resources [38–40]. Table 1 shows
the available conventional water purification technologies such as coagulation and
flocculation, air flotation and advanced oxidation processes. These methods are
very quiet in removing the contaminants efficiently. However, these methods
possess several challenges related to the formation of either secondary pollution or
higher energy requirement. Therefore, a massive attention should be given to the
improvement/innovation of technologies having ecologically friendly, low energy
consumption and economical feasible treatments perspectives applicable to the
feasible water sanitization systems. To meet the demand for clean water standards,
many authors have been focused on the suitable and economically viable water
purification approaches including water remediation, reclamation, and desalination
[41].

Table 1 Water purification methods [24, 41]

Water purification
technologies

Contaminate removed

Coagulation and
flocculation

Turbidity, dissolved organic carbon, bacteria and chemical
contaminants such as cyanide compounds, phosphorus, fluorides,
arsenic etc

Boiling Kill the bacterial cultures

Distillation To destroy microbial cells and unwanted chemicals such as calcium,
lead, magnesium

Ultraviolent treatment Can achieve disinfection of about 99.99%

Ultrasound Damage cellular structures of bacteria

Ozone It is effective in eradicating tastes, odour, colour, iron, and
manganese; and not affected by pH and temperature

Chlorine Kills several waterborne pathogens

Catalytic process Applied to breakdown down an extensive diversity of organic
materials like organic acids, estrogens, pesticides, dyes, crude oil and
microbes

Bioremediation Eradicating heavy metals, organic toxins, pesticides and dyes by
plant extracts and microbes.
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3 Types of Nanocomposites and Its Application
in Water Purification

The use of nanoparticles in water management has associated with some practical
problems, such as accumulation, tough separation, drainage into the contact water,
possess environmental and human health [30]. One capable approach to improve
the application of nano-particulate materials is to develop NC materials that take
advantages of both the hosts and impregnated nanoparticles (Fig. 1) [42]. NCs have
the potential to mitigate the discharge of nanoparticles into the environment, and
improves the suitability of nanotechnology with current infrastructures. The NCs
are essentially multiphase solid material, including porous media, colloids, gels, and
copolymers in a broad sense. The selection of hosts for nanocomposites is of great
significance, and even dominates the performance of the resultant nanocomposites.
Compared with free nanomaterials, the performance and usability of nanocom-
posites were significantly improved, in terms of nanoparticle dispersion, stability,
and recyclability. Hence, nanocomposite materials could bond the gap between
nanoscopic and mesoscopic scale. Till now, nanocomposites were believed to be
the most likely way to forward water nanotechnology from laboratory up to the
large-scale applications [41].

3.1 Metal Nanocomposite

Polymer-supported nanosilver has recognized antibacterial properties of poly-
urethane and cellulose acetate impregnated nanosilver-fiber composites have good
inhibition activity for Gram-positive and negative bacteria. The dispersion

Fig. 1 Application of nanocomposite for water purification [42]
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nanoparticle in polyurethane foam has gained effective antibacterial filters [43].
Once announced in polymeric membranes, a decrease of biofouling as well as good
pathogen eradication efficiency was perceived. Nanosilver was also used in the
making of economical1y feasible microfilters for handling drinking water which is
mainly preferred in unreachable regions [44].

Silver-alginate composite beads were effectively prepared using three different
methods. Specifically, the adsorption-reduction (AR), hydraulic retention time
(HRT) and simultaneous gelation-reduction (SGR) composite beads were talented
to succeed a disinfection effectiveness for portable water purifying. Those
Composite beads equipped using diverse methods were established effective
cleaning in the E. coli to various degrees. Both SGR and the AR beads confirmed
equivalent disinfection efficiency but, the SGR beads released knowingly more Ag
than the AR beads fix, indicating that the SGR beads may have a higher lifespan
than the AR beads without losing sterilization success. These results weight the
significance of improving the synthesis method in yielding material configurations
that lead to the essential physical properties of numerous aspects [45].

The synthesized novel NC containing AgNPs and mesoporous alumina have
been used for the elimination of dye compounds like methyl orange, bromothymol
blue, and reactive yellow from synthetic waste. The results display that the silver/
mesoporous alumina nanocomposite (Ag/OMA NC) was noble adsorbent for the
elimination of anionic dyes from aqueous solution, and also this NCs had an
antibacterial activity against both Gram-negative and Gram-positive bacteria [46].

The addition of AgNPs and Moringa oleifera seed powder were improved
graphene structure which improves the removal efficiency of pollutants from liquid
industrial waste like textile, tannery, and paper mill. The adsorption study of the
adsorbents clearly revealed that the graphene loaded with AgNPs and seed powder
of Moringa. oleifera composite (GAM) designated superior results compared to
normal adsorbents due to the configuration of GAM sorbent which is recognized by
the high surface area, biocidal action, adsorption activity AgNPs, and coagulation
property of Moringa oleifera. Thus motivated the composite to be novel, eco-
nomically feasible, and environmental suitable and promising adsorbent for water
treatment [47].

Bimetallic nanocomposites supported on carbon are of great interest. Carbon
supported bimetallic nanoparticles have reduced surface area which enhances their
properties to a large extent. Nowadays, Water pollution is crucial problem happen
due to existence contaminates like chemicals, microbes (fungi, bacteria, and virus)
in water by human activities. Nanotechnology offers an alternative to the water
purification. The bimetallic nanoparticles like ruthenium-palladium are used as
reinforce to develop NC on the surface carbon matrix which had successfully
helped in wastewater treatment having perchlorate as the main pollutant [31].
Others like, NCs of Au/Pd nanoparticles reinforced on TO2 have been synthesis by
microemulsion means and being used as an efficient photocatalyst due to their high
light absorption ability. Bimetallic NCs of Fe/Ni-K have the capacity to remove
DBG from the wastewater. The degree of eliminating DBG in the NC (Ni/Fe-K) is
greater than that of separate kaolin and the bimetallic nanoparticles (Ni/Fe) [31, 48].
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3.2 Metal Oxide Nanocomposite

The Metal oxide nanocomposite (MONC) are often used as adsorbents, photocat-
alyst, and devices to challenge environmental pollution problems. MONC are used
merging with graphene, silica, other oxides, carbon nanotube (CNT), polymers for
the removal of various organic and inorganic of pollutants [49]. Currently, removal
of organic pollutants from wastewater is one of the most significant alarms in water
pollution control. In last decade, the interest in solving global water pollution by
means of photocatalysis is increased rapidly using metal oxide nanoparticles (TiO2

and ZnO). However, the use of basic TiO2 and ZnO nanoparticles are limited
because of their extensive band gap and the high recombination rate of photo
produced charges. Coupling is developing an approach to increase the destroying
degree of organic contaminants under visible light conditions. MONC provide a
current technique to modify the properties of semiconductor metal oxide photo-
catalyst through encouraging charge transfer processes and improving charge
separation [50].

The alumina composite reinforced by CNTs was produced by rising CNT above
Fe and Ni-doped energetic alumina. The composite was influenced by numerous
factors able to initiated high capacity synthesis which is factors includes activated
alumina, CNT, amorphous carbon and various surface functional groups such as
carboxyl, carbonyl and hydroxyl present in the clusters [51]. Ihsanullah et al. [52]
deliberated that the consequence CNT/Al2O3 for actual elimination of chlorophenol
and phenol from aqueous solutions. Alumina ornamented onto the exterior of
multi-well carbon nanotube (MWCNT) was an inspiring adsorbent for immediate
removal of Cd+2 and trichloroethylene (TCE) from poisoned groundwater.
Electrostatic interactions, the hydrogen bond interactions and the protonation or
hydroxylation of Al2O3 are the adsorption mechanism of Al2O3/MWCNTs to
remove Cd+2 and TCE from the polluted water Fig. 2 [53, 54].

TiO2 is the new greater type of composites based Metal oxide. TiO2 nanocom-
posite has received more attention in water purification due to its nontoxicity, and the
ability for the photo-oxidative degradation contaminates such as MB [55], benzene
derivatives [56], and carbamazepine [57] were powerfully photodegraded by CNT/
TiO2 composites. Researchers described that the bond of carbon-oxygen-titanium
can enlarge the light absorption to longer wavelengths and hence potentially
improvement of the photocatalytic action [53]. Senusi et al. [40] also indicated that
synthesized TiO2-zeolite NCs for the innovative water treatment of industrial dyes.
The results indicated that the nanocomposite followed an adsorption concerned with
photocatalytic degradation, which is mainly effective for eradicating trace dye
compounds [40]. A novel Cu–TiO2–SiO2 NCs synthesized by a sol-gel method and
used to degrade Rhodamine Blue in water modelling the dyes wastewater under both
UV and visible light irradiation. Studies revealed that the Cu–TiO2–SiO2

nanocomposite has smaller crystalline size, higher surface area, and slight
agglomeration by judging from the characteristic analysis. The Cu–TiO2–SiO2

nanocomposite exhibited higher photocatalytic activity than TiO2 for the
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degradation of Rhodamine Blue under both UV and visible light irradiation. The
increase in the photocatalytic activity may be due to the lower recombination rate of
electron-hole and the high dispersion of SiO2 [58].

Iron oxides (i.e. Fe2O3 and Fe3O4) are unique and talented magnetic constituents
which create a new composite with CNTs, and graphene. This is one of the greatest
smart magnetic metallic oxides and has established extensive consideration due to
its exceptional physical and chemical properties and several benefits such as high
reversible capacity, rich abundance, cheap, and environmentally friend [54].
Magnetic nanoparticles are highly advantageous than nonmagnetic nanoparticles

Fig. 2 The diagram representation of Cd(II) ion (a) and TCE (b) interface with Al2O3/MWCNTs
[53]
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since they can simply isolate from water via a magnetic field. Magnetic field
separation is a practice also allows simple isolation and recycled the adsorbents.
Magnetic nanocomposites can be fabricated using magnetite (Fe3O4), maghemite
(Fe2O3), and jacobsite (MnFe2O4) nanoparticles as reinforcer filling on a polymer
matrix which permits easy separation of the composite from the aqueous solutions
after the sorption process [29].

Researchers were investigated series of magnetic alginate polymers prepared and
batch trials were shown to examine their capacity to eliminate heavy metal ions such
as Co+2, Cr+6, Ni+4, Pb+2, Cu+2, Mn+2, La+3 and organic dyes (MB and MO) from
aqueous solutions. Different types of iron oxide magnetic composites have been
positively useful as an adsorbent for the elimination of various targets of impurities
from water and wastewater such as naphthylamine [59], metals [59], phenol [59],
and tetracycline [60], As+3, As+5 [61], dyes [62]. Moreover, graphene-based iron
oxide NCs have confirmed an exceptional adsorption capacity to fix extra heavy
metals and organic dyes such as Cr+6, Pb+2, Co+2, neutral red, MB etc. due to
magnetic properties, high surface to volume ratio and rapid diffusion rate [59].

In addition to the above, Currently, many researchers have studied also on the
practice of metal oxide NCs for water and wastewater purification. Currently, many
scientists focus on the heavy metals removal due to their strong influence on health
and environment. The Saad et al. [63] was to manufacture ZnO@Chitosan
nanocomposite (ZONC) to eliminate Pb+2, Cd+2 and Cu+2 ions from unclean water
with optimal removal efficiency for Pb+2, Cd+2 and Cu+2 ions at pH 4, 6 and 6.5
with adsorption capacity were 476.1, 135.1 and 117.6 mg/g, respectively. The
researchers also studied nonstop adsorption-desorption cyclic outcomes established
that ZONC can be reused after recovery of ions by EDTA solution, and the
regenerate ZOCS used over without significant efficiency loss [63].

Singh et al. [64] investigated that BC4/SnO2 NCs was an effective catalyst for
the degradation of industrial dyes such as Novacron red Huntsman (NRH) and MB.
This composite is also discovered for catalysis destruction of industrial dyes. The
Degradation study displays that 1 g/L catalyst concentration of BC4/SnO2 destroys
NRH and MB dye up to nearly 97.38 and 79.41%, respectively, in 20 min using
sun radiation. The catalyst can be recycled and recovered [64].

Zr-magnetic metal-organic frameworks composites (Zr-MFCs) are an amino-rich
prepared by a facile and efficient strategy. The achieved Zr-MFCs were confirmed
to be effective adsorbents with feasible adsorption ability and fast adsorption
kinetics for metal ions and organic dyes removal from water. The amine-decorated
MFCs were very efficient for metal ions and dyes elimination than row MFC-O.
MFC-N confirmed the maximum ability for Pb2+ (102 mg g−1) and MB
(128 mg g−1), while MFC-O revealed the maximum ability for MB (219 mg g−1).
Furthermore, Zr-MFCs have also good removal efficiency for anionic and cationic
dyes from the miscellaneous solution by adjusting pH. Zr-MFC adsorbents can be
simply improved by removing metal ions and/or organic dyes from the adsorbents
with appropriate reagents without change adsorption capacity up to 6 generations.
The attained results confirmed the prepared MFCs have the great application per-
spective as interesting adsorbents for water treatment [65].
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Saad et al. [63] investigated a facile method for in situ fabrication of
ZnO@Chitosan nanocomposite (ZONS), and the attained composite demonstrated
noble ability and rapid kinetics for Pb+2, Cd+2 and Cu+2 ions adsorption. The main
advantage of this product is the recovery of metal ions and the significant ability for
adsorption after many series of recycling. The ZONC demonstrations important
feasibility in ecological remediation for wastewater treatment and can attain the
increasing need for the purification of water resources [63].

3.3 Carbon Nanocomposite

A magnetic multi-wall carbon nanotube (MMWCNT) nanocomposite was used as
an adsorbent for removal of cationic dyes from aqueous solutions. The MMWCNT
nanocomposite was composed of viable multi-wall CNT and IONPs. The elimi-
nation of MB, neutral red and brilliant cresyl blue was deliberate using MMWCNT
nanocomposite adsorbent. Investigations were carried out to study adsorption
kinetics, the adsorption capacity of the sorbent and the effect of sorption dosage and
pH values on the elimination of cationic dyes [66].

Mesoporous carbon with entrenched iron carbide nanoparticles (ICNPs) was
effectively synthesized via a facile impregnation-carbonization method. Biomass
was used as a carbon basis and an iron pioneer was rooted to create mesopores
through a catalytic graphitization reaction. The pore conformation of the NCs
structured by the iron pioneer loadings and the immovable ICNPs support as a
dynamic component of magnetic isolation next sorption. The newly produced
mesopores were established as a critical feature to increase the adsorption capacity
of organic dyes while immovable ICNPs are responsible for the careful removal of
heavy metal ions (Zn2+, Cu2+, Ni2+, Cr6+, and Pb2+). Composed with the desirable
elimination of extra noxious heavy metal species (Cr6+ and Pb2+), these meso-
porous NCs show favourable applications in impurity removal from water. The
facile material preparation permits appropriate scale-up production with economical
feasible and lowest ecological impact [67].

Advanced technologies integrating with engineered nanoparticles into biochar
fabrication schemes might increase the roles of biochar for numerous uses com-
prising soil fertility upgrading, carbon sequestration, and wastewater treatment.
Inyang et al. [68], investigated that removal ability MB was evaluated in batch
sorption using untreated hickory biochars (HC), bagasse biochars (BC) and
CNT-biochar composites (HC-CNT and BC-CNT, respectively). The addition of
CNTs considerably enriched the physiochemical properties of HC-CNT and
BC-CNT such as extreme thermal stabilities, surface areas, and pore volumes.
These results recommend that electrostatic magnetism was the principal devices for
the removal of MB onto the biochar-nanocomposite. Hybridized CNT-biochar NC
can be considered as capable, cheap adsorbent material for eliminating dyes and
organic contaminants from water [68].
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Carbon-nanocomposites (CNCs) are constituents that have two or more elements
prepared to form a composite mixture with CNTs as the primary host synthesized
the poly 1,8-diaminonaphthalene/MWCNTs COOH hybrid material which could be
used as an active sorbent for the separation Cd+2 and Pb+2 at trace levels [40].
Muneeb et al. [69] was primed a new NCs from biomass used for the removal of
selected heavy metals (As, Cr, Cu, Pd and Zn) from the wastewater. With the
increase in pH, there was a decline in percentage adsorption of the metals [70].

Tian et al. [70] stated an eco-friendly, effective and synergistic nanocomposite
development for new antibacterial agents using both iron oxide nanoparticles
(IONPs) and AgNPs on the surface of graphene oxide (GO), resulted in novel
GO-IONP-Ag nanocomposite. When associated with pure AgNPs, GO-IONP-Ag
offers deliberately improved bacteriocidal action to both Gram-negative bacteria
and Gram-positive bacteria. GO has the beautiful benefit through GO-IONP-Ag
composite to kill Gram-positive bacteria at small agent concentration. Moreover,
GO-IONP-Ag nanocomposite can simply reprocess by magnetic separation, low
cost, and environmentally. In the account of those exceptional benefits, the
developed GO-IONP-Ag nanocomposite can use for prospective requests as a
multifunctional sterile agent in the diverse area [71].

3.4 Polymer Nanocomposite

Polymer nanocomposites (PNCs) are a superior type of tools which nanoparticles
spread in a polymer matrix resulting in novel materials having unique physical and
chemical properties [70]. Polymers are special supports for nanomaterials as they
usually possess tunable porous structures, excellent mechanical properties, and
chemically bounded functional groups. PNCs are prospecting materials for their
sound performance in water and wastewater treatment. Adsorption of contaminant
through PNC is among various treatment technologies, which is considered as an
advanced tool in water treatment technology. PNCs often integrate the essential
advantages of both the nanoparticles and the polymeric matrix [72]. PNCs could be
synthesis by either joining nanoparticles into polymer structures or by fixing
polymers to nanoparticles. Direct compounding and in situ synthesis are two
leading approaches used in the manufacture of several PNCs as shown in Fig. 3
[41]. PNC has of great potential for pollutants removal including heavy metals (Cu,
Pb, Cr (III), Ni), As, F, and P. The pollutants were often removed through multiple
mechanisms including surface complexation, electrostatic attraction and
co-precipitation [73].

These PNCs are avoided challenging issues such as nanoparticle dissolution,
which is common when using free nanoparticles [72]. Some of the nanocomposites
were also responsive to regeneration and recycle without significant capacity loss,
which is critical from economic outlook. Since of the large size of the PNCs, they
could be simply isolated from treated water.
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Alginate [74], macromolecule (polypyrrole) [75] polyaniline [76], porous resins
[77] and ion-exchangers [41] are most extensively used polymeric hosts. New types
of polymeric hosts are essentially bio-polymers such as chitosan and cellulose.
They are plentiful in nature and eco-friendly. However, they could suffer a serious
biodegradation problem in the long-term application. cellulose showed good
chemical stability and mechanical strength, due to its densely and systematic

Fig. 3 Graphic of fusion methods for PNCs. Adapted with permission [41]
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aligned, hydrogen-bonded molecules, sound swelling resistance and its character-
istics such as hydrophilicity and chirality. Chitosan is the another most naturally
rich polysaccharide next to cellulose. Chitosan has exceptional features such as high
reactivity, excellent complexation behaviour, and chemical stability. The amino and
hydroxyl groups of chitosan aid as energetic sites for water pollutants [78].
Generally, cross-linked chitosan was insoluble even at low pHs, so that they might
be applicable over a wide pH range. Djerahov et al. [78] prepared a steady
CS-AgNPs colloid by diffusing the AgNPs sol in chitosan medium and additional
recycled it to attain a cast film with high steadiness under packing and good
mechanical strength. It showed efficient isolation and extraction of Al+3, Cd+2,
Cu+2, Co+2, Fe+3, Ni+2, Pb + 2 and Zn+2 [40, 78].

Saxena and Saxena [79] developed Bimetal oxide fixed PNC by means of
Alumina and IONPs with Nylon-6,6 and Poly (sodium-4-,styrenesulphonate) as
polymer medium for pollutants elimination from the water. The prepared NCs have
maximum pollutant removal capacities for all factors. The exclusion of total
alkalinity, total hardness, calcium, magnesium, chloride, nitrate, fluoride, TDS and
EC was 66.67, 42.85, 66.67, 25, 58.66, 34.78, 63.85, 41.27 and 41.37% respec-
tively by this composite. This is an indication period towards emerging multi-
functional and profitable PNCs for water remediation requests [79].

CNTs powerfully sorb varied polar organic compounds attributable to the stuff
miscellaneous interfaces together with hydrophobic impact, peppiness interactions,
covalent bonding, valence bonding, and electrical connections. The п-electron
wealthy CNT apparent allows energy exchanges with carbon-based molecules with
C=C bonds. Organic compounds that have used functional groups like –COOH, –
OH, –NH2 might additionally kind a bond with the graphitic CNT exterior that pays
electrons. Electricity magnetism enables the surface assimilation of exciting
carbon-based chemicals like some antibiotics at appropriate pH range. PNCs are
sorbents tailored adsorbents which are talented for eliminating different types of
pollutants. Their internal shells can be hydrophobic for sorption of organic com-
pounds while the exterior channels can be tailored (e.g., –OH or –NH2) for sorption
of inorganic pollutants like heavy metals. complexation, electrostatic interactions,
hydrophobic effect, and hydrogen bonding are the mechanism established during
sorption process [80].

Carboxymethyl-cyclodextrin polymer adapted Fe3O4 nanoparticles (Copolymers)
was manufactured for selective elimination of Pb2+, Cd2+, Ni2+ ions from
wastewater. The adsorption efficiency of metallic ions was influenced by the factors
like contact time, a dose of copolymers pH, ionic strength, and temperature. At
equilibrium condition in single sorption way, the optimum uptakes of the adsorbent
for Pb2+, Cd2+, and Ni2+ were 64.5, 27.7 and 13.2 mg g−1 respectively at 45 min
and 25 °C. The PNC improved the sorption capacity since of the chelating abilities
of the several hydroxyl and carboxyl sets in polymer support with metal ions. In
mixed adsorption experiments, CDpoly-MNPs might favorably high sorption of
Pb2+ ions with an attraction order of Pb2+ � Cd2+ > Ni2+ [81].

Khaydarov. et al. [82] studies a new technique for emerging nanocarbon-
conjugated polymer nanocomposites (NCPC) by means of carbon colloids as
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nanoparticle and polyethyleneimine as a matrix for metal ions removal from water.
The researchers have been examined the efficiency of NCPC depends on size
carbon colloids, synthesis NCPC and its chemical features, the ratio of carbon
colloids and polyethyleneimine, the speed of coagulation NCPC, interaction
mechanism, removal potential NCPC against pH. The bonding capacity adsorbent
was 4.0–5.7 mmol/g with divalent metal ions at pH 6 which sorption has above
99% removal efficiency for Zn2+, Cd2+, Cu2+, Hg2+, Ni2+, Cr6+ [82].

Clay can found the suitable matrix for varnish of polyaniline. The characteri-
zation outcomes of NC established that the clay sheet was develop layered in the
synthesis NC. Parameters like contact time, pH, and concentration were determined
the adsorption capacity of modified adsorbent. The researchers were announced
new clay NC which use of polyaniline improved clay nanocomposite as an
adsorbent for water purification of lead ions. It can be used as talented sorption
scheme incoming water and wastewater treatment in order to eliminate lead ion
[83].

Nithya and Sudha [84] studied using chitosan-g-poly(butyl acrylate)/bentonite
NC as an adsorbent for chromium, lead and other significant physicochemical water
quality parameters such as total solids (TS), biological oxygen demand (BOD),
chemical oxygen demand (COD), total hardness, salinity, turbidity and conductivity
from the tannery wastewater. The effect of some parameters, such as contact time,
pH and dose adsorbent was assessed. The outcomes showed that NC can be used
tannery wastewater treatment containing heavy metals powerfully [84].

3.5 Membranes Nanocomposite

In membrane technology, porous materials are plays capturing role to trap pollutants.
Inclusive, numerous forms of membranes with diverse pore sizes engaged in water
treatment process including microfiltration, ultrafiltration, reverse osmosis and
nanofiltration membranes which depend on their shared materials that would be
clean out through each process as shown Fig. 4 [42]. The existing membranes have
numerous challenges for water purification, such as the exchange link between
permeability, selectivity and low resistance to fouling. Recent progress in nan-
otechnology have offered the growth of the new generation membrane for water
purification [40]. Nanocomposite membrane (NCM) has a great role in water
purification and reuses for several bases of water such as drinking water, brackish,
seawater, and wastewater treatment. NCM is an innovative type of membranes
prepared by merging complex constituents with nanomaterials that are developing as
a promising tool to answer membrane separation problems. The innovative NCM
can be deliberate to fulfil exact water purification uses by calibration their assembly
and chemical characters (e.g., water-heating, porousness, charge density, and ther-
mal and mechanical stability) and announcing distinctive functionalities (e.g.,
medicinal drug, photocatalytic or adsorbent capabilities). The advance of mem-
branes with high permeability, rejection and smart protective property is way
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required for water purification beneath the context of energy potency and
cost-effectiveness. According to membrane assembly and position of nanomaterials,
they can be classified into four groups: (1) conventional nanocomposite, (2) thin-film
nanocomposite (TFN), (3) thin-film composite (TFC) with nanocomposite substrate,
and (4) surface-located nanocomposite [85].

Fig. 4 Schematic illustration of membrane filtration [42]
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In water treatment applications, membranes have to significantly determine
hydrophilicity, surface structure, and high toughness with respect to physico-
chemical and mechanical stability. Pore size and porosity have also strong signif-
icant in membrane separation practices. NCM is a mixture of material that can have
nanoscale inorganic and/or organic solid phases in a porous structure. These
nanoscale constituents enrich membrane assets that would other not be fulfilled by
the polymer only [85]. Nanomaterials can improve numerous characteristics of
mechanical strength, thermal stability, antifouling properties, permeability, and
selectivity which have enhanced membrane separations process. Various con-
stituents such as CNTs, graphene and GO, silica and zeolites, metal and metal
oxides, polymers, dendrimers and biological nanomaterials are used in NCM to
improve water purification performance [86, 87].

NCM able to reflect as a novel class of filtration tools containing hybrid medium
membranes and surface active membranes. Hybrid medium membranes use nano-
fillers, which are auxiliary to a medium material. In most cases, the nanofillers are
inanimate and fixed in a polymeric or inorganic oxide medium. These nanofibers
article has larger specific surface area leading to a higher surface-to-mass ratio [88].
NCMs are materials which have no single application of separating pollutants from
water. They are also introducing new functionalities such as adsorption [89],
photocatalysis [90], antimicrobial activity [91] and surface modification [91] which
promoted adsorbing, degrading, and/or deactivating contaminates.

Most of the researchers have confirmed that the integration of nanomaterials into
polymers besides to adjust assembly and physicochemical assets like hydrophilic-
ity, porosity, and charge density, chemical, the thermal and mechanical stability of
membranes, they are also announced exceptional characteristics such as bactericidal
and photocatalytic features into the membranes. The effects of nanofiller on the
performance of on the 3 type’s NCMs are explained as follows.

3.5.1 Conventional Nanocomposite Membranes

Synthesis of CNM is commonly built on phase inversion (PI) technique in which
nanofibers are discrete in polymer solution previous to the PI method as shown
Fig. 5 [85]. It can be synthesised in either flat area or deep fiber arrangements.
CNM is mostly applied in microfiltration or Ultrafiltration methods because it’s
typical porous arrangement.

It is known to join nanoparticles inside the polymer medium to create efficient
membranes with an exact ability to adsorb heavy metals from water. For instance,
incorporated PANI/Fe3O4 NPs inside polyethersulfone (PES) [92] and chitosan
drops inside ethylene vinyl alcohol (EVAL) medium [93] had to remove Cu
(II) water. Both outlooks have confirmed the opportunity of making CNM for the
adsorptive elimination of impurities from water.

In the CNM research area, TiO2 has also merged into numerous membrane
mediums to deliver membrane with photocatalytic actions. TiO2 has been exten-
sively used for water treatment since its exceptional photocatalytic action, solidity,
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and simplicity for its fabrication [84]. Evolving antimicrobial membranes will be
expected to increase membrane efficiency and lifespan meaningfully which benefits
to deliver microbes free clean water. For example, Ag is an excellent biocidal that
usually used as an antimicrobial agent in CNM [85, 94]. AgNPs introduced into
various metrics such as cellulose acetate [84], PSU [84], and PES [95] enhanced the
membrane anti-bacterial activity, virus removal, and biofouling resistance respec-
tively. The efficiency of CNM can be improved by the role reinforcement as
indicated in Table 2.

Fig. 5 Production of conventional CNM through the PI process [85]

Table 2 Type and role of reinforcement for conventional nanocomposite membrane [84, 91, 96–
101]

Type of Reinforcement Role of Reinforcement

Carbon Nanotube Incorporation for improved properties such as anti-biofouling
and good strength

metal oxide (TiO2, ZnO,
SiO2, Al2O3, Fe3O4)

Adjusts the assembly and physicochemical assets, such as
hydrophilicity, Porosity, charge density, and chemical,
thermal, and mechanical stability of membranes.
Introduces the unique characteristics such as antifouling, and
photocatalytic action into the membranes.

Metals (Ag, Cu, Se) Antimicrobial functionality

Nano clay Improvement in abrasion resistance

Organic Material Enhance in hydrophilicity, upgrading sorption capacity, and
anti-compaction, the antifouling performance of resultant
membranes.

AgNPs Reduce biofouling

Zeolite Improvement hydrophilicity, advance cross-linking property
and increase membrane inflexibility

Biomaterial Water-channel membrane proteins

Hybrid material Synergistic effect
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3.5.2 Thin-Film Nanocomposites

Thin film nanocomposites (TFNs) membrane contains an extreme tinny wall sheet
above a more permeable assistant material. TFN is interfacially synthesized by
reverse osmosis or nanofiltration membrane which is extensively applied to remove
heavy metals, desalinate seawater/brackish water, hardness causing salts, organic
contaminants like pesticides, insecticides and disinfection intermediates.
Researchers have been focused to advance water flux, toxin elimination, and
antifouling characteristics of TFC l (1) to adapt the auxiliary film thus the linkage
among the wall layer and the second layer might be improved, and (2) to enhance
the wall layer by changing the IP settings, i.e. exchanging monomers, applying
physical layering [102]. Materials like zeolites, CNTs, silica, Ag, and TiO2 used for
CNM synthesis have also been discovered to make TFN membranes [85, 101].

In general technologies yield NCs, a novel theory has been projected centred on
diffusing nanomaterials into the extremely tinny wall to increase membrane effi-
ciency for water purification [84]. The known production method is done the in situ
IP course among aqueous phenylenediamine (MPD) and trimesoylchloride
(TMC) organic solution as shown in Fig. 6. The nanofiller able to spread either in
aqueous or an organic phase.

The additions nanoparticle make ready the thin films membranes to yield benefit
of the properties of the nanomaterials. Adding of nanoparticles to in between
polymerization routes or exterior accessory by self-assembly has announced the
concept of TFN, which offer possible profits of improved separation efficiency,
reduction fouling, antimicrobial action, and other novel properties. Like TFC
membranes, TFN membrane performance can be achieved with nanoparticle

Fig. 6 Production of TFN membranes through the IP method [85]

Application of Sustainable Nanocomposites for Water … 403



additions to the preserve membrane the coating film, or both. Like CNM, The
efficiency of TFN can be improved by the role reinforcement as indicated in
Table 3.

3.5.3 TFC with Nanocomposite Substrate

This membrane has been established to look at the consequences of nanofiller on
membrane compassion manners. During this category, oxide nanoparticles were
entrenched into the postscript substrate [104] that utilized at IP process to arrange
TFC film. The ready membrane displays a better primary porousness and minor flux
failure throughout the compassion related with the first TFC one. The nanoparticles
deliver necessary automated care to moderate the failure of permeable arrangement
and resist thickness decline. Membranes with NC substrate tolerate so much less
physical compassion and show a vital role in sustaining high water porousness [96].

Nanocomposite membrane coated with nano-TiO2 shown higher catalytic and/or
photo activity properties. For instance, TiO2 imbedded PES membrane showed
enhanced antifouling capability while a novel anatase/titanate nanocomposite
membrane simultaneously remove Cr (VI) and 4-chlorophenol through adsorption
and photocatalytic oxidation. Impregnation of AgNPs into the membrane would
allow fabricating thin-film nanocomposite with an excellent antibacterial perfor-
mance for water treatment [41].

An important number of articles on membrane nanoscience has motivated on
production of multipurpose membranes by addition of nanoparticles into polymeric
or inorganic membranes. Hydrophilic metal oxides (e.g., Al2O3, TiO2, and zeolite),
antimicrobials (e.g., AgNPs and CNTs), and photocatalytic nanomaterials (e.g.,
bi-metallic nanomaterials, TiO2) are the nanomaterials used this application.

Table 3 Summary of TFN membranes with nanocomposite substrate [85, 103]

Type of
reinforcement

Role of reinforcement

Carboxylic
MWNTs

Better antifouling and anti-oxidative properties

Zeolite Salt elimination; Fighting to physical compaction

MWNTs Increase the flexible strength of substrate and salt elimination

Ag-zeolite/
PA-PSf

Improved water penetrability, Reduced tendency for biofouling

Titania/PA-PES Reduced porousness and improved elimination at small unit additions,
Improved permeability and reduced salt refusal beyond 5 wt%

Zeolite/PA-PSf Improved interaction with water and superficial charge, Reduced
superficial irregularity, Improved water penetrability by 80%

Zeolite/PA-PSf Improved interaction with water, Increased water penetrability, Improved
salt removal in RO testing

Note PA Polyamide, PSf Polysulfone, PES polyethersulfone
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The additional water loving metal oxide nanoparticles played a great role to decline
fouling by improving the membrane hydrophilicity while the adding of metal oxide
nanoparticles such as alumina [105], silica, zeolite [79] and TiO2 has contributed to
increasing membrane surface hydrophilicity, water permeability, or fouling resis-
tance to polymeric ultrafiltration membranes. Besides to this, this metal and/or
metal oxide nanoparticles also aid to improve the mechanical and thermal solidity
of polymeric membranes, decreasing the destructive influence of compassion and
heat on membrane porousness [79, 106].

Qin et al. [107] investigated that handling the wastewater effluent generated from
oil refinery and shell gas was difficult since this type of waste effluent was con-
taminated by contents of oils and salts. This type of wastewater was difficult to treat
using conventional membranes because the membrane was severe fouling or failure
by salts. The researchers developed another NCFO membrane for succeeding direct
oil/water isolation and desalination. This NCFO membrane was accumulated an oil
preventing and salt eliminating hydrogel separating layer on surface GO nanosheets
imparted polymeric sustenance layer. The hydrogel separating layer governs strong
water heating that leads to superior antifouling competency under several oil/, water
emulsions, and the imparted GO in support layer can considerably moderate interior
concentration polarization by decreasing FO membrane. Compared with viable FO
membrane, the new membrane establishes triple water flux, higher eliminations for
oil (>99.9%) and salts (>99.7%) and pointedly worse fouling attraction when
examined with replicated shale gas wastewater as shown the Fig. 7. These com-
bined benefits will validate this new NCFO membrane with wide requests in
handling highly salty and oily effluents [107].

Fig. 7 Illustration of immediate oil/water separation and desalination by Hydrogel/GOFO
membrane [107]
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4 Future Outlooks

In this chapter, the most extensively studied nanocomposite, Metal nanocomposite,
nanocomposite zero-valent metals (Ag, Pb, and Zn), MONCs (TiO2, ZnO, and iron
oxides), PNCs and MNCs were highlighted. Moreover, their applications in water
purification were discussed in detail. Since the current rapid water demand devel-
opment and sustainable application, NC look exceptionally favourable materials for
water purification.

However, more studies are quiet required to solve the NC encounters. Still, now,
insufficient types of nanocomposite are available commercially. Meanwhile, less
production price is critical to confirm their extensive requests for water purification,
future research has to devote to developing the commercial competence of NCs.
Moreover, with progressively widespread applications of the NCs in water treat-
ment, there are increasing alarms about their potential noxiousness to the envi-
ronment and human health. Existing evidence in the literature has discovered that
numerous NCs. However, principles for evaluating the noxiousness of NCs are
somewhat inadequate at present-day. Hence, widespread assessment of the toxicity
of NC is the crucial necessity to confirm their real applications. What is more, the
assessment and contrast of the performance of numerous NC in water purification
are recognized standards. It is hard to relate the performances of diverse
nanoparticles and figure out talented NC that merits extra application.
Consequently, the performance assessment tool of the NC in water purification
ought to be perfected in the future.

5 Conclusion

Growing demand and deficiency of clean water as a result of rapid urbanization,
population growth, and climate disruption have become unparalleled urgent global
issues. Globally, Water purification is a priority issue for human use, ecosystem
management, agriculture, and industry. The water sanitization process using
nanoparticles are quite efficient. However, these are linked with some weakness
such as aggregation, tough separation, and leakage into the contact water, envi-
ronmental impact and human health. Therefore, to improve water treatment process
system, researchers have been paid to develop eco-friendly, energy efficient and
low price for sustainable water purification. The nanocomposites are basically
multiphase solid materials, including porous media, colloids, gels, and copolymers
in a broad sense. The selection of hosts for nanocomposites have a great conse-
quence, and even controls the performance of nanocomposites in water purification.
Compared with free nanomaterials, the efficiency and usability of nanocomposites
were significantly improved, in terms of nanoparticle dispersion, stability, and
recyclability. Nowadays, nanocomposites were supposed to be the supreme likely
way of advancing water nanotechnology from lab study to large-scale application.
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A number of the researcher was investigated nanocomposites synthesis from metal,
metal oxide, carbon, polymer and membrane are the common materials used for
water purification. Polymer nanocomposites (PNCs) are a superior class of mate-
rials which nanoparticles (NPs) dispersed in a polymer matrix resulting in novel
materials having unique physical and chemical properties [74]. Polymers are special
supports for nanomaterials as they usually possess tunable porous structures,
excellent mechanical properties, and chemically bounded functional groups.
Polymer-based nanocomposites (PNCs) are prospecting materials for their sound
performance in water and wastewater treatment. Nanocomposite membrane has a
great role in water purification and reuses for various sources of water such as
drinking water, brackish, seawater, and wastewater treatment. Nanocomposite
membranes is an innovative type of membranes prepared by merging polymeric
materials with nanoparticles are developing as an encouraging solution to above
challenges.
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1 Introduction

Human activities have already brought about changes to the ecological system
worldwide, thereby giving rise to global warming and pollution. These problems
have led to increased environmental degradation, which is destroying many things.
Many plastic packaging industries are trying to minimize their reliance on synthetic
materials in order to reduce toxicity levels [47]. Therefore, new environmental
guidelines are forcing the exploration of novel packaging materials that are com-
patible with the environment. Such materials are currently being developed from
various natural resources, among which biopolymers are the most popular.
Biopolymers have many advantages compared to petroleum-based plastics in terms
of performance, processability, and biodegradability [82]. There are several types of
biopolymer matrices including polylactic acid (PLA), polyvinyl alcohol (PVA),
polyhydroxy butyrate (PHB) and starch-based polymers. The poor gas and water
barrier properties, unstable mechanical properties and weak resistivity of plastics
have limited their use in various applications [55]. Therefore, to improve their
mechanical and barrier properties, and to impart novel features to them, biopoly-
mers are reinforced with various nanofillers for the development of
nanocomposites.

1.1 Nanocomposites

Various terms have been used for advanced multifunctional packaging such as
smart, active, and intelligent packaging. The idea behind using such terms for this
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technology is to describe the selected reaction of a certain type of packaging when
located in different environments. This reaction allows the smart or active pack-
aging to sense changes in certain properties of food products and report them to the
customer [40]. Active food packaging materials encompassing nanocomposites
play several roles, including those of protecting food products from the outside
environment, as well as increasing their shelf life by preserving their value for a
longer period of time [79]. Other than that, smart packaging materials prevent
oxidation of the food item from taking place, hence delaying its deterioration. They
also function as a moisture controller, anti-microbial agent and freshness indicator
[40]. Thus, active and intelligent packaging systems also deal with nanocomposite
materials when they show ideal properties of smart packaging through their
features.

Nanocomposites have been used in recent years in many industries such as in
textiles, home decorations, packaging, furnishings, and agriculture. The application
of natural fibers in nanocomposite materials is not a serious concern due to new
technologies on the fabrication of synthetic fibers [79]. These synthetic fibers are
mass produced for application in various industries. However, during the fabrica-
tion of these fibers, pollutants are produced that have an effect on the environment.
The structure of biopolymer plastics tends to limit their application when there is a
lack of reinforcement such as nanofillers or nanofibers [55]. Synthetic fibers are
improved by reinforcement with nanofibers to enable them to be used in packaging
applications. During this phase, the load is transferred by the matrix to the nano-
fibers. Apart from the mechanical and thermal properties, permeability is consid-
ered to be the most important parameter in the selection of materials for food
packaging applications [40]. A high resistance to vapour and moisture is important
when choosing a suitable polymer-based plastic. Bio-nanocomposites provide an
excellent balance in mechanical, thermal and barrier properties.

The incorporation of nanofillers from inorganic and organic natural fibers can
lead to green food packaging [43]. Natural fibers are more compatible with the
environment than other fibers because they are biodegradable and renewable. In
addition, these materials are cheap and have a low level of toxicity [49]. Nanofibers
are measured in nanometres (10−9 m), and the term ‘nano’ relates to a range of
nanoparticles. The measurement of the diameter of nanoparticles changes to
nanometres following the shrinkage of micrometre materials. Deepa et al. [13]
mentioned that the nanometre measurement of constituents is equivalent to being
80,000 times thinner than that of the hair of a person. However, this depends on
whether the nanocomposite materials originated from material or fiber sources.
Sometimes, they may become tiny particles but do not reach the nano-size range.
The unique properties of nanocomposite materials are that they enhance the prop-
erties of composites, they have more attractive features in terms of their mechanical
properties, they have flexible surfaces, and high surface area ratios [75]. Their
surface area ratios are 103 times more than those of micrometre materials [48].

Nanofillers play a potential role in improving or altering the properties of the
material in nanocomposites. Nanocomposite materials have a more acceptable
demand due to the specific advantages that they have over non-biodegradable
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products. Being more environmentally friendly, nanomaterials are used in many
applications like the aerospace, automotive, electronics and biotechnology sectors
[63]. Nanofibers and their composites offer a highly attractive contemporary to the
research line. Nanocomposites show an outstanding improvement due to the
nano-reinforcement. Basically, nanofibers are extracted for the stiffness that they
provide to the reinforcement in nanocomposite materials [48]. Unlike natural fibers,
synthetic fibers are produced from petrochemicals, while natural fibers originate
from farm or agricultural crops. Due to environmental processes, biopolymer
nanocomposite packaging is subject to degradation when exposed to environmental
conditions such as moisture, sunlight, temperature or different pH solutions [77].

In nanoclay composites, the barrier properties depend on the orientation of the
nanofiller, and it dispersion condition in the polymer matrix. The clay layers able to
create a barrier to delay the diffusion of molecules through the food packaging.
According to Majeed et al. [40], nanoclay composites have gained a lot of attention
from packaging manufacturers due to their cost-effectiveness, wide availability and
simple processability. Nanoclay-based composites are usually reinforced with a
polymeric starch-based material. Talegaonkar et al. [79] and his group identified the
reason behind the successful use of nanoclay composites as a nanofiller in food
packaging materials. According to them, the nanoclay that is used as a nanofiller
improves the barrier properties of the biocomposite, possibly by increasing the
tortuosity of the diffusive path for permeants, such as gas, moisture, and vapour. Li
et al. [36] also added that the addition of 60 wt% of nanoclay in agarose starch
increases the elastic modulus by five times than that of neat agarose starch at 2.4
GPa. It has been proven that the mechanical behaviour of bio-nanocomposites can
be improved with the presence of nanoclay in it.

Smart or active packaging plays the most important role in the security of food
products by preserving their integrity throughout their shelf life. The use of
nanocomposite materials in food packaging industries is a new green technology
aimed at attaining markedly enhanced packaging properties like improved
mechanical properties and water resistance, increased thermal stability and barrier
properties, and decreased migration activity. In addition, nanocomposites also offer
an environmental approach, where they can be degraded within a few months.
There are various types of nanofiller-based natural fibers that are suitable for
preparation as nanocomposite materials. Thus, the nanocomposite materials are
remarkably incorporated as packaging materials and also provide smart properties
to the packaging system, thereby ultimately increasing the shelf life of food
products and improving product quality.

2 Nanocomposite Preparation

The properties of nanocomposites heavily depend on the dispersion states of the
reinforcement phase in the matrix. In order to optimize the properties of
nanocomposites, it is necessary to disperse the particles in homogeneous
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“nano-level” dispersion. For the cases of clay reinforced nanocomposites, there are
three possible polymer/clay nanocomposite structures, i.e. flocculated, intercalated,
and exfoliated [71], with exfoliation structure, followed by intercalation are the
preferred ones. It also should be noted that in preparing nanocomposites specimens,
degradation of the matrices should be avoided.

Various procedures to disperse the nanoparticles inside the polymeric matrices
have been reported, and mainly can be classified into three classes, i.e. solution
casting, melt mixing and in situ polymerization.

2.1 Polymer Solution Casting

Solvent casting technology, for the production of high-quality flexible films, has
attracted widespread interest from plastic manufacturers. Driven by the require-
ments of the photographic industry well over a century ago, the solvent casting
method has gradually declined due to the development of new film extrusion
technology. However, due to the existence of certain limitations which constrain the
applicability of conventional polymer processing methods, researchers’ have
adopted several measures to develop and modify polymer processing methods to
suit natural polymers [53]. Solution casting is known as solvent casting or the wet
processing method and is used for forming polymer thin films. Polymer films have
many technological applications and advantages in industries such as packaging,
medical devices, and photography tools and are also used in the coating industry.
Notably, uniformity is the main characteristic for any of these applications.

Solution casting is a unique process where it is not reliant upon conventional
extrusion and injection moulding machines, yet it incorporates well-mixed con-
stituents like those produced by more traditional methods [30]. Solution casting is a
manufacturing process that involves mixing of the solubilized polymer matrix and
filler under continuous agitation via stirring, which is then followed by casting into
a flat mould and solution drying. Moreover, it is often referred to as the evaporation
method where the film is left for one day [58]. Salehifar et al. [65] stated in their
findings that the solvent casting process is used in industrial food packaging for a
broad range of applications. Accordingly, each polymer matrix has its own
co-solvent to assist in dissolving the polymer. Notably, alcohol, chemical solvent,
water or dissolving solutions are used in this kind of process as co-solvent [38].
Moreover, the dissolved polymer process can be improved using applied heat or via
a readjusted PH condition which will enhance the formation of properties of the thin
film matrix.

For the raw materials in the solvent casting method, several prerequisites are
required. First, the polymer matrix should be soluble in the inorganic solvent or PH
water. Also, the solution needs to be stable with suitable minimum solid substance
and viscosity to achieve satisfactory performance [57]. The second prerequisite is
the opportunity to produce a homogeneous thin film and removing the film after the
drying process [66]. Figure 1 illustrates the solvent casting process to produce
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biocomposite film. Notably, basic film applications are produced using different
polymer and solvent combinations. During the casting process, the solid polymer
matrix of various shapes (i.e. granules, powder or pellet size) is gradually dissolved
in pure co-solvent. As a precautionary measure, the material type and geometry of
the paddle or magnetic stirrer needs to be carefully selected due to the significant
difference in viscosity between the polymer and co-solvent which may affect the
mixture solvent [69]. Therefore, the temperature and mechanical stirring rate need
to be carefully controlled given it affects the quality of solvent evaporation, polymer
chain and skin formation of the polymer film. Typically, the induced temperature is
varied between room temperature and the boiling point of the solvent [30]. Also, the
dissolution time usually takes several iterations which are dependent on the type of
solvent and method used.

The advantages of the manufacturing process of polymer solution casting over
traditional film extrusion methods are mainly due to the unique approach and
without the need to apply thermal or mechanical stress. Therefore, the degradation
process or adverse side reaction is considered to be significant. Accordingly,
solution casting is becoming an attractive process where the production of film
offers uniform thickness distribution, maximum optical purity and extremely low
toxicity [69]. Additionally, the process is conducted at a low temperature where it is
relevant for thermally activated films although, in some circumstances, it may be
temperature sensitive with active constituents. According to Salit et al. [66], due to
the process being conducted at low temperature, the thin film shelf life can be
extended to incorporate a much longer period. Furthermore, the non-melting pro-
cess from soluble raw materials will possibility produce high-temperature resistant
films. Notably, the main advantages of solvent casting are primarily due to the total
cost of manufacturing prototypes and production volumes, which are much less
than in extrusion blending. Also, this includes an inexpensive mould with a stan-
dard manufacturing/production line [57].

Next, a case study is used to examine nanocellulose reinforced with
biodegradable polymer matrix where the focus is on the polymer process and to
achieve outcomes. Jiang et al. [27] reported on cellulose nanowhisker

Fig. 1 Process to produce polymer nanocomposites film
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(CNW) reinforced poly(3-hydroxybutyrate) (PHB) by solvent casting and extrusion
blending. Polyethylene glycol (PEG) acts as a compatibiliser or dispersion agent,
and N, N-dimethylformamide (DMF) is co-solvent for this composite. Firstly,
CNW/PEG was dissolved in a DMF stable suspension for 4 h of sonication at
258 °C. PHBV was also dissolved in DMF, and the mixture continued to be
sonicated further for 2 h for complete homogeneity, followed by the solvent mix-
ture casted on a glass plate. The film PHBV/CNW composite was formed following
the complete evaporation of DMF. Finally, the sample was removed from the glass
plate and kept in a desiccator to maintain a constant humidity. The homogeneous
dispersion of CNW posed a significant challenge in preparing the nanocomposite,
due to the possibility of hydrogen bonding inducing agglomeration on the sample.

The solvent casting technique demonstrated better dispersion of CNW in the
nanocomposite compared to the extrusion method in which good dispersion sig-
nificantly improved the properties of the PHBV nanocomposite [27]. PEG was also
added to increase the dispersion in the nanocomposite. The addition of CNW also
enhanced the PLA molecular mobility. Whisker content from 0 to 30 wt% also
increased the tensile strength and Young’s modulus obtained. Therefore, the
enhanced tensile properties indicate good dispersion and strong interfacial adhesion
between the fiber and the polymer matrix. The water resistance of the composite
also increases with whisker content. By comparing the preparation method, the
result for the composite prepared via extrusion showed lower tensile properties as
compared to solution casting. Agglomeration of cellulose nanowhisker was
reported to be observed under the scanning electron microscopy (SEM) micrograph
and no intimate contact between cellulose nanowhisker and polymer matrix even
though with the presence of a compatibilizer. Notably, the influences of agglom-
eration decreased the performance of the composite.

In conclusion, solution casting has numerous benefits compared to other fabri-
cation methods due to lower production temperature required and no mechanical
stress. Medical manufacturers are producing materials such as silicone urethane, via
solution casting to produce breakthrough products subsequently excel in manu-
facturing performance and shorter lead times in supplying the demands. Solution
casting as a manufacturing process depends only on the reaction between the
co-solvent and polymer or the natural fiber mixture [53]. One of the primary reasons
is due to solvent casting requiring lower energy, thereby reducing costs in recov-
ering the solvent, and only a small investment is necessary for installing the
facilities needed in handling the solvents and dope solutions which differs from
other manufacturing methods [30]. Therefore, high quality of the thin film can only
be achieved using the solvent casting methods and not using other methods.

2.2 Polymerization

Polymers are basically made of a large number of repeating unit of monomers.
There are various methods that can be used to produce the polymers; step-growth
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polymerization method (condensation polymer) and chain growth polymerization
method (cationic polymerization and anionic polymerization). Depends on the
constituents of the monomer, homopolymer and copolymers can be prepared. For
an example, homopolymer polypropylene (PP) has been used extensively in food
packaging industry as this polymer is known for its’ exceptional properties [8].
PP is polymerized from its monomer which is propylene through Ziegler-
Natta polymerization and by metallocene catalysis polymerization. Despite its low
impact strength at low temperatures and high gas permeability, PP is reinforced
with other components such as fillers, inorganic materials and many more in order
to improve its properties. Previous studies show significant improvement in gas
barrier properties of PP when blended with montmorillonite (MMT) by a
twin-screw extruder [11, 93] and coating with corn zein nanocomposite [34].

Another polymer extensively used as packaging material is polyethylene
terephthalate (PET). PET is produced by a step-growth polymerization of ethylene
glycol and terephthalic acid or dimethyl terephthalate [20]. PET exhibit exceptional
properties such as strength, permeability, chemical resistance and high transparency
making it suitable for many applications. PET is also blended with other compo-
nents such as clay by stretch blow molding machine in order to study the migration
of aluminium and silicon from the composite into acidic food simulant bottle [20].
The study shows that the migration of aluminium and silicon is dependent on
storage time and temperature. Another study had produced a nanocomposite by
blending PET with layered double hydroxide by using high energy ball milling
process and the results obtained showed that the oxygen diffusion and permeability
are lower than that of neat PET [80].

Both PP and PET are known as non-degradable polymers. Despite its
non-degradability, they are extensively used as food packaging material as they
possess suitable properties for application in packaging. Nowadays, the biopolymer
is emerging to substitute this conventional plastic as they can degrade naturally into
the environment [20]. Biopolymers are categorized into their synthesis process
namely from biomass product, microorganism, biotechnology and oil-products.
Starch can be used to form a biodegradable film and different sources of starch can
be obtained from plant biomass such as corn or sugarcane [81]. A study done by
Heydari et al. [23] prepared corn starch film with glycerol by casting method where
with increasing glycerol content, the tensile strength decreases. Chitosan is another
polymer synthesize from chitin which is the most abundant agro-polymer in nature
next to cellulose. Chitosan nanocellulose is developed in previous studies in order
to improve its anti-microbial properties in food packaging, for extending the shelf
life of meat in particular [14].

Poly hydroxyalkanoate (PHA) is a biopolymer synthesize from a microorgan-
ism. The homopolymer of PHA, poly(3-hydroxybutyrate) (PHB) and copolymer
hydroxyl-valerate (HV) have been extensively studied to improve their properties
[81]. From a previous study, PHA is combined with nano keratin by using two
methods, direct melt compounding and pre-incorporated into an electrospun mas-
terbatch of PHA and also solution casting [31]. Barrier properties are enhanced by
both methods while sample prepared by solvent casting shows good adhesion.
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Another study had been done by incorporating polyhydroxybutyrate-co-
hydroxyvalerate (PHBV) with cellulose nanowhiskers using electrospinning tech-
niques and showed improve barrier properties despite the extreme brittleness [31].
In another study, PHB had also been fabricated with cellulose nanocrystal by using
solution casting technique and the results from the study show enhance gas barrier
and migration properties [67]. Previous studies had also blended Poly
(3-hydroxybutyrate-co-3-hydroxyvalerate) with other components such as clay
[31], zinc oxide [15] and cellulose nanocrystal [92].

PLA is a polymer formed by ring opening polymerization of lactic acid [81].
PLA is considered a renewable material as it is manufactured by fermentation of
renewable agriculture resources. Despite the attention towards PLA for its com-
mercialization towards substituting conventional plastic, PLA brittleness and high
cost limit its application. Many research had been done to modify PLA in order to
widen its applications. PLA/zinc oxide film prepared by twin-screw extruder proven
to improve PLA mechanical properties [44]. Other than that, PLA had also been
blended with MMT by using a twin-screw extruder to form a nanocomposite.
Comparing to neat PLA, the study shows that PLA/MMT exhibit good mechanical
and oxygen barrier properties. Another study had been done by Pinto et al. [59]
where PLA is incorporated with graphene by using solvent casting method. This
study also shows improvement in mechanical and oxygen barrier properties.

Poly(e-caprolactone) (PCL) is a synthetic biopolymer that can be synthesized
either by ring opening polymerization from e-caprolactone (monomer) or by free
radical ring opening polymerization of 2-methylene-1-3-dioxepane [6]. Because of
its high cost and brittleness, PCL applications is limited to medical purpose.
However, many researchers have attempted to modify PCL by blending it with
other components in order to widen its applications to other fields such as in food
packaging sector. Beltrán et al. [6] had done a study on blending PCL with
hydroxytyrosol (HT) and a commercial montmorillonite by melt blending method.
The presence of montmorillonite decrease oxygen permeability but enhance the
elasticity PCL. Another study had developed an antimicrobial PCL/clay
nanocomposite films by melt blending method [90]. Results obtained from the
study shows that mechanical water vapour barrier properties and antimicrobial
properties improved for the nanocomposite, showing that it is suitable for the
application in food packaging.

PVA is another type of synthetic biopolymer. Unlike other polymers, PVA is not
synthesized from its monomer, instead, PVA is prepared by partial or complete
hydrolysis of polyvinyl acetate to remove acetate groups [10]. According to
Butnaru et al. [10], for PVA to be used in applications such as food sector and
pharmaceutical, PVA need to be cross-linked first by the freeze-thawing method.
Butnaru et al. [10] also had done a study to prepare a nanocomposite by blending
PVA with chitosan and clay. The study shows enhanced properties in terms of
thermal stability, mechanical and antimicrobial properties. A previous study had
also been done where PVA had been blended with cellulose nanocrystal by a
solvent casting method and the result proven to improve its mechanical properties
[18] (Table 1).
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2.3 Melt Mixing

Amongst the three methods, melt mixing is the most economically attractive and
scalable method for dispersing nanoparticles into polymers. To some extent, this
method is also preferable over other two methods because it aligns well with the
currently established industrial processing routes. This method also can be con-
sidered as environmentally benign, due to the unnecessity to use organic solvents.
Melt mixing process involves melting of the thermoplastic polymer matrix to form
viscous liquid followed by incorporation of nanoparticles.

In order to ensure proper dispersion of the nanoparticles during melt processing,
two key factors need to be considered, i.e. (i) favourable interaction between the
polymer matrix and the nanoparticle, and (ii) suitable processing conditions [50].
The favourable enthalpic interaction between particles and the matrix is necessary,
because, in the absence of such favourable interactions, the dispersion of the
nanoparticles within the matrix becomes difficult, and may only result in the for-
mation of micro-composites instead of nanocomposites. Meanwhile, the processing
conditions are also needed to be controlled carefully. Although high shear mixing in
principle can improve the dispersion states of the particles, too high mechanical
shearing, combined with high temperature and possible oxidation, may degrade
certain types of polymers, especially biopolymers [50].

There are numerous works that reported successful attempts in preparing PLA
based nanocomposites by melt mixing method. PLA nanocomposites reinforced
with various types of particles such as silica [32, 86, 94], clay [33, 72], carbon
nanotube [87], graphene [28, 46], titanium dioxide (TiO2) [17] and nanocellulose
[2, 22] have been successfully prepared by melt mixing process. In most cases,
nanoparticles were surface modified to facilitate favourable interaction with the
polymer matrix, which leads to better dispersion states. For example, –COOH
surface modified multi-walled carbon nanotube (MWNTs) displayed better dis-
persion in the PLA matrix than the unmodified MWNTs [87], or polyethylene
glycol methyl ether (PEGME)-modified nanosilica exhibited better dispersion states
in the PLA matrix compared to pristine nanosilica.

Beside surface modification of nanoparticles, processing conditions in melt
mixing method also affect the dispersion state of the particles in PLA nanocom-
posites. Villmow et al. [83] showed that higher rotating speed (500 rpm compared
to 100 rpm), more mixing elements in extruder screw configuration, and temper-
ature profile with raising value towards the extruder die contributed to better dis-
persion of CNT inside PLA matrix. Okubo et al. [52] exhibited that dispersion of
cellulosenano- or microfibers was improved with decreased gap distance
in roll-milling, while Oksman et al. [51] also pointed out that the type of screw in
extruder influence the dispersion states of nanoparticles inside the matrix, i.e. in
case of nanocellulose processing, the co-rotating twin-screw extruders are preferred
over counter-rotating, because they are better for mixing and dispersing. In prin-
ciple, higher mechanical shearing may lead to better dispersion of nanoparticles
inside the matrix.
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Preparation of PHA family based nanocomposites by melt mixing method has
also been reported. The examples include PHBV reinforced with carbon nanotube
(CNT) [68], PHBV reinforced with hydroxyapatite [54], PHB/clay nanocomposites
[9, 39], etc. Similar to PLA based nanocomposites, surface chemistry of
nanoparticles play a critical role in helping good dispersion. Organo-modified
MMT dispersed better compared pristine MMT inside PHB matrix [9]. In PHBV
matrix, hydroxyapatite treated with silane coupling agent exhibited better disper-
sion states and mechanical properties compared to untreated hydroxyapatite parti-
cles [54]. However, since many of PHA are sensitive to thermo-mechanical
degradation, the melt-processing of PHA nanocomposites occurred within a short
window and caution should be taken be taken to avoid degradation during pro-
cessing [9, 50].

3 Characterization of Nanocomposites

3.1 Mechanical Property

Mechanical characteristic is one of the crucial factors in nanocomposite especially
in designing food packaging. Chemical resistance of the product can be affected by
its process-ability and mechanical properties such as tensile strength, tear strength,
elongation, toughness, softness and puncture resistance [5]. So, it is mandatory to
perform the suitability test for nanocomposite food packaging stored with food as a
function of duration. For example, the tensile test is conducted to determine the
tensile strength, Young’s modulus, yield stress and elongation at break of the
nanocomposite. Generally, this testing is carried out according to the ASTM D88
standard testing method for tensile properties of thin plastic sheeting and ASTM
D638 for testing materials up to 14 mm of thickness.

Moreover, impact properties test is also conducted to determine the amount of
energy needed for the plastic deformation at certain condition according to ASTM
D1709 for plastic film. Impact test consists of Charpy and IZOD specimen con-
figuration according to ASTM D256 and ASTM 6110, respectively. The flexural
test measures the force required to bend the sample under three-point loading
conditions according to ASTM D790. This test is conducted as an indication of a
material’s stiffness when flexed. The sample lies on a support span and the load is
applied to the centre by the loading nose producing three-point bending.

The modification of polymer content leads to increase in tensile performance up
to 50% of the original value [5]. Nanocomposite film with the addition of
water-soluble chitosan (WSC) increased the tensile strength of the polymer [78].
Relative elongation is also an important mechanical property as it could affect the
biodegradable rate during the degradation process. As studied by Mostafa et al. [45],
the percentage of elongation values for starch blend film was reduced in inoculated
soil faster than in non-inoculated soil. Elongation of starch blend film dropped
rapidly by 56% in inoculated soil compared to 12% decrement in elongation within
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the fixed time basis. Therefore, mechanical stability properties help to improve the
new innovations in biobased food packaging for commercial use.

3.2 Thermal Property

Addition of nanoparticles into polymeric materials also may enhance the thermal
properties. Higher thermal stability is important in food packaging application to
withstand a wide range of temperature exposure during food processing, trans-
portation, and storage [55]. A recent report by De Silva et al. [12] showed that
incorporation of magnesium oxide (MgO) into chitosan exhibited higher thermal
stability and fire retardancy, due to the high thermal stability of MgO along with the
homogeneous distribution of MgO nanoparticles in chitosan films. Kim and Cha
[29] also reported that addition of organically modified MMT nanoclays into
ethylene vinyl alcohol copolymer (EVOH) resulted in enhancement of thermal
stability as indicated by thermogravimetric analysis (TGA), as well as shifting the
crystallization temperature of EVOH as displayed by differential scanning
calorimetry (DSC) result.

3.3 Degradation Behaviour

Development of new food packaging materials that capable to be degraded in a
controlled manner has been a focus of interest of researchers nowadays.
Incorporation of nanoparticles into degradable polymeric matrix may affect the
degradation behaviour of the composites. Addition of cellulose nanocrystals (CNCs)
into PLA helps to enhance the disintegrability rate of PLA since this nanocellulose is
equipped with hydrophilic nature [3, 19]. However, different observation has been
found when PLA is added with coated CNC with surface surfactant (s-CNC). Even
though s-CNC accelerate the disintegration process of PLA, however, water diffu-
sion is slightly restricted due to the improvement in barrier properties and therefore
slowdowns the hydrolysis process and delays the degradation process [19]. It can be
concluded that the addition of appropriate plasticizers will help to improve the
disintegration of PLA in composting conditions [3, 35], which indirectly speed up
the disintegration of PLA-plasticizer nanocomposites.

In other literature reported by Pandey et al. [56], the addition of addition of
nano-layered silicate intoPLAmatrix increased the biodegradation rate of thematerials.
The increment was predicted due to the presence of terminal hydroxylated edge groups
in the silicate layers. Addition of 4%of nano-layered silicate lead to the good dispersion
of silicate layer in PLA matrix and these hydroxy groups begin the heterogeneous
hydrolysis of PLA matrix by absorbing water from compost. Up to one month, the
weight loss and hydrolysis of PLA and PLAwith 4% filler is about the same, however,
after one month, the degradation of nanocomposites increased significantly.
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3.4 Migration Testing

Migration is the process where chemicals are transferred from nanocomposites to
food as they come in contact with each other. The term “migration”, according to
Icoz and Eker [26], is used to define the diffusion of substances from high con-
centration regions to low concentration regions within the food and the packaging
material. The chemical substances that are added to polymeric materials to enhance
the characteristics of a composite may interact with the food components and move
into the food during the processing, storage, and distribution. The quality, such as
taste and odour, as well as safety of the food will be affected and cause significant
health problems to the consumer. There are various factors that influence the rate of
migration, such as the contact time, temperature, structure of the nanocomposite
(thickness for plastics), chemical properties (molecular size, polarity, vapor pres-
sure, etc.) of the migrants, and the types of materials that come in contact with the
food [7, 26]. Migration can occur in different ways such as contact migration, gas
phase migration, penetration migration, set-off migration, and condensation or
distillation migration [26].

Generally, this testing is carried out according to the EN 1186 standard testing
method, and several types of food simulants are used to analyze the overall
migration testing. These food simulants are chosen as they are less chemically
complex than foods [7] according to the regulations by EU 10/2011. The recom-
mended simulants, as stated by Bhunia et al. [7], are: ethanol (10% v/v) (simulant
A) to simulate aqueous foods (pH > 4.5); acetic acid (3% v/v) (simulant B) to
simulate acidic foods; ethanol (20% v/v) (simulant C) to simulate alcoholic prod-
ucts; ethanol (50% v/v) (simulant D1) and vegetable oil (simulant D2) to simulate
fatty foods, and lastly, Tenax (PPPO) (simulant E) to simulate dry food. The overall
migration is limited to 10 mg/dm2 on a contact area basis or 60 mg/kg in the
stimulant or food (for plastics).

The food contact material or migration testing is important especially in producing
food packaging as it affects the quality and shelf life of food and has a bad impact on
human health. The substances that migrate into food can transform to become toxic
and hazardous to consumers, especially babies and children. The composition of the
materials that come in contact with food, such as additives and plasticizers, may
affect the safety and quality of food. They affect the human reproductive system and
are carcinogenic as both of them are described as endocrine disruptors. Phthalate
esters, alkyl phenols (APs) and 2,2-bis (4-hydroxyphenyl) propane, also known as
bisphenol A, are examples of hazardous chemicals that have serious toxic effects if
exposed to the human body even at low concentrations [85].

Therefore, migration testing is very important in food packaging applications in
order to maintain the safety and quality of the food and also consumer health. It is
necessary to choose carefully the materials and their properties to protect the quality
and safety of food.
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3.5 Antimicrobial Testing

Nanomaterial has revealed many benefits in various fields. As the uses of nano-
materials have been increasing, it has been found to be a promising advancement
for the food packaging productions in the global market. However, the use of
nanomaterials in food packaging could be challenging due to the method in
reducing particle size and the fact that characteristic of nanoparticles material is
quite different from microparticles [24]. Food packaging offers to maintain the
quality of food taste, prolong shell life and protect food from contamination.
However, food security is an excessive problem due to increasing disease from
contamination adverse from food packaging materials. World Health Organization
(WHO) stated the spoilage of food arise at any time during production of food to
consume. Pathogens bacterial are to blame in many cases because it easily grows on
food surface [84]. This leads to the introduction of nanocomposite as an active
antimicrobial packaging and particularly designed to control the bacteria from
adversely affect health. By using active packaging, the internal environment is
modified via constant interaction with the food over the specified shell life [41].

Nanoscale materials consist of a high surface to volume ratio than micro-size
particles which make them easier to attach with a numerous number of the molecule
and increased the efficiency [88]. Nanoparticles such as copper, silver and zinc
oxide usually used in the retarded growth of microorganism due to strong
antibacterial or antifungal activities. The reinforcement of this kind nanoparticles in
biocomposite may overcome the problem of food spoilage. So, the main goal of
active packaging enhances the packaging products quality by guarantee food
security and improve sensory properties of food while sustaining food quality [61].
Active antimicrobial packaging may be described as a structure that alters the
environment inside the plastic package by modifying the condition of the packaged
food system. Food spoilage can be formed when it is exposed to air via processing,
production, and packaging of food [70]. Generally, active food packaging is divided
into two categories; biodegradables and non-biodegradable materials.
Petroleum-based packaging has particularly benefit of high mechanical strength,
low cost of raw material, availability, ease production process, good barrier prop-
erties but not biodegradable [84]. They cause environmental pollution as they can
take hundreds of years to completely degrade.

Besides, petroleum-based packaging material can also preserve food over the
particular period but, currently, consumers do prefer products made of biodegrad-
able resources [76]. Besides, those packaging have chemical additives diffused
through the plastic barrier into food products thus provides a negative effect on the
health. Biopolymer materials have attracted widespread industries because they can
be decomposed easily. Therefore, utilization of antimicrobial material in biopoly-
mer packaging can provide significant enhancement of property which can help to
increase health security and shelf life of food. It is one of the methods that effec-
tively kill or inhibit pathogenic microorganism from growth in infected food [62].
Hence, a good food packaging able to reduce contamination over the food [44, 64].
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The improvement of biopolymer-based nanocomposites with antibacterial agent
presents interesting potentials because the bio-based polymer can be varied
according to specific technology requirements and also fulfil the nanostructures
with envisaged applications [60]. The antimicrobial elements most commonly
introduced into packaging products can be characterized into many types such as
plant oil extract, enzymes, bacteriocin, preservation, chemical substance and others
[76, 84]. Previous literature have recognized the potential application of antimi-
crobial nanocomposite for wound dressing [89], bactericides [60] and medical
devices [16].

Nanoparticles have different activities depending on pathogenic and spoilage
microorganism species [44]. Pinto et al. [60] reported based on their finding in
antimicrobial activity test, the presence of nanoparticle copper (0.93–4.95%) can
against K. pneumoniae (Gram-negative bacteria) in cellulose nanocomposite
specimens. The inhibition of bacteria depends on the nanofiller content in the
specimens, where increasing copper content gave significant inhibited bacteria
growth. This study believed that Gram-negative bacteria can be affected by
copper-based material as they have a strong antimicrobial action against peptido-
glycan layer. The interaction of nanoparticles could cause in changing its perme-
ability and the structures promote the membrane degradation which ultimately
causing the death of bacteria [25]. According to Lai et al. [33], the incorporated
nanoclay into PVA film showed strong antimicrobial activity against Gram-positive
bacteria (L. moncytogenes and S.aureus). Nanoclay was known as an active agent
due to its highly dispersed in biocomposite and increased their exposure toward
microorganism [37]. These may result in deteriorated bacterial cell membranes and
cause cell lysis. Current food technology used antimicrobial in covering substances
because this method will make sure food product are safe and lead to extend shell
life [61]. Therefore, selection of removal of any microorganism should be identified
for selection of an appropriate antimicrobial agent.

The main function of nanomaterials to act as an antioxidant agent is, it consists
of microbial cidal effects and microbial static effects on the microorganism.
Microbial static effects related to the active function of substance to enhance the
concentration below minimal inhibitory during preserved or storage process of food
product [41]. This state may reduce perishable to occur by contamination. The main
concept permitted in this packaging are wrapping system with presence of
antimicrobial agent either natural or synthetic agents. The existence of an antimi-
crobial agent in packaging product is more significant than adding antimicrobial
agent directly onto food, the fact of covered product that consists antimicrobial
agent could not diffuse into food product as well as can be thrown away after its’
usage [25]. The major challenge in food packaging is the design of nanocomposite
material with active antimicrobial products. Lately, many customers concern about
potential health risks when chemical additives are added to packaging products.
The achievement by scientists with the new formulation of reinforced nanoparticles
verified the potential of bio-nanocomposites as an active food packaging, can be
considered as an alternative to conventional composites used in the packaging
material.
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3.6 Optical Behaviour

Greater lightness and transparency in food packaging are vital as they are in high
demand by consumers. Most non-composite foods packaging are colourless and
transparent. These characteristics, however, are slightly affected by the addition of
other materials, which in the end influence the aesthetic value of the food pack-
aging. Arrieta et al. [4] revealed that the lightness of PLA is 94.08 ± 0.07, while
that of PLA/limonene is 93.86 ± 0.10. Both PLA and PLA/limonene have high
brightness characteristics, but their lightness is reduced once additives are added. In
other researches, the lightness and transparency of coated films for food packaging
were affected in the presence of proteins and plasticizers.

Lee et al. [34] stated that the transparency of protein-coated films was increased
from 16.9 to 19.7 for corn zein, 13.3 to 30.3 for soy protein isolate and 17.8 to 28.6
for whey protein isolate. Moreover, the transparency of protein-coated films also
increased with the addition of plasticizers. Yoo and Krochta [91] compared the
transparencies of biopolymer, biopolymer blended and synthetic polymer films. The
results indicated that the percentage of transparency of biopolymers like hydroxyl
propyl methyl cellulose (HPMC) films was higher compared to synthetic polymers
such as low-density polyethylene (LDPE), high-density polyethylene (HDPE) and
polypropylene (PP) films.

Generally, the optical properties of nanocomposites are evaluated according to
the CIELAB colour system. In this system, the colour coordinates L*, a* and b*
represent lightness, red-green and yellow-blue, respectively. An increase in the L*
value indicates that the nanocomposite specimen is lightening. The colour is
switching to red if the* value is increasing, while it is turning green if the value is
decreasing. The increase in the value of b* shows that the colour is switching
towards yellow, and a decreasing value indicates that it is turning to blue.
Therefore, the total colour difference (ΔE) can be determined by using Eq. 1.

DE ¼ ðDL2 þDa2 þDb2Þ1=2 ð1Þ

Transparency and opacity are essential properties in food packaging application
as they improve the appearance of a product. Opacity is the degree to which light is
not allowed to travel through. Products with high transparency, especially in
packaging, have become more popular in the market as consumers prefer
see-through rather than opaque packaging. Thus, nanocomposites with high
transparency and lightness are important in food packaging applications as there is a
high demand for them from consumers.
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3.7 Permeability and Barrier Properties

The determination of the barrier properties of the nanocomposite is important as it
determines the shelf-life of the product. Various factors may affect the barrier
properties to gases and vapours on the nanocomposite such as environmental
conditions like temperature and relative humidity. Permeability according to
Siracusa [73], stated that the ability of the gas or vapour transmits through a
resisting material. Permeates diffusion is influenced by the structure of the
nanocomposite, permeability to specific gases or vapour, area, thickness, temper-
ature, the difference in pressure or concentration gradient across the nanocomposite.

Oxygen transmission rate (OTR), water vapour transmission rate (WVTR) and
carbon dioxide transmission rate (CO2TR) are main examples of the barrier prop-
erties that used in food packaging application [74]. The oxygen permeability
coefficient (OPC) exhibits the amount of oxygen that permeates into packaging
materials in term of per unit area and time ðkgm=m2 s PaÞ [73, 74]. When the
nanocomposite film packaging has lower oxygen permeability coefficients, it pro-
longs the product’s lifespan as the pressure of the oxygen inside the packaging
decrease to the point where it slows down the oxidation. The OPC is correlated to
the OTR by using Eq. (2)

OPC ¼ OTR � l
DP

ð2Þ

For water vapour permeability coefficient (WVPC) and carbon dioxide perme-
ability coefficient (CO2PC), both indicate the amount of water vapour and carbon
dioxide, respectively that permeates per unit area and time as well ðkgm=m2 s PaÞ.
The WVPC and CO2PC are correlated to the WVTR and CO2TR by using Eqs. (3)
and (4), respectively.

WVPC ¼ WVTR � l
DP

ð3Þ

CO2PC ¼ CO2TR � l
DP

ð4Þ

where l is the thickness of the nanocomposite film and DP is P1–P2, P1 is the gas
partial pressure at the temperature test on the test side and P2 is equal to zero on
detector side.

In order to improve barrier properties to gasses, vapour and aromas due to the
sensitivity of various food products to oxygen degradation, microbial growth
stimulated by moisture and aroma for keeping the food quality, nano or microfilters
can be incorporated into biopolymers food packaging. Mali et al. [42] stated that the
oxygen permeability was decreased while mechanical and heal seal properties were
improved in bio-nanocomposite films from sago starch and bovine gelatin with
nanorod-rich zinc oxide as the nanofillers.
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Thus, oxygen and water vapour permeabilities in nanocomposite are essential
properties as they give a major impact on the shelf-life of fresh and processed foods.
It is important to know if there is an interaction between food and packaging and
factors that influence the transport mechanism through the material.
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Mechanical Techniques for Enhanced
Dispersion of Cellulose Nanocrystals
in Polymer Matrices

Jamileh Shojaeiarani, Dilpreet S. Bajwa and Kerry Hartman

1 Introduction

The growing concern regarding the impact of petroleum-based polymers on the envi-
ronment and the development of biopolymers call for a transition from petroleum-based
polymers to sustainable biopolymers. However, such a transition possess a substantial
challenge for scientists and industries, requiring innovative materials and the applicable
methods for improving the potential application of new materials.

Among all different types of biopolymers, cellulose is one of the most abundant
organic compound available on the earth and it is the primary structural component
of the cell wall of various plants, many forms of algae and the oomycetes. It is also
present in different species of fungi, bacteria, and some sea animals such as tuni-
cates [1]. Cellulose crystallites contain highly ordered, crystalline portions along
with some disordered (amorphous) domains [2]; crystallinity index of the celluloses
indicates the ratio between the area of the crystalline regions and the total area.
Cellulose can be transformed into micro or nano-scale products with different shape
and crystallinity using different methods such as acid hydrolysis, combined with
mechanical shearing and enzymatic hydrolysis [3–7]. During the process, the
amorphous or disordered regions of cellulose are hydrolyzed, and the crystalline
regions with higher resistance to acid attack remain intact [8–10]. The resulting
crystalline segments with the dimensions of nanometer is called nanocellulose
(NC); generally, the family of NC can be classified as cellulose nanocrystals
(CNCs), cellulose nanofiber (CNF), and cellulose nanowhisker (CNW) [11].
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In general, CNCs with a strength over 10 GPa and the elastic modulus of
150 GPa [12] has attracted wide attention as a reinforcing agent and have been
employed in the nanocomposite, soft-tissue replacement, and food packaging
industry for several decades [7, 13, 14]. The specific structure of CNCs contains
several free hydroxyl groups on the surface (Fig. 1). The strong hydrophilic
character of CNCs due to the presence of free hydroxyl groups on the surface of
CNCs restricts the application of different solvents processing as the medium for
solution blending [15].

The hydroxyl group located at C6 is primary alcohol and at C2 and C3 are
secondary alcohols. It has been reported that the hydroxyl group located at 6 posi-
tions has reactivity ten times higher than the other hydroxyl group [16]. The high
reactivity of the hydroxyl groups to form hydrogen bonds strongly influence the
overall properties of cellulose such as the reactivity of the hydroxyl groups, hier-
archical organization, crystallinity, and limited solubility in most solvents [17, 18].

There are plenty of studied highlighting the optimum characteristics of CNCs as
reinforcing agent. It is reported that the homogeneous dispersion of CNCs within
the polymeric matrix is an essential step for achieving the superior properties of
CNCs in composite materials [19, 20]. In addition, the dispersion of CNCs into the
hydrophobic polymer with water-insoluble nature is a big issue. Therefore, several
techniques have been experimented to decrease the affinity for moisture of the
CNCs and improve the compatibility with a nonpolar polymer. The presence of
hydroxyl groups on the surface of CNCs provides an opportunity for application of
different surface modification techniques to alter the hydrophilicity and improve the
compatibility with different nonpolar polymer matrices [21, 22]. Much research has
been devoted to moderate the hydrophilicity of cellulose nanocrystals using
physical and chemical modifications [23].

The application of different chemical-oriented surface modification methods is
the most common method to alter the hydrophobicity nature of CNCs and enhance
the compatibility between CNCs and nonpolar polymer. However, the need for
developing new manufacturing processes capable of scaling up motivated the
academia to find out innovative processing techniques. In the literature, two
innovative manufacturing processes can be found: the application of liquid feeding
and the application of masterbatch approach. This chapter contains contributions to
the field of cellulose nanocomposites in the area of mechanical processing reporting
new advances of the emerging ideas about manufacturing processes, which mainly
focus on the achieved mechanical improvement.

Fig. 1 Schematic representation of a cellulose molecule
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2 Liquid Feeding

The application of extruder to shape thermoplastic materials dates back to 1935
when the first extruder machine was built by Paul Troester [24]. Since then, it has
become the most broadly used processing technique through the development of
different types of extruders capable of serving in different fields. The dramatic
growth in plastic processing industry makes it essential to feed solid and liquid
phases into extruders. In solid feeding extruders, the forces generated from rotating
the screw and the stationary barrel move the materials down in the screw channel.
In Liquid feeding extruders, the liquid can be fed into an extruder through a liquid
injection nozzle.

It is reported that the drying process of cellulose nanocrystals results in the
formation of irreversible aggregates which cannot be re-dispersed through an
extrusion process. The application of liquid feeding seems to be a possible option to
limit the formation of cellulose nanocrystal agglomerates. The incorporation of
liquid and solid phase in an extruder could be difficult and the liquid feed rate, as
well as liquid temperature, need to be monitored carefully, since the liquid tem-
perature can strongly influence the viscosity and the change in liquid viscosity can
result in pellet slippage on the barrel wall and consequently form undesirable
product [25].

The first report of liquid feeding application of cellulose nanofillers into a
polymer was by Oksman [26]. The extrusion process was implemented using an
extruder equipped with a peridtalic peristaltic pump which controlled the liquid
feeding rate. Two different feeding methods were used: the dry materials were fed
into the extruder from a top mounted hopper into the barrel taking advantage from
gravimetric feeding and the aqueous cellulose nanowhisker suspension was fed into
the extruder using a vacuum pump to ensure the constant liquid feeding rate. In the
extrusion process, the existing solvent in the liquid phase was removed by atmo-
spheric venting (Zones 7 and 8) as well as vacuum venting (zone 10) (Fig. 2).

The elaboration of achieving uniformly dispersed cellulose nanowhisker in this
work resulted in the generation of the high amount of solvent vapour during the
extrusion process. TEM analysis of the composite samples exhibited partly dis-
persed cellulose nanowhisker into the matrix as well as thermal degradation of
cellulose nanowhisker [26].

Fig. 2 Schematic image of extrusion process with liquid feeding [26]
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In another work similar to cellulose nanowhisker liquid feeding, cellulose
nanofibers were fed into PLA in a liquid phase. The high viscosity of cellulose
nanofiber suspension reduced the uniform dispersion thorough composite samples
[27]. The need for a specific extruder capable of feeding liquid and dry matter was
reported as an essential need for incorporating liquid cellulose nanofiber into the
polymer matrix.

3 Masterbatch Approach

The incorporation of cellulose nanocrystals into the different polymer matrix in a
step-wise manner is one of the most commonly used preprocessing techniques in
nanocomposites preparation. It is reported that the application of masterbatch can
maximize the dispersion of cellulose nanocrystals in a polymer matrix, however,
the time-consuming nature is the main weakness of the masterbatch approach
[28, 29]. In masterbatch approach, a selective polymer is employed as a carrier for
cellulose nanocrystals. The polymer can be either the same or different than the host
polymer in the nanocomposite [30–34]. The highly concentrated masterbatches can
be diluted in the extrusion process by adding polymer using the let-down ratio or
mixing ratio (CNCs: polymer, generally between 1:14 and 1:20). The let-down ratio
is of paramount importance since high mixing ratio might limit the uniform dis-
persion of CNCs in the polymer matrix [35]. Solvent casting and spin-coating are
two methods employed in preparing CNCs masterbatches in literature.

3.1 Solvent Casting

Solvent casting has a widespread use in different applications owing to its sim-
plicity and low-cost processing [36–39]. Solvent casting technique contains solu-
bilization, casting, and solvent evaporation steps [40–45]. In solvent casting
method, a polymer melt or polymer solution is applied on a flat surface, the solvent
is then evaporated leaving a solid film. The evaporation rate of the solvent depends
on the boiling point of the solvent, the viscosity of the solution, the pressure and the
ambient temperature [46]. The rheological properties of the polymeric solution are
of huge importance since the film thickness and the roughness of the film depends
on the viscosity of the solution.

The solvent casting is a century-old method for nanocomposite films production
[47–49] and is the most common method for preparing highly concentrated mas-
terbatches. The application of solvent casting in composites manufacturing was
reported for the first time by Favier et al. [50]. In that study, a tunicin-based
nanocrystal in a latex matrix of poly(styrene-co-butyl acrylate) was studied and
the competitive mechanical properties in corresponding composites confirmed
the capability of solvent casting technique in composite films preparation.
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The preparation of thin films with uniform thickness, maximum optical clarity, and
low haze were some advantages reported for solvent casting technology [51–53]. In
general, the literature regarding the preparation of cellulose nanoparticles master-
batches involves the solvent casting as the main technique [20, 30, 54].

In solvent casting method, a polymer is first dissolved in a selective solvent
either at room temperature or at elevated temperatures [55, 56]. The nanocelluloses
are dispersed in either same or different solvent separately. The application of
sonication and homogenization techniques can be used to increase the dispersion of
nanoparticles through the solvent prior to the addition to the polymer solution [57].
The solution of polymer and CNCs suspension are then mixed together using
magnetic stirrer and then poured into a flat-bottomed glass Petri-dishes and the
solvent is evaporated and consolidate the films (Fig. 3).

3.1.1 Formation of Aggregates in Masterbatch Films

The morphology of thin film masterbatches generally affects the mechanical
properties of final composites since the high concentration of CNCs in master-
batches tends to form CNCs’ aggregates [35]. The time-intensive drying process in
solvent casting method can intensify the formation of micro-sized cellulose
aggregates in the masterbatch. The slow evaporation rate in solvent casting permits
solvent molecules to exclude the nanoparticles and pushing them into closer
proximity and leading to the formation of unavoidable CNC aggregates [35, 58]. In
a recently published work, the formation of CNC aggregates in the masterbatch
films was explored. In the aforementioned work, chloroform was used as the sol-
vent and the percentage of CNCs in masterbatch films was 15% and the ultimate
thickness was kept constant at 1.12 mm. Figure 4 illustrated the SEM image from a
cross-section of the masterbatch.

Fig. 3 Schematic depicting of solvent casting method
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The formation of permanent CNC aggregates with relatively large effective size
suggested strong aggregation in solvent cast masterbatches. It was reported that
CNC aggregates formed during masterbatch preparation are difficult to separate
during the extrusion process and those aggregates might result in poor adhesion
between cellulose nanocrystals and polymer matrix [59].

3.2 Spin-Coating

Spin-coating is a common method employed to prepare thin films with thickness in
the order of micrometre to nanometers. In this method, a liquid is deposited on a
substrate, which can either be static or rotate at a specific angular velocity [60–62].
The deposited liquid generally consists of volatile solvents and non-volatile solute,
and the non-volatile solute forms a thin film after solvent evaporation. Spin-coating
involves four consecutive stages: deposition, spin-up, spin-off, and evaporation
with some overlap in spin-off and evaporation steps [63]. During spin-off state, a
film of liquid tends to spread with a uniform thickness, and after reaching a uniform
thickness it tends to remain the uniform thickness. This behaviour suggests that
mixture viscosity does not depend on shear and it would be constant throughout the
substrate [64]. The equilibrium between centrifugal force generated from rotating
substrate and the hydrodynamic (viscous) force evolving from the viscosity of
mixture governs the efficiency of the formation of thin films with desirable thick-
ness [35, 65]. In another word, the solution viscosity and the spinning speed mainly
influence the film forming procedure. In general, the uniformity of thin film
depends on the spinning speed, the concentration of mixture, and the volatility of

Fig. 4 Cross-sectional SEM image of solvent cast masterbatch film [35]
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the solvent [66]. The desired film thickness can be achieved by adjusting the
spinning time and speed [67].

The most common application of spin-coating method is in the field of micro-
electronic thin films preparation. This method was first used by Emil et al., who
studied the thin film formation of Newtonian fluid on a rotating substrate [68]. The
application of this method in polymer films has been investigated in several the-
oretical and experimental studies [65, 69, 70].

A recently published work introduced an efficient spin-coating method for
masterbatch preparation [35]. In this study, thin films with the thickness of the order
of micrometres were spread evenly over the glass substrate using a combination of
centrifugal force and the surface tension of the solution (Fig. 5).

In this work, the PLA-CNCs mixture was loaded in a syringe and injected
through a needle (diameter = 500 lm) onto the centre of the rotating glass substrate
with 100 mm diameter. The solvent evaporates simultaneously as the solution is
applied to the substrate [62]. The spinning speed was kept constant at 400 rpm. The
PLA-CNC mixture was loaded onto the centre of rotating substrate for 180 s.

Fig. 5 Schematic illustration of the spin-coating method and four consecutive stages of the
spin-coating method
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3.2.1 Formation of Aggregates in Masterbatch Films

The volatile solvents used in spin-coating technique with a high evaporation rate
can influence the formation of CNC aggregates through the polymer matrix. In fact,
the high evaporation rate and low vaporizing time of the solvent from thin films in
spin-coating method limit the movement of CNCs through the matrix and inhibits
their assembly into micro-sized aggregates [35]. In fact, the rapid increase in the
viscosity of solution as a result of the high evaporation rate of solvent kinetically
traps the CNCs in the polymer matrix and hinder their movement for making more
CNCs bundles. In the spin- coating method, thin film masterbatches are effectively
dried out during spinning step. It is reported that in the spin-coating process as the
solution is injected onto rotating substrate, the solvent evaporates and this, in turn,
results in trapping the individual cellulose nanocrystals from forming big aggre-
gates (Fig. 6).

The SEM micrograph of the free surface of spin-coated masterbatch exhibits that
the high evaporation rate results in the formation of widespread voids on the free
surface of masterbatches (Fig. 7).

3.3 Variation of Aggregates in Masterbatch Along
the Cross-Sectional Thickness

The CNCs concentration and the formation of CNC aggregate through the thickness
of the thin film masterbatches are shown in Fig. 8 (CNCs aggregates are pointed by
arrow). In the solvent cast masterbatch, since the solvent evaporation occurs at a

Fig. 6 Cross-sectional SEM image of solvent cast masterbatch film [35]
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Fig. 7 The presence of voids on cross-sectional SEM image of spin-coat masterbatch film

Fig. 8 The comparison of CNCs aggregates formation in the masterbatches: a solvent cast,
b spin-coated
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relatively low rate from the free surface of the film, the concentration of CNCs
varies vertically along with the thickness of the thin film and the highest solute
concentration happens close to the free surface. The increasing CNCs concentration
can lead to the formation of CNC aggregates (Fig. 5a), however, in the spin-coated
masterbatch, the CNC aggregates with perpendicular orientation with respect to the
film thickness are scattered throughout the masterbatch thickness (Fig. 5b). These
observations confirm the lower CNCs mobility in the spin-coated masterbatch as a
result of the high evaporation rate of the solvent as well as the centrifugal force
generated from rotating substrate [35].

4 Conclusion

The potential of nanocellulose to improve material properties has been widely
accepted, however, application of nanocellulose in commercial polymer products
has been lacking. One of the main hurdles is a uniform dispersion of nanocellulose
material through polymer matrices. This review shows clearly that besides surface
modification treatment, the application of mechanical pre-processing techniques has
a great potential for improving the dispersion of nanocellulose through polymer
matrices. This, in turn, results in higher compatibility between the polymer matrix
and cellulose nanocrystals. The different techniques discussed in this chapter
demonstrated an improvement in the performance characteristics of corresponding
nanocomposites. All these techniques are expected to widen the domain of different
mechanical pre-processing techniques for using nanocellulose materials.
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NF Nanofiller
NMs Nanomaterials
NCs Nanocomposites
PNCs Polymer nanocomposites
PVA Polyvinylalcohol
PEG Polyethylene glycol
PANI Polyaniline
PCO Poly (cyclooctene)
P3HT Poly (3-hexylthiophene)
PLA Poly (lactic acid)
POMA Poly (O-methoxyaniline)
PCL Poly (caprolactone)
PTAA Poly (3-thiophene acetic acid)
PLGA Poly (lactic-co-glycolic acid)
SWCNTs Single-walled carbon nanotubes
SiO2 Silicon dioxide
SMPs Shape memory polymers
TiO2 Titanium dioxide
WVP Water vapour permeability
ZnO Zinc oxide
Zn Zinc

1 Introduction

In the scientific research field, nanotechnology is a hugely popular area which covers
polymer science and technology, micro and nanoelectronics, biomaterials etc. [1–3].
Polymer nanocomposites (PNCs) for industrial applications belong to a certain
category of reinforced polymers having a lesser amount of effectively dispersed
nanoparticles (NPs) [4, 5]. These PNCs are more beneficial than micro composites
due to their size and interaction capability at the low filler loadings [6, 7]. The NPs in
the form of fillers possess large specific surface area and higher surface energy when
added to polymeric matrix which leads to changes in the morphological surfaces of
the overall nanocomposites (NCs) [8–10]. The interaction of nanofillers (NFs) with
the polymer matrix alters the chain mobility of the polymer and generates new trap
centres in the NCs thereby changing desirable properties [11–13]. The analysis
based on the use of materials in nanosize range provides an opportunity to design
and produce new materials with enhanced bending, flexibility and improved phys-
ical properties for various interdisciplinary fields [14–16]. Since the NCs consist of
different constituents having different structures compositions and properties,
therefore, it leads to the development of materials with multi-functionality [17, 18].
The evolution of technology regarding the synthesis of new materials to be served
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for various applications has been diverted towards the development of synthetic
strategies for production of NCs [19, 20]. The technologically advanced synthetic
strategies provide various advantages over conventional procedures like the tech-
nique used to procure homogenous large grained materials [21]. The evolution of
NCs in the recent times is solely attributed to their new, desirable and advanced
properties compared to the conventional materials [22].

PNCs comprise an essentially important class of commercial materials with
applications including electrical insulators, thermal conductors, damping, and
aerospace. In the composites having micrometre-scale dimensions, the properties are
limited due to lack of optimization of micrometre-scale composite fillers [23–26].
The fillers provide optimization of one property at the expense of other like stiffness
at expense of toughness and toughness is achieved at the expense of optical clarity
etc. [27]. The presence of defects adds to the limitations of the conventional com-
posites arising as a result of regions of the high or low volume fraction of
micrometer-scale fillers which in turn ultimately leads to the failure of the composite
[28, 29]. These limitations associated with such types of composites led to the
development of NFs based PNCs. In NCs, unprecedented advantages of combined
properties were observed like the insertion of equiaxed NPs in thermoplastics leads
to increase in the tensile strength, stress yield and Young’s modulus in contrast to the
pure polymer [30–32]. The development of chemical and in situ processing per-
taining to NPs and NCs respectively has provided control over the morphology of
such materials [33–37]. In addition to that, the advancement in the development
process has provided the capability to manage the control over the interface between
the matrix and the filler [35, 38]. Besides, the NCs are exciting materials due to their
unique feature to attain a combination of properties pertaining to their potential as
industrial and commercial materials [36]. The technical community has made sub-
stantial progress in the processing of NCs [39, 40]. However, the progress is still
under the initial or basic phase embracing the understanding of NCs, their tailoring
and optimization of properties [41]. The optimization achieved so far yields the
ability to change the size, shape, volume fraction and degree of dispersion.

Most commercial materials used nowadays, are based on petroleum or their
derived products and plastics. Both of these are used in various fields like pack-
aging industry, petroleum industries which produce a negative impact on the
environment. Their constant use has led to issues like pollution of air, water, and
soil which ultimately leads to the global warming. Their toxic behaviour and
non-degrading or long degrading periods lead to an enormous rise in the concen-
tration of CO2 [42]. As such there arises a need for alternative materials which are
degradable and sustainable. The examples of such sustainable alternatives include
biopolymers and clay NCs as renewable sources to develop inventive green
materials like polymer blends containing NFs and bio-nanocomposites (BNCs)
[31]. Pectin, a sustainable polymer is used to develop smart green materials for
specific applications. A blend of pectin and Chitosan (CS) are predicted to be used
as carriers in pharmaceutical industry [43]. In another study, it was reported that the
NCs developed using pectin and starch is expected to serve for the conservative
cause in food packaging industry owing to the enhanced mechanical properties and
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oxygen barrier tendencies [44]. The bio-films based on gelatin and pectin as sus-
tainable and biocompatible NCs displayed improved tensile strength and
water-resistant characteristics presenting an alternative material for fragile and
watertight packing [45]. In a similar study, graphene oxide (GO) reinforced poly-
vinyl alcohol (PVA)/polyethylene glycol (PEG) blend composites were reported as
high-performance dielectric material [46]. PEG is biocompatible, non-toxic and
exhibits enriched water solubility. It acts as an efficient plasticizer for many
biopolymers and NCs. The addition of a suitable amount of PEG to CS as per
reports enhances the mechanical properties of the overall NCs [47]. The amount of
PEG is significant due to the dependence of effectiveness of plasticization, variation
in glass transition temperature on concentration [48]. The sustainability of polymers
filled with nanoclay is well investigated for unique properties from both physical
and chemical point of view [49]. The most promising NFs among nanoclay
materials are the halloysite nanotubes (HNTs) due to their size and biocompatibility
which makes it an ideal material for use in the biotechnology field, for water
decontamination, as anti-corrosive coatings on metals, for humidity control and
packaging [49–52].

The polymers sometimes do not display the desired properties. In such cir-
cumstances, NFs are added to the polymer matrix or blended with another suitable
polymer to achieve the desired properties [53, 54]. The addition of small quantity of
NPs is intended to facilitate new properties of the composites. However, the
attainment of new properties is proportional to the surface treatment of the NFs and
the processing technique applied. In polymer nanocomposites, the presence of NFs
does not create large stress concentrations or do not alter ductility of the polymer
[55]. Generally, the NFs with optical clarity (not scattering light) are added to the
polymer matrix which subsequently changes the electrical and mechanical prop-
erties. For example, the addition of carbon nanotubes (CNTs) to polymer matrix
greatly enhances the strength of the overall NCs. This type of interaction has been
reported in the polymer matrix and single-walled carbon nanotubes (SWCNTs)
wherein filler displays higher optical gain and large interfacial area [56]. In the
formation of the NCs, the prime concern remains the credibility of NFs integration
with polymers to display desired properties pertaining to the particular application.

In the industrial field, there is an urgency to seek new functional materials
acquiring unique properties which can meet the difficult challenges concerning this
field. As far as nanotechnology is concerned, there is no guideline pertaining to the
mixing of NPs with polymers in composite structure to achieve the required
properties [57]. The main challenges for NCs are to display and maintain the unique
and multiple properties on a large scale through the use of conventional chemicals
and materials [58]. For an industrial purpose, it is essential to establish a method or
model to determine which nanofiller (NF) can be incorporated effectively for the
formation of NCs and what new and improved properties can be achieved by
following such procedures [59]. This can be achieved by determining the extent of
effectiveness of dispersion of NPs in the matrix and its impact on the structure of
polymer to yield desired properties [60]. Once the basic model is established, it is
imperative to determine how the mixing of various NPs in polymer matrix
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influences the structure and properties of the NCs [61, 62]. In addition to the basic
processing models, the interaction between NFs and polymer matrix also requires
prime focus due to which the consequences on the overall NCs can be attained.
Therefore, it requires a combination and optimum utilization of numerical mod-
elling, characterization, and informatics towards the formation of particular NCs
encompassing desired properties [63, 64]. It is noteworthy, that the nanocomposite
exhibits properties which are significantly different from the NFs and the polymer.

The processing technique has a huge impact on the electrical, thermal and
mechanical properties of NCs to a great extent [65]. In case of NCs, just like the
composites at the macroscale, the properties are dictated by the distribution, ori-
entation, and interaction between the polymer matrix and NF [66]. At the nanos-
cale, the biggest challenge is presented by the dispersion of NFs like CNTs in the
polymer matrices to attain considerable interfacial adhesion between the NF and
polymer matrix [67, 68]. This is because the propensity of NFs like CNT’s for the
reinforcement to aggregate endures unless high shear forces are applied for
homogeneous dispersion of the polymer and NF. However, it is important to control
the intensity of the mixing, as over mixing often leads to structural damage of NF
[69]. In addition to that, the viscosity parameter requires prime attention due to
vicious nature of polymer and NF solution and as such, there arises difficulty in the
moulding of NCs [70]. The other issue in the processing of NCs is the compatibility
of NFs with polymer and solvents. To overcome these issues, several approaches
have been devised and implemented to achieve desired mixing of NFs and poly-
mers in solvents [71]. These approaches include dry powder mixing; melt mixing
and surfactant-assisted mixing [72–77]. However, there is still room for more
creative and advanced processing techniques for better results.

Nanocomposite technology has implications of exceptionally wide range like in
medical field for the surgical purpose, in the agriculture sector for effective crop
treatment, in construction for high tensile strength materials [74–78]. The devel-
opment of sustainable nanocomposite technology can lead to processing of
advanced materials and devices having applications devoted towards better living,
safety and eco-friendly in nature [79]. As such the development of novel NCs with
suitable NFs has seen enormous growth in the recent times. The rise of NCs can be
attributed to their value-added properties which are obtained without altering the
basic properties of their components [80, 81]. The integration of graphene with the
polymer leads to enhancement of electrical, physical, mechanical and barrier
properties of the polymer composite at exceptionally low filler loadings.

The NCs for industrial applications are still under developing stage although a
lot of success has been achieved in understanding their properties. The conceptual
analysis and proofs of concepts have been consistently made, however, the opti-
mization of nanocomposite materials is still obscure [82]. The optimization of
nanocomposite materials is achievable only when the physics behind the control of
improved properties are appropriately and thoroughly understood along with the
establishment of the routes of processing to get the desired structures is obtained
[79, 83]. This is because the fabrication of the new NCs, the optimization through
modelling provides the material response and structural property linkages [84].
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After the establishment of the nanocomposite structure through modelling, assis-
tance in the development of material processing is provided. This chapter provides
an insight of processing of sustainable NCs containing NFs used in industrial
applications.

2 Fabrication Techniques of Nanocomposites

In the industrial field, the fabrication techniques regarding the development of
composites based on nanomaterials (NMs) play a pivotal role in determining the
properties and applications of the nanocomposite material. The composite material
is composed of at least two different types of material phases which are intercon-
nected by means of inherent interfaces. The formation of stable NCs requires the
compatibility and reduction of interfacial tension involving different material phases
[85]. When it comes to nanocomposite materials, they contain NPs of nanoscale
dimensions dispersed with even small interfacial separations. In contrast to that, the
NCs are inherited with a large surface area due to which there is a substantial
enhancement in many of its properties [86]. Therefore, it is important to consider a
proper fabrication technique to form stable NCs without aggregation and phase
separation [87]. For fabrication of NCs containing NFs, there are several conven-
tional techniques like intercalation method including in situ polymerization, solu-
tion mixing, melt compounding. Additionally, other techniques like sol-gel,
molecular composite and direct dispersion are also quite vividly used. In order to
get a nanocomposite which exhibits unique properties, it is essential that the
interaction between the components is strong in nature [88]. By using proper
fabrication, the intended interaction can be achieved and therefore the nanocom-
posite will exhibit unique characteristics. In general, for stable nanocomposite
formation containing NFs, the interfacial tension should be lower than 5 � 10−4 N/
m [89]. In the above-listed techniques, the most exploited method used in the
fabrication of PNCs includes layer exfoliation and intercalation [90]. The other
commonly used fabricating methods comprise the flexible polymerization process
and cost friendly melt compound process. For industrial manufacture line, it is
essential to develop techniques which produce sustainable, cost-effective and
eco-friendly NCs. In this chapter, some of the technical features of the fabrication
methods developed for the industrial purpose are described.

2.1 Intercalation Method

Considering the fabrication of NCs containing NFs, intercalation method is the
most popular method. This method comprises of a top-down approach in which the
fillers are downsized to nano-dimensions [90]. In this method, the polymer or
monomers layers are intercalated between layers of inorganic layered substances
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[91]. Within the polymer matrix, the inorganic substance is dispersed during the
process of polymerization or melt-compounding thereby exfoliating the layered
inorganic substance through each layer causing uniform dispersion of NFs [92].
The intercalation consist of three methods as shown schematically in Fig. 1 com-
prising of in situ polymerization, melt compounding and solution casting [93].

In the first method called as in situ polymerization, the layered substance like
nanoclay is inflated within a liquid monomer or monomer solution as shown in
Fig. 1a for the formation of polymer in between the intercalated layers. The
polymerization commences on the application of either heat, an organic initiator or
via the use of a catalyst [93]. The catalyst is fixed by means of cation exchange
within the layered substance prior to inflation. However, the disadvantage of this
method is the quick affinity of the inorganic substance towards sediment from the
organic polymer and how rapid the phase separation occurs [94]. The interaction
between solvent and NFs at the solvent-filler interface can be enhanced by incor-
poration of specific groups which are linked with the interface in order to stabilize
the NPs dispersion [95].

The second method called melt intercalation method or melt processing as
shown in Fig. 1b comprises annealing occurring statically or under application of
shear [96]. The shear is necessary for delamination of the layered substance in order

Fig. 1 Schematic representation of different intercalation methods: a in situ polymerization,
b melt processing, and c solution casting [93]. Copyright 2010. Reproduced with permission from
The Royal Society of Chemistry (RSC)
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to allow the polymer chains to diffuse into interlayers of NF to achieve exfoliated
morphology [97]. In this method, the polymer and organically modified layered
substance (silicates) are mixed above the softening point of the polymer i.e. the
polymer is in the molten state prior to mixing. This fabrication method is
eco-friendly as it does not involve organic solvents. This method is also highly
compatible with the current industrial process like extrusion and injection mould-
ing. This method can be applied to those NCs for which the other methods are not
suitable. In melt processing, the extent of intercalation is affected by several factors
like the thermodynamic interaction between the components and the diffusion of
polymer from the melt into the silicate interlayers [98]. In order to achieve proper
dispersion of polymer and NFs, there are two main considerations including the
favourable enthalpic interaction between the components and appropriate fabri-
cating conditions [99].

The final method termed, is the solution casting as shown in Fig. 1c the inter-
calation of polymer or pre-polymer from solution dependent on the solvent system
where the polymer is soluble, and the layered substance is swellable (silicate fillers)
[73]. The layered substance is dispersed in a solvent like chloroform or toluene
causing the substance inflation. The polymer is also dispersed in a solvent to form a
polymer solution. The polymer solution and inorganic NF solution are mixed
leading to the displacement of solvent within the layers of NFs and ultimately the
displaced sites are occupied by the polymer chains due to intercalation [100]. The
mixing of the polymer solution with the delaminated nanoparticles causes strong
interaction between the components of the composite [81]. The intercalation is
attributed to the entropy resulting from desorption of the solvent molecules thereby
balancing the decrease in entropy of the confined intercalated chains [101]. From
the intercalated structure, when the solvent is removed, a nanocomposite com-
prising NF layer with the polymer is formed. The advantage of this method is quick
rapid exfoliation of the stacked layers by application of an appropriate solvent
[102]. On the other hand, the usage of organic solvents is strongly discarded as it
makes the method unsafe and hazardous to the environment [103].

2.2 Sol-Gel Method

The sol-gel method comprises of a bottom-up approach in which NCs are formed
using combined in situ NF formation and polymerization. In the sol-gel method, the
NCs are made at relatively low temperature comprising of hydrolysis of the con-
stituent molecular precursors followed by polycondensation to a glass-like form
[104]. The sol-gel method allocates incorporation of organic and inorganic addi-
tives during the glassy network formation taking place at room temperature [105,
106]. Due to this reason, sol-gel has been conventionally used in the fabrication of
glasses, polycrystals, porous composites, organic and inorganic NCs and ceramic
materials. The process is initiated using metal alkoxide, melted using water, alco-
hol, ammonia or an acid for homogeneous dispersion. The metal alkoxide
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undergoes hydrolysis on reaction with water to form metal hydroxide and alcohol
[107]. The sol-gel method is expected to be one of the key technologies in future for
fabrication of NMs. The sol-gel method for processing of composite films is shown
in Fig. 2. The process is initiated with the selection of appropriate precursors
reacting at various steps to form colloidal particles or polymeric gels [108].
However, the prime requirements for this method for thin film deposition by spin
coating or drop casting is stable sol and this sol is converted into a polymeric gel.

The metal ions bordered by ligands are mainly used as precursors for sol-gel
reaction due to radial reaction mode. For the synthesis of zinc oxide (ZnO) thin
film, the precursors used were zinc acetate dihydrate; Zn(CH3COO)2. (H2O)2 and
ethanol were used as solvent [96]. The zinc (Zn) precursor and the dopant element
were first dissolved in an appropriate solvent. This was followed by the addition of
stabilizing agent (Monoethanolamine) to avoid premature precipitation and quick
conversion of the sol into the gel. The solution of precursor material and the
stabilizer is constantly kept on magnetic hot plate bath under constant stirring while
maintaining the temperature at 25–80 °C in an oil bath leading to the formation of
sol. The sol after attaining stability is aged for 24 h at room temperature. This is
followed by post heat treatment where the parameters including drying time and
temperature are altered. The procedure is continued several times to yield homo-
geneous, crystalline and single phase ZnO films after annealing.

2.3 Direct Dispersion Method

This method of nanocomposite fabrication is a top-down approach and comprises of
surface modification of NFs aiding to the usage of chemicals to improve their

Fig. 2 Schematic representation of sol-gel synthesis routes [108]. Reproduced with permission
from The Elsevier Ltd.
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compatibility with polymers [109]. The surface modified NFs are dispersed
homogeneously in the polymer solution. The NCs fabricated by this method include
fabrication of stretchable sensors, coating agents which are photo-hardened using
functionalized silica NPs, comb-shaped block copolymers which are silver
(Ag) protected, polyamide nanocomposite with silica nano-particles surface treated
aminobutyric acid etc. [110–113]. The schematic representation for fabrication of
stretchable sensors [111] is shown in Fig. 3. It can be seen that the fabricated
sandwich-structured strain sensors exhibit excellent flexibility, stretching and
bending ability. The top and cross-sectional optical images of the samples
demonstrated the fabrication of well-patterned silver nanowires (AgNWs)-PNCs
film with an average thickness of 5 lm.

Direct dispersion method is suitable for fabrication of polymer-based composites
containing NFs or micro-fillers [42]. Generally, the polymer and the fillers are
mixed in two ways i.e. either in presence of a solvent or without solvent [43]. The
first case involves melting of the constituents while the second case involves mixing
of the constituents in a solution [45]. Besides the above methods, there are several
other methods used in the fabrication of NCs, which are listed in Table 1.

Fig. 3 a Fabrication process of sandwich-structured PDMS/AgNW/PDMS based strain sensors,
b Strain sensor before and after 100% stretching, c strain sensor under bending and twisting,
d optical microscopy images on top and cross-section of the strain sensor [111]. Reproduced with
permission from. The American Chemical Society
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3 Applications of Sustainable Nanocomposites

Consistent efforts have been made in the last two decades in the area of nan-
otechnology in order to get NMs with determined functionality and promising
prospects of sustainable materials [129]. Tailoring the properties of sustainable

Table 1 Various techniques for fabrication of nanocomposites

Fabrication
technique

Nanocomposites Properties References

Intercalation • Polyethylene/
clay nanocomposites

• Conducting polyaniline
(PANI) and montmorillonite
(Mmt)

• Reduction in heat release
rate by 32%

• Enhanced thermal stability

[114, 115]

Solvent
casting

• Poly (3-hexylthiophene)
(P3HT)

• Gelatin and bioactive glass

• Higher mechanical strength
and conductivity

• Improved biocompatibility
and porosity

[116, 117]

Melt
compounding

• Cellulose whiskers-Polylactic
acid

• Polyethylene erephthalate/
graphene

• Improvement in material
elongation

• Low percolation threshold
and superior electrical
conductivity

[118, 119]

In-situ
polymerization

• LiFePo4-carbon
• Graphene oxide-epoxy

• High power and long
cycling life

• Increased storage modulus,
electrical conductivity and
thermal stability

[120, 121]

Doctor blade • Graphene nanoplatelet-Liquid
crystalline polymer

• TiO2 -SiO2 nanocomposite

• Better electrical
conductivity and
improvement shear modulus

• Superior crystallinity,
photocurrent density and
photovoltaic performance

[122, 123]

Compression
molding

• Exfoliated graphite–
polypropylene

• Polyethylene-layered silicate

• Enhanced flexibility and
lower percolation threshold

• Thermodynamic stability
and improvement in tensile
strength

[124, 125]

Sol-gel • Ag-TiO2 nanocomposite
• Carbon nanotubes—TiO2

• Exhibition of antimicrobial
properties

• Improvement in
photo-catalytic properties

[126, 127]

Direct
dispersion

• TiO2-graphene
nanocomposite

• Graphene
metal nanocomposite films

• Decrease in lateral
resistance and increase in
photo-activity

• Enhanced optical, electrical
and mechanical properties

[109, 128]
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nanocomposite required biopolymer matrices. Biopolymers are polymers that
biodegrade with different properties including renewability, sustainability, non-
toxicity, and biodegradability [130]. Figure 4 illustrates classes of biodegradable
polymers from different resources as sustainable matrices for the NFs [131].

Fig. 4 Natural and synthetic polymers commonly used in the preparation of polyblend nanofibers
with their key biological, mechanical and physicochemical properties [131]. Reproduced with
permission from The Elsevier Ltd.

Table 2 Several polymer nanocomposites with their specific applications

Nanocomposites Application Properties References

PCL/CNC/PEG Shape
memory
polymer

Nanocomposites possessed good
cytocompatibility and enhance
mechanical properties

[132]

PLA/MWCNT Electronics Highly efficient nanocomposites as
anti-static agents and can be applied for
coating of electronic devices

[133]

PLA/CNC Food
packaging

Enhancement of stiffness, strength, and it
is also easily processed to make a film for
use in industrial packaging

[134]

PCL/lignin Biomedical
“tissue
engineering”

Electrospun PCL-Lig scaffold enhanced
the biological response

[135]

462 K. Zadeh et al.



The selection of NFs depends entirely on the application field of biological,
mechanical and physicochemical properties. There is tremendous interest in the
development of sustainable NCs for a wide range of commercial applications and
many of these applications are already sought after for industrial applications.
Table 2 shows several applications of sustainable NCs.

3.1 Electronic Applications

The behaviour of NCs in terms of electrical conductivity by large depends on the
properties of NMs. For instance, some polymeric materials are considered poor
electrical conductor due to the existence of high bandgap but, in the nano revolution
researchers focused on sustainable polymeric nanomaterials having many advan-
tages such as flexibility, inexpensive, non-corrosive and conductive materials in
order to fabricate biodegradable and transient electronic devices for biomedical and
other important applications [136]. Mai et al. [137] developed an intelligent sus-
tainable nanocomposite sensor system comprising of Polylactic acid (PLA)/CNTs
that can sense the degrading levels of the biopolymer which is correlated with the
changes in electrical resistivity of the PLA/CNT NCs. Today the researchers mainly
concentrate on the synthesis and development of new smart materials. These
materials react with externally applied force like, thermal, light or magnetic.
Piezoelectric is an example of such smart materials.

Piezoelectric materials convert mechanical energy (force) to an electrical signal.
Thus, it can be seen that indeed the smart materials act as sensor component. Poly
(vinylidene fluoride) is an example of smart polymer matrix; however, the addition
of nanomaterials such as (SWNTs) is used as NF to tailor the sensing and power
harvesting with enhanced performance [138, 139]. The use of smart materials as
sensing and shape changing devices has been enhanced due to increase emphasis on
nanocomposite materials. A typical smart material assembly contains:

• Sensor components: containing smart materials that monitor changes in pres-
sure, temperature, light current or magnetic field.

• A communication network that relays changes detected by sensor component
• Actuator part that react to the command, it could be also smart materials such as

piezoelectric.

Biopolymers and biopolymer NCs are desired materials for supercapacitor
applications. These materials should possess low cost, high conductivity, high
voltage window and high storage capacity in order to find application as a super-
capacitor electrode. Higher conductivity can be achieved by using suitable electrode
material through negative or positive “doping” with ions either by oxidation or
reduction process. Christinelli et al. [140] reported the fabrication of supercapaci-
tors with layer-by-layer (LBL) technique using poly (o-methoxyaniline) (POMA)
and poly (3-thiophene acetic acid) (PTAA). The results were compared with POMA
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casting film. The film behaviour with increasing bilayer numbers through a
self-doping process which initiated each layer to act as a capacitor in parallel
resulting in an increase in the overall capacitance of the film and the surface area.
Hence, in this proposition, it is reasonable to expect an increase in the active area of
the film with an increase in the number of bilayers [140].

In recent years, highly flexible and planar supercapacitor electrodes have been
prepared using graphite nanoflakes (GNFs) on polymer lapping films as a flexible
substrate. Botta et al. [141] reported the effect of the addition of GNFs into PLA
matrix and evaluated the effect of reprocessing on the properties of PLA filled with
graphene nanoplatelets (GNPs). In particular, the morphological analyses, intrinsic
viscosity measurements, thermal, rheological and mechanical tests were carried out
on the materials reprocessed using five subsequent extrusion cycles. It was found
that addition of GNPs in the PLA matrix resulted in the decrease of the degradation
rate as a function of the reprocessing cycles. Biodegradable polymers with high
crystallinity, high hydrophobicity, and facile processing are used to maintain the
functionality of electronic devices that are exposed to aqueous solutions, high
salinity environments, and elevated temperature. Alam et al. [142] reported a
technically benign procedure to combine vermiculite nanoplatelets with nanocel-
lulose fiber dispersions to form functional biohybrid films. The unique combination
of excellent oxygen-barrier properties and optical transparency of these biohybrid
materials suggests their potential as an alternative in the flexible packaging of
oxygen-sensitive devices such as in the displays of a light emitting diode,
gas-storage and as barrier coatings in large volume-packaging.

3.2 Shape Memory and Biomedical Applications

Shape-memory polymers (SMPs) have attracted significant attention due to their
fascinating applications. CNTs possess attractive properties such as high thermal
and electrical conductivity which encourages towards utilizing them as the func-
tional filler in PNCs. Wang et al. [143] reported the development of a chemically
cross-linked polycyclooctene (PCO), multiwall carbon nanotubes (MWCNTs) and
polyethylene based shape memory NCs with co-continuous structure and selective
distribution of MWCNTs in the PCO matrix. It was noted that the selective dis-
tribution of MWCNTs in the PCO matrix reduces the conductivity. The shape
memory composites with thermally responsive thicknesses could be employed as an
artificial tendon [144] as shown in Fig. 5. The biodegradable polymers are pro-
posed to provide temporary assisting support for cell growth which otherwise gets
degraded with time in a controlled way into nontoxic products [145]. In tissue
engineering, the methods from materials engineering and life science are employed
to create artificial constructs for regeneration of new tissue.

One of the most promising approaches toward cells growth is Scaffold, carried
via application of temporary support for regrowth of the targeted tissues without the
loss of the three-dimensional stable structure [146]. In the biomedical application,

464 K. Zadeh et al.



the tissue engineering scaffold is one of the massive fields of research in recent
years because of its potential in the repair or replacement of damaged tissues and
organs. Tissue engineering scaffolds are three dimensional (3D) backbones that can
be used for cell proliferation migration and differentiation which ultimately aid in
the formation of the extracellular matrix [147].

Biopolymer scaffolds is a major part of tissue engineering which becomes
helpful through cell seeding, proliferation, and formation of new tissues providing
great scopes in the research field of engineering. The diversity of tissues depends
majorly on 3 factors such as pore size, porosity and surface area which are widely
recognized in the field of tissue engineering scaffold [148]. For example, PLA/
CNTs have been extensively investigated for biomedical and other applications. It
has a potential use in biomedical scaffolds for tissue engineering. The electrical
conductivity of the carbon-based nanostructures plays a vital role in direct cell
growth as they are capable of conducting and stimulating an electric field in the
process of healing of tissues [149].

Fujihara et al. [150] developed guided bone regeneration (GBR) membranes by
reinforcing calcium carbonate (CaCO3) NPs into polycaprolactone (PCL) matrix to
synthesize nanofibers with the help of electrospinning technique. The nanofibrous
membrane was fabricated by developing two layers. These layers are called
mechanical support layer and PCL/CaCO3 nanocomposite as a functional layer.
Figure 6 shows the membrane supported osteoblast attachment and proliferation of
a battery operated portable handheld electrospinning apparatus (BOEA) which has
potential application in rapid hemostatic treatments [151].

Biodegradable NCs has fascinating application in dental field Such as peri-
odontal and alveolar bone regeneration. Both Guided tissue regeneration (GTR) and
GBR works on the principle of placement of a barrier membrane with the motive of
preventing epithelial migration into the defective area, thus allowing sufficient and
prolonged time for periodontal ligament, cementum and bone regeneration. Park
et al. [152] developed a membrane of biodegradable poly (lactic-co-glycolic acid)
(PLGA) and hyaluronic acid (HA) to obtain HA-PLGA NPs used for bone and

Fig. 5 Shape memory application sustainable polymer composite in biomedical field [144].
Reproduced with permission from The Springer Nature
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periodontal regeneration as shown in Fig. 7. Several biomedical applications of CS
composites [154] have been reported as shown in Fig. 8. CS is the potential
material to be used as artificial kidney membrane, hypocholesterolemic agents, drug
delivery systems, absorbable sutures and supports for immobilized enzymes. CS
has some unique characteristic advantages due to its nontoxicity and biodegrad-
ability which doesn’t damage the environment. Being a biocompatible material,
CS breaks down slowly into harmless products that are absorbed completely by
the body.

3.3 Mechanical Applications

NFs are used to improve the mechanical properties of biopolymers as reinforcement
materials. Example of such NMs is nanocellulose which is one of the most abun-
dant biomass materials extracted from cellulose. It has been showed to be an
environmentally friendly material with excellent mechanical properties owing to its
unique nano-structure. Nanocellulose has been extensively used as functional
materials in a variety of applications [155]. To induce a wide range of bending and
geometries in the surfaces of such materials, the prototype can be laminated with a
wood veneer surface from either side. The flexible fireboard can be fixed with
desired geometry by fixing another veneer layer on the other side of it which
produces sandwich panels as shown in Fig. 9. Similarly, flat or curved sandwich
panels can be fabricated from the same materials which are developed following the
same production process with different post-production processes. When the veneer
is applied from both the sides of the panel, the form is fixed and no geometrical
variations are required [156].

Fig. 6 a The BOEA spinning process on hand, b fabricated PLA fibrous membrane on another
hand in 2 min, c fibrous membrane showing good flexibility and compactness [151]. Reproduced
with permission from The Elsevier Ltd.
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The great biocompatibility and biodegradability, in particular, render nanocel-
lulose is seen as promising sustainable NF. Bulota et al. [157] introduced acetylated
micro-fibrillo cellulose to PLA with fiber contents 2–20% using solution casting
method. The maximum tensile strength was observed with fiber content over 10%
whereas Young’s modulus was increased by approximately 15%. However, no
improvement was observed in case of tensile strength. The strain recorded in the
materials at the time of fracture improved from 8.4% to 76.1% with 5% fiber
loading. Miao et al. [158] reported preparation of epoxidized soybean oil
(ESO) based paper cellulose composites. The study demonstrated the good com-
patibility between ESO and cellulose paper. Boron trifluoride diethyl etherate was
used as catalyst and ESO was in situ polymerized on the morphological surface of

Fig. 7 Schematic representation of a combination therapy of bone grafts and GTR membrane for
periodontal regeneration. Reprinted from Ref. [153]. Reproduced with permission from The
Elsevier Ltd.
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Fig. 8 Various biomedical applications of Chitosan

Fig. 9 Illustration of a wood veneer surface with excellent flexibility and a wide range of
geometries [156]. Reproduced with permission from The Elsevier Ltd.
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the cellulose. The long alkyl chain of the ESO is assumed to improve fiber
dispersion in PLA matrix. The polymerization of ESO was confirmed using Fourier
transform infrared spectroscopy (FTIR). Water vapour permeability (WVP)
measurements revealed that these composites can be used as the potential water
resistant material. Majeed et al. [159] reviewed a work on natural fiber/nanoclay
reinforced polymeric materials for food packaging application. The biodegradable
hybrid material obtained by mixing natural fibers with nanoclay exhibits improved
barrier properties. At some optimum proportion, this combination can show
excellent dispersion along with good compatibility with the matrix. This combi-
nation of hybrid materials has excellent mechanical strength at very low cost. This
material has most suitable application as vapour sensitive materials to be used in
electronic goods and pharmaceutical packaging.

4 Conclusions

This chapter discussed the significant progress in the processing of sustainable NCs
containing NFs. The sustainable NCs formation requires polymer which is as
bio-based polymer matrix along with NFs. In this chapter, some of the technical
features of the fabrication methods were described for the industrial purposes. The
processing technique greatly influences the electrical, biological and mechanical
properties of sustainable NCs to a great extent. Biodegradable polymers enhanced
by NFs are attractive and befitting candidates for applications in several fields such
as biomedical, especially as drug delivery, tissue engineering and in, electronic such
as supercapacitors, piezoelectric materials, and biosensors. Mechanical and barrier
properties of the Biopolymer NCs can be greatly improved by reinforcing them
with various NFs. The resultant BNCs maintains their vital essence of biodegrad-
ability even after infusion. Biopolymer composites with anticipated properties have
the ample potential to replace conventional materials presently used in various field
of applications.
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ELISA Enzyme linked immunosorbent assay
FRET Förster resonance energy transfer
GA Glucoamylase
GNPs Gold nanoparticles
GNRs Gold nanorods
GO Graphene oxide
GOx Glucose oxidase
GQDs Graphene quantum dots
HPV Human papillomavirus
HRP Horseradish peroxidase
IgG Immunoglobulin G
LFIA Lateral flow immunoassay
LRET Luminescence resonance energy transfer
LSPR Localized surface plasmon resonance
MEMS Micro-electro-mechanical systems
MIP Molecularly imprinted polymers
MNPs Magnetic nanoparticles
NPs Nanoparticles
NQS Sodium 1,2-naphthoquinone-4-sulfonate
OTB O-toluidine blue
PATP P-aminothiophenol
PB Prussian blue
PBS Phosphate buffered saline
PC Phycocyanin
PC-paper Parylene C-coated paper
PEC Photoelectrochemical
PEDOT:PSS Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
PL Photoluminescence
POC Point-of-care
poly(DAB) Poly-3,3′-diaminobenzidine
PVP Polyvinylpyrrolidone
QDs Quantum dots
R6G Rhodamine-6G
RDX 1,3,5-trinitroperhydro-1,3,5-triazine
RGO Reduced graphene oxide
SCO Spin-crossover
SEM Scanning electron micrographs
SERS Surface-enhanced Raman spectroscopy
SP Sample pad
SPCE Screen-printed carbon electrode
SWV Square wave voltammetry
TA Thioctic acid
TBPB Tetrabromophenol blue
TG Thioguanine
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Thi Thionine
TMB 3,3′,5,5′-tetramethylbenzidine
TMPyP 5,10,15,20-tetrakis(1-methyl-4-pyridinio)porphyrin tetraiodide
TNT 2,4,6-trinitrotoluene
TPA Tri-n-propylamine
ubi Ubiquitin
UV-Vis Ultraviolet-visible
WHO World health organization

1 Introduction

The term “point-of-care (POC) testing” has gained immense popularity since the
last decade especially in connection to the diagnostic applications. It has offered the
fascinating possibility of providing rapid results in places with limited availability
of resources [1]. Lately, the paper has attracted the significant attention of the global
research community as a substrate for the development of dip-sticks, lateral flow
immunoassays (LFIAs) and microfluidic paper-based analytical devices (µPADs)
[2–4]. The interest in making use of paper stemmed from the belief that the con-
ventional devices were too complicated and expensive to be used on a large scale in
developing countries. The low cost of paper and its ability to wick fluids by cap-
illary action due to hydrophilicity, thus eliminating the need for pumps or external
power to transfer fluids, were the primary motivating factors inspiring researchers to
work with paper as a new generation material for sensing devices [5]. Additionally,
the porosity and high surface-to-volume ratio of paper are advantageous for assays
wherein the reagents are bound on the paper surface and its flammable nature
allows for easy disposal of paper devices via incineration. The µPADs are extre-
mely promising for POC diagnostic devices for use in resource-limited settings
owing to their ease of operation, low cost and ability to work without external
power supply or supporting equipment [6]. In addition, lPADs are generally easy
to fabricate, user-friendly and offer simple readouts of analytical assay results [7].
Further, paper substrates are easily compatible with printing processes like ink-jet
printing, screen printing and flexographic printing [8]. Finally, being environ-
mentally friendly, the paper is a sustainable material, which enables it to stand out
amongst its peers as a pathway for “green” sensors [9].

Since the last decade, the focus has shifted towards quantitative sensings such as
that required for glucose and tumour markers than mere qualitative analysis as in
case of pH and pregnancy test strips. Following the seminal work on microfluidic
paper-based analytical devices by Whitesides’ group in 2007 [10], a myriad of
works have been published on sensing devices using paper as a substrate for the
detection of a plethora of analytes. Paper substrates have been functionalized with
biomolecules [11], metal and metal oxide nanoparticles [12], quantum dots [13],

Recent Advances in Paper-Based Analytical Devices … 481



aptamers [14], spin-crossover particles [15] and metamaterials [9] to develop a
range of sensors. These sensors find major applications in clinical diagnostics and
therapeutics [16–18], environmental monitoring and analysis [19], food and water
quality [20, 21] and forensics [22]. For instance, visual detection of DNA on paper
chips has been reported which have the ability to identify and distinguish dog and
human genomic and mitochondrial samples for forensic purposes [23]. Similarly,
paper-based electrochemical sensors have shown potential for the detection of
K-562 cells, one of the most aggressive human chronic myelogenous leukaemia cell
lines, based on the release of hydrogen peroxide (H2O2) from cells [24]. This
development has been made possible by the multiple attributes of paper-based
sensors as per the “ASSURED” criteria of the World Health Organization
(WHO) for effective POC testing devices that stands for affordable, sensitive,
specific, user-friendly, rapid and robust, equipment-free, delivered to end-users [25,
26].

This chapter presents a concise review of paper-based analytical devices used for
sensing in various sectors comprising of biomedical diagnostics, environmental
monitoring, food and water safety as well as forensics and security, in the ongoing
decade with a focus on the discussion of sensing principle or the mechanism of
detection (Fig. 1). The various analytes have been broadly grouped based on the
classical detection principles of colorimetry, electrochemistry, and
luminescence-based sensing.

2 Sensing in the Physical World

Paper-based sensors have been used to measure some of the most fundamental
parameters in basic and applied sciences such as temperature [27], pH [28] and
humidity [29, 30]. Precise measurement of these physical quantities is required in
areas as diverse as medicine, biotechnology, environmental science, andmeteorology
to name a few. An optical temperature sensor was fabricated by soaking the paper in a
temperature sensitive luminescent indicator dichlorotris(1,10-phenanthroline)ruthe-
nium(II) hydrate (Ru(phen)3) [31]. The dried paper was subsequently laminated to
eliminate oxygen cross-sensitivity by preventing its diffusion. A linear response to
temperature was obtained with phase fluorimetry and ratio imaging. In another study,
paper thermometerswith an ultrafast response and high stabilitywere developed using
an ionic liquid (1-ethyl-3-methyl imidazolium bis(trifluoromethylsulfonyl)imide)
deposited on paper by means of pen writing or inkjet printing [27]. The low viscosity
and hydrophobic nature of the ionic ink facilitated easy writing while resisting the
hydration by moisture in the atmosphere (Fig. 2a). The sensing ability of the paper
chipwas quantified by the relative change in conductivity against temperature change.
The conductivity was contributed solely by the ionic liquid since paper itself is
electrically insulated with a very high resistance. The thermal response of the paper
thermometer reached over 60% by raising the ambient temperature and remained the
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same after multiple heating and cooling cycles (Fig. 2b) [27]. Cellulose nanocom-
posites showing spin-crossover phenomena and having thermochromic properties
have been fabricated by adsorption of spin-crossover (SCO) nanoparticles onto linter
fibres [32, 33]. The [Fe(hptrz)3](OTs)2 (hptrz = 4-heptyl-1,2,4-triazole, OTs =
p-toluenesulfonyl) SCO particles are known to display an abrupt spin transition with a
hysteresis loop close to room temperature, a characteristic which is highly relevant for
potential application in paper thermometry. The curves for the temperature depen-
dence on the optical reflectance revealed that the reflectance changes occurred rather
abruptly in the heating and cooling modes, thus unambiguously relating to the spin
transition process of the SCO particle complex [32].

Taking advantage of the hydrophilicity of paper, humidity sensors with good
stability and reproducibility were developed by simply “writing” the carbon elec-
trodes by pencils and ink marker consisting of oxidized multi-walled carbon nan-
otubes [34]. Similarly, pH sensors were fabricated using phenol red and
chlorophenol red indicators on paper. The indicators produced selective colour
changes, which were captured by a smartphone camera and processed to extract the
hue from the colour space [35]. Similarly, a graphene-based paper sensor fabricated
by vacuum filtration process was reported for sensing the pH of the analyte by

Fig. 1 Sensing approaches of paper-based analytical devices for various applications
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directly measuring the resistance across the sensor [36]. The sensor showed a
sensitivity of 30.8 X/pH and a high linearity. Another study developed a MEMS
(micro-electro-mechanical systems) sensor for the measurement of forces based on
the piezoresistive effect of conducting materials patterned on paper [37]. Paper was
preferred over commonly used silicon for the construction of the sensor primarily
due to its low cost, lightweight, disposability, and ease of fabrication. As shown in
Fig. 3a, the carbon resistor experienced a mechanical strain/stress when a force was
applied to the cantilever beam. This induced a change in resistance of the resistor,
which allowed quantification of the applied force. The carbon resistors used
high-resistivity graphite ink, while the contact pads used low-resistivity silver ink
(Fig. 3b, c). The sensor had a resolution of 120 µN, a measurement range of
±16 mN and a sensitivity of 0.84 mV mN−1 [37].

Fig. 2 a Fabrication process showing ionic liquid (IL) paper chip written with a pen, b thermal
response with on-off cycles of the paper chip between 45 and 25 °C. Adapted with permission
from Ref. [27] © 2017 ACS publisher

Fig. 3 a Schematic showing a paper-based piezoresistive force sensor with a carbon resistor as
the sensing component, b fabrication of the sensor by laser cutting of paper and screen printing of
carbon and silver inks, c picture of an array of four devices. Adapted with permission from Ref.
[37] © 2011 RSC publisher
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3 Sensing in Biomedical Health Care and Clinical
Diagnostics

3.1 Colorimetric Sensing

Colorimetric spot tests using paper are rapid, inexpensive and can be done in
locations with limited infrastructure. Further, the white paper provides a strong
contrast against a coloured substrate that allows direct checking of the results with
the naked eye [38, 39]. This has immensely facilitated the use of paper in a number
of colorimetric assays for diagnostics and therapeutics. For example, colorimetric
test strips prepared using a chromogen (2,4,6-tribromo-3-hydroxybenzoic acid)
have been used for glucose detection by measuring their colour intensity as the
differential diffusive reflectance [40]. The sensing of hydrogen sulfide (H2S) gas
from live cancer cell lines (LNCaP and PC-3) was demonstrated using paper coated
with a polyvinylpyrrolidone (PVP) membrane containing silver/Nafion. The silver
in the coating zones reacted with sulfide, giving a brown colour of silver sulfide
(Ag2S). The assay showed a high sensitivity, selectivity and reproducibility with a
limit of detection of 1.4 µM Na2S in phosphate buffered saline (PBS) [38].
A text-displaying assay for urinary protein was fabricated by using printing tech-
niques and combining the classical colorimetric indicator system with an inert
colourant [41]. As shown in Fig. 4a, tetrabromophenol blue (TBPB), a colorimetric
indicator, which was inkjet-deposited in the form of symbols on paper underwent
colour changes in a concentration-dependent manner. A transparent coloured layer
served to screen TBPB deposited on the paper. After the colorimetric response, a

Fig. 4 Schematic showing the principle of the paper device utilizing a TBPB-based colorimetric
indicator system for protein: a inkjet-deposited TBPB symbols exhibiting colorimetric response
depending on the sample concentration, b response after the colorimetric reaction, where
transparent film with screening color is overlaid on the paper device. Adapted with permission
from Ref. [41] © 2017 ACS publisher
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series of screening colours served to shield the indicator symbols with weaker
colour intensity than that of the respective screening colour, making the symbols
invisible to the human eye, as shown in Fig. 4b. In order to improve the sensitivity
of bioassays on µPADs, a bienzyme system was combined with a drying method to
achieve signal amplification and reduction of the background signal, respectively
for the detection of glucose and uric acid [42].

Paper-based immunoassays with antibody-antigen interaction are gaining pop-
ularity in resource-limited settings due to their simplicity and affordability. In a
paper-based enzyme-linked immunosorbent assay (ELISA), paper modified with
chitosan and glutaraldehyde to enhance antigen (ubiquitin or ubi & enhanced green
fluorescent protein or eGFP) immobilization was used to detect targeted antibodies
(anti-ubi & anti-eGFP). The cationic chitosan was bonded to anionic cellulose
forming a layer on the surface of the paper, while glutaraldehyde served as a
cross-linker to facilitate the covalent attachment of chitosan with the protein groups.
The assay used a drinking straw for washing and incubation to avoid the need of
pipettes and shakers. A visible green colour resulted on catalysis of the 2,2′-
azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) substrate by protein L
HRP in the presence of targeted antibodies with a detection limit of 0.5 nM [43].
Similar immunoassay for the detection of anti-Leishmania antibodies was achieved
using a paper-based 96-well ELISA [44].

Aptamers, single-stranded oligonucleotides, have been widely used in µPADs
for the selective and sensitive detection of a large number of analytes such as
proteins, cells ions and microbes due to their ability to specifically recognize and
interact with targets. The advantage of aptamer-based assays is that by simply
changing the aptamer, sensing of different targets can be done by synthesizing the
respective target-responsive hydrogels [45]. An aptamer-crosslinked hydrogel was
used for detection of cocaine in urine taking advantage of their ability to bind to a
specific target molecule [46]. As shown in Fig. 5, the hydrogel collapsed in pres-
ence of the target due to aptamer sequence (L-Apt) dissociating from polymer
chains (P-SA and P-SB), thereby releasing the trapped glucoamylase (GA) and
generating glucose. The capillary action caused glucose to flow in solution along
the channel, where it was subsequently converted into H2O2 by glucose oxidase
(GOx) already present on the substrate. Similarly, 3,3′-diaminobenzidine
(DAB) was converted into a brown-coloured bar of poly-3,3′-diaminobenzidine
(poly(DAB)) by horseradish peroxidase (HRP), whose length could be positively
correlated to the amount of target to achieve visual distance-base quantitative
detection. The cascade of enzymatic steps for signal amplification made it possible
to achieve highly sensitive detection of targets [46]. Earlier, the same group
reported the simultaneous detection of multiple analytes such as cocaine, adenosine
and Pb2+ in urine using target-induced phase-transformation of the aptamer
hydrogel to mediate fluid flow and signal readout in the lPAD [47]. Another group
used DNA-triggered hybridization chain reaction to capture hairpin probes and bind
GOx tags via biotin-streptavidin interactions, where its quantity could be positively
related to the adenosine analyte [48].
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3.2 Electrochemical Sensing

The detection of simple and complex analytes of clinical significance has been
achieved based on the concept of electrochemistry including glucose [49], uric acid
[50], drugs such as diazepam [51] and ketamine [52], tumor markers [53] and DNA
viruses such as human papillomavirus (HPV) [54]. Detection of carcinoembryonic
antigen was performed by a label-free electrochemical immunosensor fabricated by
coating nanocomposites of amino functional graphene (NH2-G)/thionine (Thi)/gold
nanoparticles (AuNPs) on the screen-printed working electrode [55]. The concept
was based on the fact that the decreased response currents of Thi were proportional
to the concentrations of corresponding antigens due to the formation of
antibody-antigen immunocomplex. The cyclic voltammetry and differential pulse
voltammetry results revealed the stability of peak currents, thus indicating that the
electroactive material was tightly bound to the electrode. The determination of
antigen solutions showed linear working ranges of 50 pg mL−1

–500 ng mL−1 with
the limit of detection as 10 pg mL−1 [55]. Another study reported the use of
conducting paper modified by poly(3,4-ethylenedioxythiophene):poly(styrenesul-
fonate) (PEDOT:PSS) and reduced graphene oxide (RGO) for the detection of
carcinoembryonic antigen. There was a significant increase in the electrical con-
ductivity of the paper due to conformational rearrangement in the polymer and
strong non-covalent interactions between PEDOT and cellulose [56].

In order to eliminate the need for enzymatic amplification and to improve the
sensitivity, the analyte (biotin/streptavidin) was labelled with silver nanoparticles
(AgNPs) and magnetic microbeads. Detection limit as low as 767 fM could be
achieved bymagnetic preconcentration of AgNP labels followed by their oxidation to
Ag+ by slipping a piece of paper to deliver the oxidizing agent at a specific time and

Fig. 5 Schematic of aptamer-based µPAD for distance-based visual quantitative analysis of
cocaine in urine: a target-induced dissolution of hydrogel releasing GA to catalyse the production
of glucose, b conversion of glucose to gluconic acid catalysed by GOx generating H2O2, which
reacts with DAB catalysed by HRP to yield a brown stripe of poly(DAB) for signal readout.
Adapted with permission from Ref. [46] © 2016 ACS publisher
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point in the device [57]. In another work, a “pop-up” sensor fabricated from paper
folded into a 3D structure enabled electrochemical detection of b-hydroxybutyrate
(BHB), a biomarker for diabetic ketoacidosis, using a glucometer [58]. Similarly,
amperometric detection of troponin, a cardiovascular biomarker, was done using
conducting paper electrodes formed by coating a layer of polyaniline. The change in
the oxidation current of polyanilinewas proportional to the analyte concentration. The
assay showed a sensitivity of 5.5 lA/ng mL−1 cm−2 over a wide physiological range
of 1–100 ng mL−1 [59]. ParyleneC-coated newspaper acted as a sensing electrode for
the detection of pathogenic E. coli based on DNA hybridization, showing excellent
performance in the cyclic voltammetry and electrochemical impedance spectroscopy
experiments with a detection limit of 0.16 nM [60].

Based on target-induced folding or unfolding of an aptamer linked to an elec-
trochemical label, the detection of DNA and thrombin down to limits of 30 and
16 nM, respectively was achieved [61]. The oligonucleotide probes had a pendant
redox reporter (methylene blue) at the distal end and a thiol at the proximal end for
easy attachment to a gold electrode. On binding of the analyte, the probe underwent
a conformational change that altered the location of the redox reporter relative to the
electrode, as shown in Fig. 6. The sensor was “on” if the redox reporter moved
closer to the electrode and “off” if, it moved away. This conformational change
resulted in a change in faradaic current that was easily detected using alternating
current voltammetry (ACV) or square wave voltammetry (SWV).

Fig. 6 Sensing mechanism of DNA and thrombin on a PAD. Adapted with permission from Ref.
[61] © 2014 ACS publisher

Recent Advances in Paper-Based Analytical Devices … 491



3.3 Luminescence-Based Sensing

Various luminescence-based techniques viz. fluorescence, chemiluminescence,
electrochemiluminescence have been used to sense a range of biomedical analytes on
paper platforms [62]. They offer the advantages of being highly sensitive,
non-invasive, rapid and easy to implement. Recent studies have employed chemilu-
minescence, i.e., the generation of light via a chemical reaction, for the detection of L-
cysteine [63], DNA fragments [64], carcinoembryonic antigen [65] and cotinine
biomarker [66]. Similarly, electrochemiluminescence, which is the luminescence
produced by relaxation of excited statemolecules during electron-transfer occurring at
the surface of an electrode, has been adopted for sensing of hepatitis B virus surface
antigen in serum [67]. A 3D paper-based electrochemiluminescent (ECL) device was
fabricated by screen printing eight carbon electrodes on paper for detecting a panel of
tumor markers-a-fetoprotein (AFP), carcinoma antigen 125 (CA125), carcinoma
antigen 199 (CA199) and carcinoembryonic antigen (CEA) in clinical serum samples
using tris-(bipyridine)-ruthenium (II) (Ru(bpy)3

2+) and tri-n-propylamine (TPA) [68].
As evident from Fig. 7, the capture antibodies were immobilized on the working
electrodes through chitosan coating and glutaraldehyde cross-linking. Ru(bpy)3

2+-
labeled signal antibodies were added to corresponding electrodes to carry out the

Fig. 7 Fabrication and detection principle for paper-based ECL device: (1) screen-printed carbon
working electrode; (2) after chitosan modification; (3) after immobilization of capture antibodies;
(4) after blocking & washing; (5) after capturing and washing; (6) after incubation with signal
antibodies, washing & ECL reaction. Adapted with permission from Ref. [68] © 2012 Elsevier
publisher
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immunoreactions and ECL detections. The sandwich immunocomplexes were found
to givemuch higher ECL response than the nonspecific adsorption of signal antibodies
without antigen. Moreover, since the ECL intensity rose with antigen concentration,
the immune device could be for the determination of sensitive antigens. The limits of
detection for the four markers were 0.15 ng mL−1, 0.6 U mL−1, 0.17 U mL−1 and
0.5 ng mL−1, respectively [68]. Another study fabricated a photoelectrochemical
(PEC) immunosensor using CdS quantum dots (QDs) deposited on a paper working
electrode modified with zinc oxide nanorods grown on reduced graphene oxide as the
photoactive matrix and chemiluminescence reagent/enzyme/antibody bioconjugate
as the label for sensitive detection of cancer antigen 125 [69].

Fluorescence, which is by far the most widely employed optical detection
technique, has been used for sensing numerous targets including aluminium (Al3+)
detection in living cells [70], Cu2+ in human urine [71], sulfur dioxide derivative
(SO3

2−) in mitochondria [72], b-D-galactosidase enzyme [73], peptide, protein and
DNA [74]. In order to overcome the limitations of conventional methods of
attaching biomolecules onto the cellulose surface, a chemo-enzymatic method for
activating cellulose with functional groups by click chemistry was proposed using
propargylated xyloglucan as a molecular anchor [75]. They demonstrated the
detection of esterase with a biosensor fabricated by tethering a chromogenic moiety/
fluorophore to the cellulose substrate, instead of a biomolecular entity, thus
simultaneously addressing the issues of signal attenuation and potential toxicity due
to chromophore diffusion after substrate cleavage. The sensitivity and selectivity of
fluorescence-based sensing with a quick response time makes them preferred over
other detection techniques in a number of bioassays [72]. Fluorescent probes have
successfully been employed to detect antibiotic-resistant genes from various bac-
teria [76]. Another study used fluorescence emission of fluorescein-labeled DNA
probe to detect hybridization of DNA strands captured on antibodies via CBM-ZZ
(carbohydrate binding molecule with high affinity for cellulose and double Z
fragment of staphylococcal protein A, which recognizes IgG antibodies). The
antibodies anchored via CBM-ZZ fusions were combined with wax printed lPADs
for capturing and detecting DNA hybrids [77]. Other studies reporting nucleic acid
assays have employed chemiluminescence [78] and luminescence resonance energy
transfer (LRET) [79].

3.4 Other Sensor Types

Surface-enhanced Raman spectroscopy (SERS) is a non-destructive and sensitive
technique used in molecular detection, which combines the specificity of Raman
spectroscopy with the metal nanostructure-induced sensitivity provided by plasmon
assisted scattering [80]. Detection of rhodamine-6G at ppb level was achieved using
office paper as a SERS substrate taking advantage of its low porosity and the better
ink retaining the capacity to obtain a uniform distribution of silver nanostars along
with higher values for the enhancement factor [80]. A SERS paper strip fabricated
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by in situ synthesis of AuNPs on cellulose fibers could detect a cancer marker in a
whole blood sample [81]. The nanoparticles not only generated condensed hot spots
on the fibres but also enhanced the size exclusion effect of paper. Several other
studies have reported SERS-based paper sensors [82–86].

Similarly, localized surface plasmon resonance (LSPR)-based biosensors, where
the bulk refractive index sensitivity and the electromagnetic decay length of the
metal nanostructures are employed as optical transducers, have been used to detect
contagious biomolecules [8] and cardiac biomarkers [87]. The strong electric fields
thus created around the nanoparticles improved the signal intensity dramatically and
allowed for extremely sensitive detection with only a small amount of analyte
required. The Au and Ag NPs deposited on a paper substrate by the laser-induced
annealing technique showed a rapid colour change on binding with cysteine, which
could be observed by the naked eye and measured spectroscopically [8].

A nucleic acid hybridization assay was developed using green-emitting QDs
(gQDs) immobilized on imidazole-modified paper, as donors in Förster resonance
energy transfer (FRET) (Fig. 8a). A hybridization event brought the Cyanine 3
(Cy3) acceptor dye in close proximity to the immobilized gQDs and was respon-
sible for a FRET sensitized emission from the dye, which served as an analytical
signal. The photoluminescence (PL) intensities of gQDs and Cy3 were associated
with the green (G) and red (R) imaging channels of an iPad camera after R-G-B
splitting of the acquired images, as shown in Fig. 8b. The use of dry paper sub-
strates for data acquisition offered 10-fold higher sensitivity and 10-fold lower
limit of detection for the assay as compared to the hydrated paper substrates [88].

Fig. 8 a Design of paper-based QD-FRET nucleic acid hybridization assay. Modified
paper-substrates immobilized with QD-probe conjugates, and hybridization assays in (i) a direct
format or (ii) a sandwich format provided the proximity for FRET sensitized emission from the
acceptor dye when the substrate was illuminated with a UV lamp, b digital imaging of paper
substrates showing increase in Cy3 PL with corresponding decrease in gQD PL as target
concentration increases, associated with R and G channels, respectively. Adapted with permission
from Ref. [88] © 2014 ACS publisher
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Table 1 lists some of the major biomedical analytes detected using different sensing
mechanisms.

4 Sensing for Environmental Monitoring

4.1 Colorimetric Sensing

There has been a growing interest in the colorimetric detection of heavy metals and
toxic compounds, which is an instrumental part of the rapid on-site environmental
analysis and its real-time monitoring. The detection of toxic ions such as cobalt
(Co2+) [89], silver (Ag+) [90], chloride (Cl−) [91] and copper (Cu2+) [92] in aquatic
environments such as wastewater or groundwater has been reported on paper-based
sensing platforms. A multiplexed patterned sensor for the detection of heavy metals
was fabricated by ink-jet printing of sol-gel based bio-inks that allowed colorimetric
visualization of the enzymatic activity of b-galactosidase [93]. As shown in Fig. 9a,
the chromogenic substrate, chlorophenol red b-galactopyranoside (CPRG), is
hydrolyzed by the b-galactosidase enzyme to give a red-magenta product. It is
printed as a substrate zone and is moved to the sensing zone by lateral flow of a
sample along the paper sensor. The presence of heavy metals in the sample causes a
loss of the red-magenta colour in a concentration-dependent manner (Fig. 9b). In
order to identify the different metals such as Hg2+, Cu2+, Cr4+ and Ni2+ in the
mixture, a multiplexed sensor was made with two assay arms as controls, one for
testing a mixture of metal ions using the b-galactosidase assay, and four additional
assay arms that had different colorimetric reagents (Fig. 9c). Interestingly,
time-programmable assays for metal ion determination have been developed, where
the acceleration or delay of fluid transport can be controlled by adjusting capillary
and laminar flow on paper without active pumping [94]. This was achieved by
razor-crafting open channels on the paper using a cutting blade in a perpendicular or
longitudinal directions to the direction of flow.

In order to eliminate the need for on-spot calibration using standard solutions
and reduce the influence of paper inhomogeneity, matrix effects and environmental
conditions on the results, a generic approach using calibrant-loaded paper was
developed for multiple-point standard addition calibration [95]. The sensing areas
were pre-loaded with an excess of colorimetric reagents and known amounts of the
analyte; thus, a coloured product was developed before analysis. During analysis,
the excess of reagents present in the sensing zone reacted with the analyte in the
sample generating a combined colorimetric signal corresponding to the total con-
centration of the analyte in the sensing area. The combined analytical signals were
used to generate a multiple standard additions curve and calculate the analyte
concentration [95].
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4.2 Electrochemical Sensing

Coulometric sensors were developed for the detection of halides in water samples
using thin-layer coulometry, where the target ions are preferentially and exhaus-
tively transported through an ion-selective membrane [96]. The sequential
oxidation/plating of the halide at the silver wire and its subsequent regeneration
with an inverted potential was monitored by cyclic voltammetry. The paper served
the dual function of transporting the sample by capillarity as well as the making of
an exhaustive electrochemical process. Confinement of the sample between a silver
element and a Nafion membrane facilitated the resolution of a mixture of halides in
a wide concentration range- from 10−4.8 to 0.1 M for iodide and bromide and from
10−4.5 to 0.6 M for chloride, with a detection limit of 10−5 M [96].

There have been studies based on the principle of potentiometric sensing of ions
such as sodium and potassium [97]. Potentiometric ion sensors were fabricated
using a newspaper and coating it with parylene C (PC-paper) to impart
hydrophobicity along with improved mechanical properties and chemical stability
[98]. A two-electrode configuration containing ion-selective and reference elec-
trodes was achieved by depositing polyaniline and chloride on pre-patterned gold

Fig. 9 a Detection principle for sensing of heavy metal ions, b dose-dependent color intensity of
Hg2+ on the b-galactosidase-immobilized paper sensor, c detection of individual metals from a
mixture on the multiplexed patterned sensor. Adapted with permission from Ref. [93] © 2011 ACS
publisher
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and silver layers on the sensors, respectively. These pH sensors were tested by
increasing the pH levels from 2 to 12, as shown in Fig. 10c. A plot of EMF signals
against the pH generated a line indicating behaviour according to Nernst equation.
Moreover, this response remained the unaffected on sing bent electrodes, thus
confirming the mechanical resistance of the sensors. Further, they showed good
repeatability and a low potential drift [98].

4.3 Luminescence-Based Sensing

Recently, a photoluminescent nanopaper was fabricated by embedding
nitrogen-doped carbon quantum dots (N-CQDs) into bacterial cellulose nanofibers
for the selective detection of iodide (I−) down to 6.1 ppm [99]. The blue emission
of N-CQDs embedded paper remarkably quenched in the presence of I−. On the
contrary, hardly any change could be observed for other tested anions like chloride,
fluoride, bromide, acetate, sulfate and nitrate. The quenching effect resulted from
the photo-induced electron transfer between N-CQDs in the nanopaper and iodide
ions in the sample [99]. Another work demonstrated the use of photoluminescent
copper nanoclusters for sensing of H2S in spring-water down to 650 nM [100]. The
sensing was based on the strong Cu–S interaction resulting in the formation of
non-luminescent CuS particles and subsequent photoluminescence quenching
effect. The simultaneous detection of toxic heavy metal pollutants using a
paper-based oligonucleotide ECL sensor was developed with carbon nanocrystals
(CNCs) capped silica nanoparticles (Si@CNCs) and Ru(bpy)3

2+-AuNPs clusters
(Ru@AuNPs) as ECL labels (Fig. 11) [101]. The immobilized Si@CNCs-tagged
DNA showed an ECL signal in the cathodic potential for Pb2+ detection, while the
Ru@AuNPs modified one exhibited the signal in the anodic potential for Hg2+

Fig. 10 a Image showing USB-type sensing platform and flexibility of ion sensor, b water
droplets on PC-paper, c response of pH sensors with increasing pH in normal and bent states,
while inset shows pH sensors in normal and bent states. Adapted with permission from Ref. [98] ©
2017 Elsevier publisher
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detection. The Pb2+ and Hg2+ ions induced a conformational change of DNA
strands through the formation of G-quadruplex and T–Hg–T complex with detec-
tion limits of 10 pM and 0.2 nM, respectively.

Very recently, a “turn-off” fluorescence sensor was fabricated by immobilizing a
cationic porphyrin, 5,10,15,20-tetrakis(1-methyl-4-pyridinio)porphyrin tetraiodide
(TMPyP), onto a pre-patterned paper for the detection of Cu2+ [102]. The
fluorescence signal of TMPyP (with two distinct maxima at 674 and 711 nm),
which was easily visible to naked eyes under illumination, showed selective and
substantial quenching effect in the presence of 20 mM Cu2+ against other metal
ions. In contrast, a “turn-on” fluorescence sensor was developed to detect cyanide
ion (CN¯) in water with a detection limit of 39.9 nM [103]. The sensing was based
on the nucleophilic addition of CN− to- the b-conjugated position of the barbituric
acid moiety of the sensor, thus disrupting the p-conjugation and hampering the
intramolecular charge transfer to produce a colorimetric and fluorescent response.
Similar fluorescence-based sensing of phycocyanin (PC), a pigment-protein
occurring in water bodies, has been demonstrated using QDs with molecularly
imprinted polymers (MIP) deposited on paper [104]. As shown in the Fig. 12, in the
absence of template molecule on the surface of QDs, the electrons of QDs absorb
the UV energy and get excited. Subsequently, the QDs emit green fluorescence
when the excited electrons return to the ground state. If the energy level of phy-
cocyanin is higher than that of QDs, when the excited electrons of QDs return to the
ground state, they will not generate fluorescence. Thus, adsorption of more phy-
cocyanin onto the surface imprinting sites results in greater fluorescence quenching.
Similarly, a ratiometric oxygen sensor based on fluorescence-phosphorescence was
designed to detect as low as 0.01% of oxygen [105].

Fig. 11 Schematic illustration of a paper-based ECL device. The immunoassay was on the back
of wax-patterned paper working zone: (1) the paper was spotted with NaIO4; (2) after immobilized
with Ru@AuNPs labeled DNA strands for Hg2+ and Si@CNCs labeled DNA strands for Pb2+;
(3) after capturing with Pb2+ and Hg2+. Adapted with permission from Ref. [101] © 2013 Elsevier
publisher
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4.4 Other Sensor Types

Very recently, graphene quantum dots (GQDs) were immobilized on a paper
substrate as a screening tool for organic pollutants such as 4-nitrophenol and
paraoxon in seawater [13]. The luminescent blue GQDs were quenched in the
presence of the target based on the phenomenon of FRET. Likewise, FRET was
exploited on a paper-based sensor strip containing carbon nanodots (C-dots) con-
jugated to rhodamine for the detection of Al3+ ions [106]. As evident from Fig. 13,
the hybrid system showed blue emission at 410 nm from C-dots since the unopened
rhodamine could not absorb the energy from the blue emission of C-dots, leading to
no FRET. On exposure to Al3+, the metal ions induced ring-opening of rhodamine
on C-dots through the chelation of the rhodamine-6G (R6G) moiety with metal
ions, leading to a spectral overlap of the absorption of the donor (C-dots) and the
emission of the ring-opened acceptor (rhodamine), finally emitting yellow. The
addition of Al3+ to C-dots-R6G solution led to a gradual decrease in emission
intensity at 410 nm with concomitant increase in emission at 560 nm, thus
exhibiting a change in emission from blue to yellow (inset of Fig. 13).

SERS was exploited on a filter paper for the sensing of thiram and ferbam as
model pesticides in trace amounts with detection limits of 0.46 and 0.49 mM,
respectively [107]. In order to improve the retention of AgNPs on paper, the
hydrophilic hydroxyl groups were converted to hydrophobic alkyl groups by the
application of alkyl ketene dimer (AKD). This led to an increased contact angle
with a reduced contact area and longer retention time of the aqueous dispersion due

Fig. 12 Sensing principle of paper@QDs@PC-MIPs. Adapted with permission from Ref. [104]
© 2017 ACS publisher
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to lower absorption, thus concentrating the nanoparticles on paper. The SERS
signal was strongly intensified by the increased number of SERS hot spots owing to
the increased density of the nanoparticles on a small contact area of the paper
surface [107]. In a similar fashion, SERS was implemented on a paper biosensor to
enhance the low intensity of Raman signals for detecting wastewater components
[108] and organic pollutants [109]. Table 2 lists the various environmental analytes
detected by different sensing principles.

5 Sensing for Food and Water Quality

5.1 Colorimetric Sensing

Paper-based sensors have shown immense potential for monitoring and detecting
various contaminants such as bacteria and chemical residues present in food, which
holds utmost significance to ensure “food safety”. Foodborne pathogens like E. coli,
Salmonella typhimurium, and L. monocytogenes have been detected in food samples
by measuring the colour change when an enzyme associated with the pathogen of
interest reacts with a chromogenic substrate [110]. A colorimetric assay for the
detection of L. monocytogenes consisted of magnetic nanoparticles conjugated with
protease specific substrate to be selectively cleaved by the L. monocytogenes pro-
teases with a limit of detection of 2.17 � 102 CFU/mL [111]. The ability of the
protease to break the peptide bonds in a protein substrate led to a colour change from
black to golden. Gas sensors using diatomite on paper for detecting volatile

Fig. 13 FRET-based sensing mechanism of the C-dots-R6G in response to Al3+. Photographs in
the inset are under 365 nm UV light. Adapted with permission from Ref. [106] © 2015 ACS
publisher
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nitrogenous compounds such as ammonia as an indicating factor for meat spoilage
[112]. The colour change of a pH-sensitive dye like bromophenol blue coated on
paper occurs in presence of ammonia, which acts as a Lewis base and induces the
colour change due to the release of hydrogen. Another work used the metachromasy
of a dye, o-toluidine blue (OTB) to detect charged macromolecules, indicated by a
characteristic colour change from blue to pink. On coming in contact with ionic
molecules, the dye molecules align with the charges on the molecules, resulting in a
shift in the wavelength of maximum absorbance of the dye [113].

The colorimetric sensing technique has been used to detect several toxic
chemical contaminants in food such as bisphenol A [114], benzoic acid [115],
clenbuterol [116], melamine [117], residual antibiotics [118] and estrogens [119].
Bisphenol A (BPA) has been widely used in food packaging such as the plastic
beverage bottles and causes contamination of food as well as the environment
[114]. A sensor was developed for the detection of BPA combining the intrinsic
peroxidase activity and the colorimetric potential of ZnFe2O4 magnetic nanopar-
ticles (ZnFe2O4 MNPs) and the adsorption capacity of molecularly imprinted
polymer (MIP) membranes. Figure 14 shows the morphology of the MNPs and
their binding on the membranes. As can be seen from Fig. 14d, in the absence of
BPA, H2O2 was adsorbed on the ZnFe2O4 MNPs and activated by the ferric ions to
generate �OH, which subsequently oxidized 3,3′,5,5′-tetramethylbenzidine
(TMB) to form a blue complex due to the transfer of charge. In contrast, no �OH

Fig. 14 a TEM of the synthesized ZnFe2O4 MNPs, SEM images of b synthesized MIP
membranes and c MIP membranes@ZnFe2O4, d mechanism for the detection of BPA. Adapted
with permission from Ref. [114] © 2017 Elsevier publisher
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could be generated when BPA was anchored on the membrane surface. The assay
was linear over the range 10–1000 nM with a limit of detection of 6.18 nM [114].
Other studies have also reported the detection of pesticides [120], food preserva-
tives such as sulfur dioxide [121] and foodborne carcinogens such as aflatoxin B1

[122]. Similarly, studies have reported the detection of cadmium (Cd2+) [123] and
nitrite [35] toxic ions in drinking water.

The very low concentration of arsenic (As) has been detected in water, 1 ppb
which is lower than the WHO’s reference standard for drinking water, using a
microfluidic paper nanosensor fabricated by anchoring gold nanoparticles (Au) to
thioctic acid (TA) and thioguanine (TG). As shown in Fig. 15a, when the two

Fig. 15 a Schematic representation of gold nanosensor (Au–TA–TG) µPAD for arsenic detection,
b UV-Vis absorption spectra of Au–TA–TG treated with different concentrations of arsenic. Inset:
visual colour changes of the Au–TA–TG. Adapted with permission from Ref. [124] © 2014 RSC
publisher
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extended arms of the Y-channel are touched into the Au–TA–TG and As solutions,
the fluids started flowing into the channel due to capillary action and rapidly
interacts to form a visible bluish-black precipitate. TA acts as a spacer arm to
increase the detection ability by reducing the steric hindrance. During detection, TG
probes interact with As3+ ions leading to aggregation of nanoparticles. This causes a
visual colour change due to inter-particles coupled plasmon resonance from
aggregated Au nanoparticles. Figure 15b shows the shift in UV-Vis spectra
wavelength (from kmax 520 nm to kmax 620 nm) indicating As binding with Au–
TA–TG and formation of aggregates in various concentrations of As solutions
[124].

5.2 Electrochemical Sensing

Electrochemical detection of ethanol in beer has been reported using screen-printed
electrodes on office paper modified with Carbon Black and Prussian Blue (CB/
PBNPs) nanocomposite [125]. Ethanol was quantified indirectly from the con-
centration of H2O2, which was produced by the enzymatic reaction between alcohol
oxidase (bio-recognition element) and ethanol. A quick response was obtained in
just 40 s with a sensitivity of 9.13 µA/mM cm2 and a detection limit of 0.52 mM.
The presence of lead and cadmium ions in rice and fish was sensed with
bismuth-modified, boron-doped diamond electrode (Bi-BDDE) [126]. The
Bi-BDDE increased the sensitivity of ion detection; exhibiting sharp and
well-defined peaks in the stripping voltammograms, which were significantly
higher than the stripping peak current observed in case of bismuth-modified
screen-printed carbon electrode (Bi-SPCE). The superior performance of BDDE
was attributed to the fact that bismuth could form “fused” alloys with ions, which
rendered them ready to be reduced.

The detection of cadmium in rice was performed by a double-sided conductive
carbon tape coated with a thin layer of gold for stripping analysis of Cd2+ coupled
with in situ electrodeposition of bismuth [127]. Likewise, resistive sensors on paper
with copper acetate were developed for monitoring the quality of raw broiler meat
where H2S was detected as an end product of microbial metabolism by replicating
the aerobic and anaerobic conditions of modified atmosphere packaging in the
laboratory [128]. Similarly, capacitive humidity sensors built for smart packaging
showed a logarithmic response on paper [129].

5.3 Luminescence-Based Sensing

The photoluminescent quenching ability of graphene oxide (GO) was demonstrated
for the detection of the pathogen (E. coli) using an LFIA with a limit of detection as
low as 10 CFU mL−1 [130]. As shown in Fig. 16a, test, and control lines were
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printed on a nitrocellulose substrate with antibody decorated CdSe@ZnS quantum
dots (Ab-QDs) and bare QDs, respectively. Capillary forces caused the sample flow
from the sample pad (SP) to the absorbent pad (AP). In the absence of target
pathogen, the test line is quenched by GO. On the contrary, when the target is
present, it is selectively captured by the Ab-QDs and the test line is not significantly
quenched compared to the control line due to hindered resonance energy transfer
caused by the increased distance between the donor and the acceptor. The control
line, with no pathogen-binding molecules, is always quenched thus ensuring the
correctness of the assay. The scanning electron micrographs (SEM) of the
biosensing platform are shown in Fig. 16b [130]. Other studies have employed the
fluorescence-based sensing approach for the determination of chemical contami-
nants in food such as formaldehyde [131, 132], Hg2+, Ag+ and aminoglycoside
antibiotic residues [133].

Another immunoassay developed for the detection of Salmonella, a common
foodborne pathogen, was based on chemiluminescent reaction indicated by the
quantification of adenosine triphosphate (ATP) [134]. The wax-printed µPAD was
Z-folded for liquid handling without external driving force. As shown in Fig. 17,
the µPAD was divided into two separate functional zones- reagent zone A and
testing zone B by the folding area. Each functional zone possessed humped circles
that were opposite. For testing, the reagent and tested samples were put into the
corresponding zones; then the hump of the two circles was connected in order to
allow the liquid to flow through the Z-folding. The ATP aptamer, immobilized on
the reagent zone, bonded to the target and released the HRP tagged DNA associated
with the aptamer. The released HRP tagged DNA then went through the
micro-channel humps and arrived at the testing zone B via Z-folding of the lPAD.
Eventually, H2O2 was added to lead to a colour change (since
3-amino-9-ethylcarbazole (AEC) coated on the testing zone was oxidized by HRP/
H2O2), thus determining the concentration of ATP. The detection limit was 1 µM
for ATP and around 2.6 � 107 CFU/mL for Salmonella [134]. Another work

Fig. 16 a Photoluminescent lateral flow assay revealed by graphene oxide (GO) for E. coli
detection, b SEM images of the paper-based sensing platform: (A & B) Bare detection line, (C &
D) Graphene oxide coated detection line. Adapted with permission from Ref. [130] © 2015 ACS
publisher
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developed an LFIA based on enzyme-catalyzed chemiluminescence for the detec-
tion of fumonisins, which is produced by Fusarium mould species, in maize with a
detection limit of 2.5 µg L−1 [135]. The immunological and chemiluminescence
reactions were conducted sequentially in the LFIA strip and the HRP-labeled tracer
antibody was revealed by chemiluminescence to achieve the quantification. In a
similar way, chemiluminescence-based sensing has been exploited on paper plat-
forms for the detection of dichlorvos pesticides in vegetables [136, 137].

5.4 Other Sensor Types

A triple-mode colorimetric, fluorescent, and SERS sensor was developed for
detecting nitrite ion, a widely used meat preservative, based on the hybrid assembly
of gold nanorods (GNRs)-azo-gold nanoparticles (GNPs) (GNRs-Azo-GNPs) on a
paper strip [138]. A quantitative colorimetric response resulted on the addition of
nitrite by the Griess reaction between p-aminothiophenol (PATP) and
1,8-diaminonaphthalene (DAP), causing a drop in the fluorescence intensities due to
FRET from DAP to azo-moiety. The sensor with a limit of detection of 0.01 µM also
served as a SERS substrate for quantitative analysis of nitrite [138]. A filter paper
with AgNPs served as a rag to collect pesticide residues from the peels of apples,
bananas, and tomatoes [139]. The thiram and paraoxon residues could be collected
by simply swabbing the paper substrate across a wide surface area of the peels. The

Fig. 17 Schematic showing the fabrication of Z-folded µPAD for Salmonella detection via ATP
quantification. Adapted with permission from Ref. [134] © 2015 Elsevier publisher

Recent Advances in Paper-Based Analytical Devices … 505



AgNP-decorated filter paper with ‘dynamic SERS’ provided not only the hot spots
from nanostructures and concentrated target molecules but also a high sensitivity and
reproducibility pesticide detection. Based on plasmonic refractometric sensing, gas
sensors were fabricated by imprinting nanoparticles on inkjet paper [140].
Refractometric sensing is based on the adsorption of the analyte on the surface of the
nanoparticles resulting in a red-shift in the wavelength and an extinction increase of
the LSPR peak. Plasmonic nanoparticles such as gold and silver were deposited on
paper using reversal lithography (Fig. 18a). The high reflectance and smoothness of
inkjet papers were exploited for sensing of biogenic amines (BA) released from
spoiled fish. The levels of BA, generated through microbial action, were used as an
indicator of food freshness. During detection, the volatile BAs attached sponta-
neously onto the nanoparticle surface via their amino groups forming a dense layer
(Fig. 18b). This led to a change in the local refractive index around the nanoparti-
cles, resulting in the red-shift of the LSPR wavelength [140].

6 Sensing for Forensics and Security

Lately, sensing high-energy materials has gained immense importance in security
and forensics in view of their potential toxicity and environmental risks. The
modern methods for their detection such as gas chromatography coupled with mass

Fig. 18 Schematic representations showing a metal nanoparticles imprinted onto a paper,
b nanoparticle-embedded paper to detect volatile biogenic amines released from spoiled salmon.
Adapted with permission from Ref. [140] © 2017 ACS publisher
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spectrometry, ion mobility spectrometry and energy dispersive X-ray spectroscopy
are all infrastructure-intensive and cannot be implemented outside a laboratory
setting [141, 142]. This motivated the development of complementary techniques
for rapid, straightforward and on-site detection of explosives. Several sensing
approaches including colorimetry [143], luminescence quenching [141], fluores-
cence quenching [144], SERS [145] and others [146] have been implemented on
paper platforms to achieve these goals. The detection of improvised explosives has
been demonstrated by µPADs containing reagents capable of reacting with
explosives and resulting in a specific colorimetric reaction [143, 147]. A single
eluent reservoir was used to extract the explosives and transport them to the testing
zones by capillary action. Inorganic explosives with nitrate, nitrite, ammonium,
chlorate and perchlorate oxidizers, as well as military explosives such as
2,4,6-trinitrotoluene (TNT) and 1,3,5-trinitroperhydro-1,3,5-triazine (RDX), along
with urea nitrate and organic peroxides could be detected with limits of detection
between 0.39 and 19.8 µg [143]. Another study detected TNT down to 14 ng/cm2

based on the photothermal effect of the complex formed by charge transfer between
an electron-rich group in polyaniline and an electron-deficient nitro group in TNT,
which led to a near infra-red absorption at 800 nm, inducing a temperature rise
proportional to the concentration of TNT upon irradiation [148].

Detection of drugs is of paramount significance for crime scene investigations.
Using an office paper, a simple colorimetric sensor was fabricated for sensing of
phenacetin, an analgesic and antipyretic drug, widely used as a cutting agent by
traffickers for illicit drugs such as cocaine to increase profits [149]. The sensing
mechanism involved hydrolysis of the adulterant in the presence of an acid followed
by reaction of the formed compound with sodium 1,2-naphthoquinone-4-sulfonate
(NQS) to yield a reddish-orange product, which could be read by a smartphone
camera. Likewise, the electrochemical detection of alprazolam, a psychotropic drug,
was performed by methylene blue doped silver core-shell palladium nano-hybrids
(Ag@Pd nano-hybrids) on a chip. The cyclic voltammetry tests showed that Ag@Pd
nano-hybrids generated a strong electrochemical signal in PBS. Due to the redox
transition of methylene blue, the drug was reduced to its corresponding dihydro
derivative on the modified surface of the biosensor chip [150].

7 Summary, Challenges and Future Perspectives

The present chapter has reviewed the developments in the paper-based sensing
devices with an emphasis on the fundamental sensing approaches. Considering the
multitude of striking features of paper, it is no surprise that there has been a
dramatic increase in the number of research groups working on analytical devices
using paper as a substrate. The hydrophilicity and low-cost of paper are the two key
attributes that have made it a versatile sensing platform in virtually every sector
from healthcare to security. The paper-based sensing technology has come a long
way from simple qualitative test strips to the 3D complex assays that have the
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potential to carry out multiple chemical reactions in a simple format without the
need for any external equipment. Although paper-based sensing technology has
seen immense development since the last decade and is undoubtedly the dawn of a
new day in building a next-generation sensor technology, there are still a number of
concerns that need to be addressed. The clinical performance of the existing devices
needs to be improved as varying specificity and sensitivity may lead to
false-positive or false-negative results [26]. Since different detection methods could
also cause varying performance, it would be imperative to assess them to reach an
optimal sensitivity and specificity as well as to reduce cost. Especially in case of
colorimetric assays, there exists the possibility of subjective judgement among the
users in interpreting the results with the naked eye in different illumination envi-
ronments, which could lead to controversial readouts. The reagents used in the
assay, particularly the biomolecules such as enzymes and antibodies, being highly
susceptible to the surrounding environment, may degrade in extreme conditions
thus affecting the robustness of the assay and having a detrimental influence on its
performance. Additionally, the changes in temperature and humidity may affect the
long-term stability of the immobilized reagents, leading to varying signals.
Furthermore, batch-to-batch variation may also have an impact on the repro-
ducibility of testing [151]. Eventually, the extent of commercialization into the
market, outside the research laboratories will be the deciding factor for the ultimate
success of paper-based sensing devices.
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1 Introduction

Natural and synthetic dyes have been commonly used to colour substrates,
including food, drugs, cosmetics, paper, leather, plastics and textile products.
Synthetic dyes play the dominating role particularly in the fabric and textile
industry as compared with natural dyes, which insufficiently meet the industrial
demand and therefore are more often used in the food industry [1]. It is estimated
that more than 10,000 types of dyes are being used in various industrial applica-
tions. According to the literature, more than 8 � 105 tons of synthetic dyes are
produced annually worldwide, in which 10–15% is released into natural water
environment [2, 3]. Synthetic dyes often exhibit resistance to biodegradation and
their persistence in the environment results in pollution, which has become a severe
problem worldwide [4]. In particular, many of the synthetic dyes are toxic,
carcinogenic and mutagenic. Therefore, dyes in wastewater, even in a small
amount, are undesirable and should be properly removed before they enter the
environment [5].

According to the applications of dyes, they are classified into groups of acidic,
basic, reactive, direct, dispersed, and sulphur dyes; whilst based on the chemical
structure of dyes, they are classified as nitro, azo, indigoid, anthraquinone, tri-
arylmethane and nitroso dyes [6]. The most common way is to classify them as
anionic (e.g. acid, reactive, and direct dyes), cationic (basic dyes), and nonionic
dyes (dispersed dyes), depending on the ionic charge of dye molecules [6]. Cationic
dyes were reported with greater toxicity than anionic dyes, because of their easy
interaction with negatively charged cell membrane surfaces and entry into cells [5].
The commonly used dyes with their molecular structure, molecular weight, clas-
sification and kmax were summarized in Table 4.

In order to remove dyes from wastewater, several biological, chemical and
physical methods have been developed, including coagulation, adsorption, mem-
brane separation, precipitation, chemical oxidation, and aerobic or anaerobic
treatment [6–8]. Among them, adsorption seems to be the favourite technique
because of low cost and diversity of adsorbents, easy operation, environmental and
economic sustainability [7, 8]. Various adsorbents have been investigated for dye
removal, such as activated carbon, carbon nanotubes, graphene, clay minerals,
metal oxides, polymers, non-conventional low-cost adsorbents (e.g. agricultural and
industrial waste or by-products), etc. [1, 4, 6, 9–11]. Several parameters, including
high adsorption capacity, fast adsorption rate, good selectivity, wide availability,
low cost, easy regeneration and feasible reusability, are intensively concerned when
designing and selecting a suitable adsorbent to target dye removal. In general,
hydrophilic adsorbents are preferable for use, which attract the dye molecules via
electrostatic interaction, van der Waals force, p–p interaction, and hydrogen
bonding [12].

Recently, polymers and polymer composites have attracted tremendous attention
as adsorbents for dye treatments [4, 12–14]. Polymers exhibit a number of excellent
properties [13], such as high strength, good flexibility, chemical inertness,
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hydrophilic surface chemistry, which are able to act as matrix materials to fabricate
polymer composites with inorganics. Their properties can be tuned via function-
alization with chemical groups, crosslinking or blending with organic materials
which are capable to interact with dye pollutants. Therefore, polymers and polymer
composites serve as promising adsorbent materials for high-performance dye
removal from water.

The current development of polymers or polymer composites as adsorbents
concentrates on the use of nanostructures, such as nanosized particles, which
provided great external surface area and exhibited high adsorption to dyes. For
example, the nano-sized poly(m-phenylenediamine) (PmPD) exhibited enhanced
adsorption capacity, which was calculated by the Langmuir model (387.6 mg/g)
towards Orange G (OG), as compared with that of micro-sized PmPD (163.9 mg/g)
[15]. However, the nanoparticles might suffer from aggregation, affecting adsorp-
tion capacity and kinetics. To improve application potential, polymers and their
composites were synthesized in the form of nanofibers, which can be successfully
produced by an electrospinning method. These one-dimensional (1D) nanoscale
adsorbents, due to their great surface-to-volume ratios, were widely studied for the
enhanced properties [16–19]. In addition, porous structures are highly desirable,
because they can facilitate the diffusion of dyes into the adsorbents, resulting in fast
and efficient adsorption [20]. The porous structure is also favourable to increase the
swelling rate of the polymers; however, their mechanic strength would be reduced
with increasing porosity. This can be solved by fabricating composite with other
inorganic materials, e.g. bentonite [20]. Polymeric adsorbents, in the forms of
hydrogels or xerogels which are three-dimensionally crosslinked hydrophilic
polymers, were synthesized, functionalized and used as super-adsorbents to remove
dyes from aqueous solution, ascribed to their high physicochemical stability and
good regeneration property [21–24].

2 Modified or Functionalized Polymers and Polymer
Composites

The surface chemistry of adsorbents, such as surface acidity/basicity and points of
zero charge, significantly affects the adsorption of dyes. For targeting the removal
of anionic dyes, surface properties of adsorbents were modified to minimize neg-
ative charge and increase positive charge on surfaces. Since that adsorption takes
place on the surfaces of polymer adsorbents, another important factor for consid-
eration is the density of functional groups on surfaces [14, 25]. For example, Qiu
et al. synthesized three polystyrene resins with significantly different surface
functionality and studied their adsorption performance for an anionic dye Reactive
Black 5 dye (RB5), as shown in Fig. 1a [14]. As compared with commercial
polymer XAD-4 of a low-degree functionality, NG-8, which was synthesized in the
laboratory, had primarily acidic functional groups; and its aminated product MN-8
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possessed mainly basic amino groups. It was found that XAD-4 exhibited non-polar
nature; however moderate polarity was seen for NG-8 and MN-8. Their corre-
sponding point of zero charge was 4.18, 3.23, and 4.51, respectively, as shown in
Fig. 1b. The equilibrium adsorption capacity of RB5 for XAD-4, NG-8 and MN-8
was recorded as 115.05, 129.94 and 158.69 mg/g, accordingly, at pH = 1.90 and
RB5 equilibrium concentration of 300 mg/L (Table 1). Moreover, the adsorption
decreased at high solution pH for all adsorbents. MN-8 was the most effective
adsorbent in RB5 removal at all tested pH values; which might probably lie in its
increasing basicity caused by the protonation of amine groups and in turn creation
of more positive charges on the surface. It was noted that the enhanced adsorption
was observed in the presence of CaCl2, as shown in Fig. 1c, possibly ascribed to the
neutralization of negative surface charge by Ca2+ and RB5-Ca2+ pairings [14].

Some biopolymers, such as chitosan, have a large number of functional groups in
their molecules, such as hydroxyl (–OH) and primary amine (–NH2), which can be
utilized as functional groups for treatment of dyes due to the electrostatic interaction
or hydrogen bonding force [26, 27]. Due to the presence of some groups, such as
sulfate (–SO3H) or carboxyl (–COOH), some biopolymers are negatively charged
and have potential application for adsorption of cationic dyes [5, 28]. For example,
j-carrageenan is a highly negatively charged natural polysaccharide and was used

Fig. 1 a Adsorption of RB5 by three different polymers (XAD-4, NG-8, and MN-8) at
pH = 1.96, 3.85, 4.44, and 6.02; b zeta potentials of XAD-4, NG-8, and MN-8 as a function of
solution pH and determined points of zero charge; c effect of CaCl2 concentration with initial RB5
concentration of 100 mg/L (reprinted from [14] with permission from Elsevier)
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to modify carbon nanotubes to improve the adsorption performance for cationic dye
methylene blue (MB) [5]. The magnetite nanoparticles decorated with poly
(c-glutamic acid) (PGA), which is an anionic polypeptide with a-carboxyl groups
and synthesized by Bacillus species in a fermentation process, had the Langmuir
maximum adsorption capacity of 78.67 mg/g for MB [28].

To enhance their adsorption performance for dye removal, it is an effective way
by introducing new functional groups or increasing the density of surface func-
tionality. For example, Wang et al. chemically modified biopolymer chitosan via
carboxymethylation, which introduced different amounts of active –OH, –COOH,
and –NH2 groups onto the chitosan by controlling the degree of substitution. The
resulting N, O-carboxymethyl chitosan showed enhanced adsorption capacity to
remove cationic dye MB, with the Langmuir maximum adsorption capacity of
351 mg/g [29]. It is also a good method to fabricate bifunctional materials, which
show applications in not only dye decolourization, but also other areas, such as
heavy metal ion removal and bacterial capturing [30, 31]. Functional groups, such
as amine, can be protonated to be positively charged and adsorb negatively charged
dye molecules via electrostatic attraction. For example, the cellulose functionalized
with quaternary ammonium groups had an enhanced adsorption of 190 mg/g at
pH = 3 for reactive red 228 (RR228), due to the electrostatic attraction
(cellulose-R-N+ (C2H5)3���SO3

−) between the positive quaternary ammonium group
and SO3H group from negatively charged dye molecules RR228 [3]. Other func-
tional groups, e.g. carboxylic, can improve the polarity of adsorbent to enhance its
sorption affinity to cationic dyes [17, 32]. For example, the carboxylated poly
(acrylonitrile-co-styrene) nanofiber showed the Langmuir-derived maximum dye
adsorption capacity, 67.11 mg/g, when removing basic violet 14 dye (BV 14) (as
shown in Table 1). Its adsorption equilibrium was achieved within 30 min and the
dye adsorption followed the pseudo-second-order model, suggesting chemisorption
[17]. In addition to carboxyl functional groups, the internal hydrophobic cavity in
the functional molecule b-cyclodextrin (b-CD), which is a torus-shaped cyclic
oligosaccharide made up of seven a-1,4-linked-D-glucopyranose units, formed
inclusion complexes with dye organic molecules through host-guest interactions.
As a result, the b-CD functionalized poly (styrene-alt-maleic anhydride) adsorbent
showed a high equilibrium adsorption quantity of 272.56 and 366.35 mg/g for basic
fuchsin (BF) and MB (at pH = 6.5, and initial BF and MB concentration of 95.7
and 93.6 mg/L) (Table 1), respectively; which was one magnitude greater than that
of the unfunctionalized adsorbent [32]. In addition, the adsorption capacities
increased with increasing initial dyes concentrations from 20 to 350 mg/L, and their
Langmuir maximum adsorption capacity for BF and MB reached 298.5 and
531.9 mg/g, respectively [32].

The fabrication of polymers consisting of different organic segments can
improve their physical and chemical properties [4, 22]. It would endow new
properties to the resulting polymeric materials for dye decolourization applications
[17, 33]. Chitosan is a copolymer of D-glucosamine and N-acetyl-D-glucosamine
units with a large number of –OH and –NH2 groups; it is prepared by the
N-deacetylation of chitin in an aqueous alkaline solution [4]. These functional
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groups on chitosan chains work as sites for electrostatic interaction and coordina-
tion in dye adsorptive removal. However, the disadvantage of ready dissolution in
an acidic medium makes the phase separation very difficult, thus limiting its
application for dye removal. Chemical modification by crosslinking, grafting and/or
other methods can improve its stability in acidic solution and enhance its
mechanical strength [4]. After introducing a hexahydrotriazine ring into the
crosslinked structure of chitosan with 1,3,5-triacryloylhexahydro-1,3,5-triazine
(TAT), the crosslinked chitosan showed the promising adsorption of 858.28 mg/g
towards CI Acid Orange 7 at pH 5.0, while that of 640.61 mg/g to Acid Red 88 at
pH 6.0, as shown in Table 1 [31]. Besides, the flexibility of the structure of the
modified polymer materials might have some certain effect on the adsorption
process [31]. Poly(acrylonitrile-co-styrene) (poly(AN-co-ST)), as an important
random copolymer of acrylonitrile and styrene, exhibits high resistance to heat,
chemicals and oil, accompanied with other features, e.g. high rigidity and superior
transparency [17]. The carboxylated functionalized poly(AN-co-ST) nanofibers
exhibited a good adsorption capacity to BV 14, with the maximum capacity of
67.11 mg/g, as shown in Table 1. Liu et al. fabricated a series of hybrid polymers
after the Friedel–Crafts reaction of tetraphenylethylene (TPE) and octavinyl-
silsesquioxane (OVS) (Fig. 2a, b) [34]. In addition to the high luminescence
properties ascribed to TPE, the resulting silsesquioxane based TPE-bridged poly-
mers had found adsorption use in gas, dye and metal ion detection. Particularly, the
adsorption capacity of hybrid polymer for cationic dye rhodamine B (RB), anionic
dye congo red (CR) and crystal violet (CV) was 1666, 1042 and 862 mg/g,
respectively, as shown in Table 1. The adsorption process was mainly governed by
size-selective mechanism ascribed to the unique bimodal pore structure in the
hybrid polymers with micropores centring at *1.4 nm and mesopores centring at
*4.5 nm, as well as the high surface area of up to 1910 cm2/g [34]. Zhu et al.
modified cellulose with cationic hyperbranched polyethyleneimine (hPEI) via
forming Schiff base structure between the amino groups of hPEI and the aldehyde
groups on the chemically oxidized cellulose surface (Fig. 2c, d). Because of a large
number of amino groups, the resulting functionalized hPEI-CE copolymers dis-
played the high Langmuir-derived adsorption capacity of 2107 mg/g to anionic dye
CR at pH 5.0 and that of 1865 mg/g to cationic basic yellow 28 (BY28) at pH 9.0,
since the pHpzc of the copolymer was recorded at pH 8.6 [25].

Recently, the combination of organic and inorganic materials has become an
important strategy to modify properties of adsorbents. The resulting adsorbents may
not only take advantage of the characteristic of each material, but also improve
adsorption performance [27, 35]. Several inorganic compounds or materials, such
as mesoporous silica or carbon, carbon nanotubes, graphene, clay, fly ash, metal
oxides, and inorganic salts, etc, have been widely used to fabricate
inorganic-organic materials as adsorbents. Among them, graphene has drawn sig-
nificant research interest [12, 36], which can form covalent bonds with a polymer,
e.g. as shown in Fig. 3a, by utilizing a diazonium addition reaction and the sub-
sequent grafting of poly(1-vinyl imidazole) (PVI) onto the graphene via a quater-
narization reaction. The resulting PVI polymer functionalized reduced graphene
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oxide (r-GO-PIL) displayed enhanced adsorption efficient towards anionic dyes
methyl blue as compared to the unmodified graphene (r-GO), as shown in Fig. 3b.
The adsorption equilibrium was almost reached after 1120 min, as shown in
Fig. 3c. The adsorption process fitted well with the Langmuir isotherm model and
the maximum adsorption capacity was 1910 mg/g; such highly effective absorption
was explained by the van der Waals forces and electrostatic interactions between
r-GO-PIL and dye [36]. Xiao and co-workers fabricated hydrothermally reduced
graphene oxide/poly (vinyl alcohol) (TRGO/PVA) in the form of aerogels via an
in situ hydrothermal reduction followed by direct sol-aerogel transformation
strategy (Fig. 4a–d). The resulting materials showed an attractive adsorption of
various cationic, anionic and nonionic dyes. Their Langmuir-derived maximum
adsorption capacity for cationic neutral red (NR) and anionic indigo carmine
(IC) dye was 306.2 and 250.0 mg/g (Table 1), respectively (Fig. 4e). Noticeably,
other common cationic, anionic or nonionic dyes were also able to be removed by
the TRGO/PVA aerogel (Fig. 4f). This attractive adsorption capacity was mostly
due to the p − p interactions between aromatic or heterocyclic structures of dyes
and graphene sheets; whilst the additional electrostatic attraction contributes to

Fig. 2 a N2 adsorption-desorption isotherm (inset:pore-size distribution) and b equilibrium
adsorption capacity of silsesquioxane based TPE-bridged polymers (reproduced from [34] with
permission of The Royal Society of Chemistry); c synthesis of cationic hyperbranched
polyethyleneimine (hPEI) functionalized cellulose (hPEI-CE) and d initial concentration on the
adsorption capacity of hPEI-CE for CR and BY28 (reproduced from [25])
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Fig. 3 a Grafting of poly(1-vinyl imidazole) onto the surface of the chemically reduced graphene
oxide; b adsorption capacity of r-GO and r-GO-PIL for the methyl blue at room temperature;
c Removal of MB by r-GO-PIL as a function of time (initial concentration of dye: 350 mg/L,
solution volume: 30 mL, amount of r-GO-PIL: 5 mg) (reprinted from [36] with permission from
Elsevier)

Fig. 4 SEM images of poly (vinyl alcohol) (PVA) a, TRGO b, and TRGO/PVA (0.5 wt%/1.0 wt
%) (c: low magnification, d: high magnification) aerogels (insets: optical photographs of aerogels);
e adsorption isotherms using TRGO/PVA (0.5 wt%/1.0 wt%) aerogel fitted by the Langmuir and
Freundlich models; f adsorption of anionic dyes, eosin Y(EY), acid fuchsin (AF), methyl orange
(MO) and amido black 10B (AB) (at pH = 2), as well as the adsorption of nonionic dye, oil red O
(OR), cationic dyes, RB, CV, methylene green (MG) and MB, and aromatic drugs, proflavine
(PV) and tetracycline (TC) (at pH = 7) (reprinted from [12] with permission from Elsevier)

Polymers and Polymer Composites for Adsorptive … 529



higher adsorption of cationic dye NR than anionic dye IC [12]. More progress on
the development of inorganic-organic adsorbents has been reviewed in the fol-
lowing sections.

3 Polyaniline and Its Composites

Polyaniline (PANI) is one of the amine-containing conjugated polymers, which has
been extensively investigated during the last two decades. Many merits have been
realized in related to its properties, such as good environmental stability, low-cost
monomers for synthesis, high conductivity, instinct redox property, air and moisture
stability, water insolubility and flexibility [37–39]. It has been found applications
for different purposes, including anti-corrosion coating, batteries and sensors,
supercapacitor and optoelectronic devices [15, 37, 39, 40]. Especially, PANI has
incredible potential in treating dye-polluted water, because of the presence of amine
and imine functional groups, which can act as the chelating and adsorbing sites
through electrostatic interaction or hydrogen bond [8, 24]. When these nitrogen-
containing functional groups are protonated, PANI is present in its emeraldine salt
(ES) state; whilst those are deprotonated, PANI exhibits in its form of emeraldine
base (EB). This conversion can be easily achieved by the treatment using acid or
base [41]. It is notable that the deprotonated PANI-EB favours the selective
adsorption of cationic dyes; whilst the PANI-ES preferentially adsorbs anionic dyes
due to the electrostatic interactions. This was supported by Majumdar’s research
[42], that the polyaniline-coated filter papers in both PANI (ES)-FP and PANI
(EB)-FP forms were synthesized to remove seven different anionic dyes and
cationic dyes. The Langmuir adsorption capacity of Eosin yellow (EY) (as an
anionic model dye) on PANI (ES)-FP was 4.3 mg/g and that of MB (as a cationic
model dye) on PANI (EB)-FP was 1.3 mg/g at neutral pH. Figure 5a schematically
shows the adsorption of dyes by PANI (ES)-FP and PANI (EB)-FP.

It is noted that the use of PANI powders as adsorbent could be limited by its
surface area [43]. Research interest was attracted at the fabrication of PANI into
various nanostructures, i.e. nanoparticles and nanotubes [38, 44], or its composite
with the incorporation of nanosized inorganics [8, 40, 45]. Various inorganic
materials, such as mesoporous silica, carbon nanotubes, nanosized metal or metal
oxide (e.g. Ag, c- Al2O3, MgO, and ZrO2), as well as metal salts (e.g. cupric
chloride, a-zirconium phosphate, et al.), have been explored; the summary of those
works is shown in Table 2 [8, 37, 38, 41, 43, 45–47]. For example, PANI/c- Al2O3

nanocomposite was fabricated by in situ polymerization of aniline in the presence
of c- Al2O3 nanoparticles, as shown in Fig. 5b. The PANI/c- Al2O3 nanocomposite
showed a high adsorption capacity of 1000 mg/g for cationic dye Direct blue 199
(DB) at pH 2, calculated by the Langmuir isotherm model. The adsorption process
was proceeded via electrostatic attraction between the protonated ammonia groups
in PANI (R-NH3

+) and sulfonic groups from anionic dye ions (D-SO3
−), in the form

of (R-NH3 � � � O3S-D) [8].
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Fig. 5 a Schematic of adsorption of anionic and cationic dyes by PANI (ES)-FP and PANI (EB)-
FP; b adsorption of anionic dyes by PANI/c- Al2O3 nanocomposite (modified & reprinted with
permission from [42, 8])
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A synergistic effect of PANI and inorganic materials was seen on improving the
adsorptive removal of dyes from the literature [37, 40, 43]. For example, the carbon
nanotube (CNT)/PANI composites fabricated by Zeng et al. had an equilibrium
adsorption capacity of 13.95 mg/g for cationic dye malachite green (MG) at an
initial MG concentration of 16 mg/L, which was 15% higher than that of neat
PANI. This was probably due to the strong interaction of CNT-PANI, as well as its
high porosity and large surface area [41]. Wang and co-workers synthesized PANI
and a-zirconium phosphate composite (PANI/a-ZrP) via in situ oxidative poly-
merization reaction. The resulting PANI/a-ZrP exhibited BET surface area of
30.40 m2/g, showing plate-like a-ZrP structures decorated by PANI thin layer of
small and uniform fibrillar nanostructure (Fig. 6b); this differed from the structure
of PANI nanotube (Fig. 6a). Thanks to this unique structure, the PANI/a-ZrP
composites showed the Langmuir-derived maximum methyl orange (MO)
adsorption of 377.46 mg/g, which was greater than that of PANI nanotubes
(254.15 mg/g), as shown in Fig. 6c. In the kinetic study (Fig. 6d), the fast
adsorption in first 60 min was probably ascribed to the electrostatic interactions
between sorption sites of PANI/a-ZrP, i.e. amine and imine functional groups,

Fig. 6 SEM images of a PANI, b PANI/a-ZrP (a-ZrP/aniline mol ratio = 1:30); c adsorption
isotherms of MO on PANI nanotubes and PANI/a-ZrP nanocomposites; d adsorption kinetics
curves for the adsorption of MO with initial concentration of 100.0 mg/L by PANI nanotubes and
PANI/a-ZrP nanocomposites (reprinted with permission from [38])
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and MO molecule; after that, the adsorption process slowed down and reached
equilibrium [38].

Organic functional materials, such as folic acid, aminobenzoic acid,
phenylenediamine, etc., and other materials, e.g. low-cost filter paper, have been
used to improve the properties of PANI for dye-containing water purification, as
shown in Table 2 [24, 33, 42]. For example, Das et al. fabricated a novel porous
folic acid/PANI hydrogel, in which folic acid was used as a cross-linker to PANI.
The as-synthesized folic acid/PANI hydrogel exhibited high specific surface area
with 3D interconnected pores. The folic acid/PANI xerogels were found efficient in
removing anionic dyes, such as EY, Rose Bengal (RB2), MO, ascribed to the
electrostatic attraction between anionic dyes and positively charged PANI, which
was presented in emeraldine salt (ES) state [24]. Moreover, magnetic nanoparticles,
such as Fe3O4, were introduced to PANI composites for efficient magnetic sepa-
ration and reuse [33, 48]; this has been covered in the following section.

4 Magnetic Polymer Composites

The development of magnetic polymer composites is of importance for recycling
and reusing in practical application. The magnetic separation offers the ability to
recover and reuse the suspended adsorbents after multiple cycles of adsorption,
which is of great significance for sustainable process management. In particular, the
magnetic separation is believed to be more efficient than conventional centrifuga-
tion and filtration, which might be subject to the risk of blockage of filters and loss
of adsorbents [5, 49].

In the past decades, the adsorbents combined with magnetic nanoparticles
(MNPs) have attracted great research interest, ascribed to their good adsorption
capacity, high adsorption rate and convenient recycling of solids by employing an
external magnetic field. Fe3O4 MNPs are most commonly used as magnetic par-
ticles due to their unique property such as low toxicity, biocompatibility and easy
handling of magnetic separation [5, 50, 51]. Fe3O4 MNPs can be synthesized by
precipitation in a fine mixture of Fe(II) and Fe(III) solution with ammonium
hydroxide under nitrogen atmosphere [28], or via a solvothermal route under
heating [26]. However, the practical application of bare Fe3O4 MNPs has seen
several limitations, such as the leaching of iron in strong acid solution and a high
tendency to aggregate [28]. Therefore, an effective surface coating of Fe3O4 MNPs
with appropriate coating materials, such as inorganic silica or polymer is necessary
to enhance the stabilization of MNPs.

The combination of polymer with MNPs resulted in magnetic polymer com-
posite; it benefits from both abundant functional groups of the polymer, which
endows high affinity towards dyes, and magnetic properties of MNPs. So far, such
materials have been widely studied on the removal of dyes from aqueous solution, as
shown in Table 3. The presence of nitrogen-containing groups in the polymers, i.e.
polyethyleneimine, poly 1, 4-phenylenediamine, and polyaniline, etc., makes them
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easily be positively charged in an acidic medium and in turn, facilitates the
adsorption of negatively charged dyes, such as Direct red 81, and Acid Red 18
(AR18), etc., via strong electrostatic attraction, which is considered to be the
dominant adsorption mechanism [48, 50–52]. The maximum adsorption capacity
calculated by the Langmuir model was in the range of 55.7–256.1 mg/g at pH = 3.0
or 4.0, as shown in Table 3 [48, 51, 52]. With anionic functional groups (e.g. –
COO−, –SO3

−), the polymers such as natural polysaccharides, poly(c-glutamic acid)
(PGA) and poly(4-styrenesulfonic acid-co-maleic acid) sodium (PSSMA) are highly
negatively charged at pH 6.0–8.0 [5, 28, 33]; therefore, electrostatic interaction
formed between polymers and cationic dyes, as shown in Fig. 7a [28]. In addition,
other mechanisms, such as p–p interaction, hydrogen bonding, ion exchange and
hydrophobic interaction are recommended in the adsorption process of dyes onto
some magnetic polymer composites [30, 33, 39]. For example, in addition to elec-
trostatic interactions between the functional groups (−SO3, −OH and −NH) in the
polymer with the cationic dyes (MB and MG), dye was captured via p–p interactions
between hydrophobic residues of dyes and aromatic cavity from the polymer
backbone of magnetic polymer nanocomposite, as shown in Fig. 7b [33]. More
importantly, magnetic polymer nanocomposite with porous structure or surface is
believed to have extraordinary adsorption performance, i.e. a high sorption capacity
as well as a fast adsorption process. For example, the porous magnetic polyacry-
lamide (PAM) microspheres reached an equilibrium adsorption for MB in about
200 min, and the maximum adsorption capacity calculated by Langmuir model was
1990 mg/g. Their equilibrium adsorption capacities for gentian violet (GV) and
neutral red (NR) at an initial concentration of 100 mg/L, were 1850 and 1937 mg/g,
respectively, as shown in Table 3 [53]. The equilibrium adsorption capacity of MB
onto porous magnetic PAM microspheres increased from 263 to 1977 mg/g, when
initial dye concentration was changed from 5 to 300 mg/L [53].

The internal architectures of these magnetic polymer nanocomposites were
examined by TEM. Two were distinguished, MNPs embedded in cross-linked
polymer and core-shell structured polymer@MNPs, as shown in Fig. 8 [33, 54].
Several methods were used to fabricate magnetic polymer composites with the
former structure. For example, a two-step strategy included the synthesis of MNPs

Fig. 7 Schematic diagram of proposed mechanism of a MB dye adsorption on PGA-MNPs
(MNPs, magnetite nanoparticles; PGA, poly(c-glutamic acid);); and b cationic dye adsorption on
to Fe3O4@PAmABAmPD-TCAS nano adsorbent (PAmABAmPD, terpolymer of aniline/
m-aminobenzoic acid/m-phenylenediamine; TCAS, Thiacalix(4)arene tetrasulfonate) (reprinted
with permission from [28, 33])
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and their dispersion in monomer-containing solution, followed by polymerization.
In addition, a simple and facile one-pot solvothermal method was developed [54]
and a dispersing route, in which porous PAM microspheres were dispersed in Fe(II)
and Fe(III) solution and then in NaOH solution at 100 °C [53], was adopted. On the
other side, core-shell structured polymer@ MNPs could be fabricated by firstly
coating a dense silica and subsequently mesoporous silica, which generated pores
on the surface of magnetic nanoparticles (Fe3O4) and allowed the PANI conjugated
into the pores of mesoporous silica (MS), and finally to obtain PANI-MS@Fe3O4

nanocomposites [48]. Other ways to fabricate the core-shell structure were by
directly coating the MNPs with a water-soluble polymer in deionized water [28], or
via in situ coprecipitation method in which the synthesis started from a fine mixture
of Fe(II) and Fe(III) salts and doped copolymer [33].

The reusability is considered as a key performance for investigation. The des-
orption of dye-loaded adsorbent was conducted by adjusting the pH of the aqueous
solution since the tendency of maximum dye recovery was in general inversely
proportional to the trend observed for the dye adsorption at different pHs. The
adsorption of anionic dyes onto magnetic polymer composites is unfavourable at the
alkaline medium, thus, NaOH or ammonium solution could be selected as effective
dye desorption eluent to regenerate the spent adsorbents [51]. On the other side,

Fig. 8 TEM image and structural schematic of (a, b) Fe3O4@PAmABAmPD-TCAS and (c,
d) poly(4-styrenesulfonic acid-co-maleic acid) sodium (PSSMA) modified magnetic reduced
graphene oxide nanocomposite (PSSMA/M-rGO) (reprinted with permission from [33, 54])
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desorption of cationic dyes was usually favoured in acid solution, e.g. 100–91% of
the MB recovered from PGA-MNPs at pH = 1–3 [28]. The MB adsorbed onto
montmorillonite/polyaniline/Fe3O4 (Mt/PANI/Fe3O4) nanocomposite could be suc-
cessfully desorbed using 0.5 M HCl as the desorbing agent, and almost no decrease
in the adsorption ratio was observed upon five cycles, as shown in Fig. 9a [39].

With the aid of a solvent, such as methanol or ethanol, solvent desorption
technique was used to enhance the regeneration of the exhausted magnetic adsor-
bents [26, 48, 53]. The pH of solvent solution affected the surface charge and
functional groups of adsorbent, the properties of dye molecule and in turn the
desorption process [26, 48, 53]. The cationic dye MB saturated magnetic PAM
microspheres could be completely regenerated (100% desorption) with acid
methanol-water solution (50 v/v%, 10 mL) of pH 2 as the desorption solvent; while
another cationic dye neutral red (NR) adsorbed magnetic PAM microspheres could
be regenerated by neutral methanol-water solution as desorption solvent for three
cycles of repeating washing process [53]. This is probably due to the difference in
the charge of dye molecules, that the molecule of NR is less positively charged than
MB [53]. To desorb anionic dye AR18 from the saturated magnetic
chitosan-decorated carbon nanotube (mCS/CNT), which formed by compositing
MNPs in chitosan-decorated carbon nanotube (CS/CNT), basic solvent solution, i.e.
ammonia/ethanol (v/v, 2:3) was applied as desorption solution. The removal rate of
anionic dye AR18 using regenerated mCS/CNT could be largely maintained even
after 10 consecutive cycles (99.11–99.76%), indicating the excellent stability,
regeneration, and reusability, as shown in Fig. 9b [26]. Such an excellent
reusability might be attributed to OH− in ammonia/ethanol elution enabling the
release of anionic AR18 from the adsorbent surface; the regenerated mCS/CNT
adsorbent could be magnetically recycled and reused [26]. To remove anionic dye
MO from polyaniline functionalized magnetic mesoporous silica composite (PANI–
MS@Fe3O4), methanol solution containing 4% acetic acid was used as desorption
eluent, in which electrostatic repulsion occurred between the protonated MO
molecule and the positively charged nanocomposites adsorbent, due to the presence

Fig. 9 a Adsorption cycles of MB onto Mt/PANI/Fe3O4 composites; b AR18 onto magnetic
chitosan-decorated carbon nanotube (mCS/CNT) (reprinted with permission from [26, 39])
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of nitrogen-containing functionalities (imine and amine groups) in PANI. Thus,
there was still 80.25% of the anionic dye MO adsorbed onto the regenerated PANI–
MS@Fe3O4 after three cycles of adsorption-desorption [48]. Other desorption
solution, e.g. ethanol/water with 0.5 M KCl, was used to desorb cationic dye CV
efficiently (desorption rate >97%) [55]. Taking the merit of magnetic separation,
the spent magnetic polymer composites can be easily recycled and potentially
reused.

5 Polymer/Clay Composites

The economic efficiency, as well as adsorption performance, are of extra impor-
tance when selecting a suitable adsorbent for practical application. Natural clays are
hydrated layered aluminosilicates, which are widely available and low-cost, thus
may be more viable and inexpensive for use as adsorbents to remove dyes from
wastewater. Because of abundant silicon hydroxyls, negative surface charges and
exchangeable cations (usually Na+ and Ca2+), clay minerals, e.g. attapulgite, are
capable to adsorb cation dyes (e.g. MB) from water [56]. However, the relatively
low adsorption capacity especially for anionic dyes due to the negatively charged
surface limited their application. Organo-modification of clays with polymers is an
essential way to fabricate effective adsorbents with enhanced adsorption capacity
toward cationic or anionic dyes pollutants [7, 56]. Due to the presence of reactive –
OH groups on their surfaces, clays can interact with reactive sites of polymers and
monomers leading to the generation of polymer/clay composites [57]. In the last
decades, significant research interest has been attracted on the development of
polymer composites as adsorbents by incorporating inorganic clays such as atta-
pulgite, montmorillonite, vermiculite, palygorskite and bentonite into polymeric
matrices [20, 39, 57, 58]. The blending of clays not only potentially reduced
fabrication cost, but also improved some properties, e.g. mechanical and thermal
stability or swelling ability [20].

Among different clay minerals, bentonite is known for its good specific surface
area and source abundance. The carboxymethyl cellulose (CMC) grafted by
poly(2-(dimethylamino) ethyl methacrylate) modified bentonite (Bent/CMC-g-P
(DMAEMA)) showed a maximum adsorption of 110.7 mg/g toward anionic MO
(operation conditions: pH 6.86, 298 K and 50 min), and its removal rate was almost
doubled in compared with bentonite [7]. In addition to ionic interaction, the
hydrogen bonding interactions between the hydroxyl group (Si-OH, Al-OH,
Fe-OH, and Mg-OH) in parent Bent and –O, –N in dye molecular greatly con-
tributed to the observed good adsorption performance. By changing weight % of
Bent in the polymer/clay composites, the surface characteristic of Bent/CMC-g-P
(DMAEMA) was tuned; the resulting adsorption capacity was optimized when
prepared using 20% CMC in the total amount of CMC + Bent [7]. Besides,
humic acid-immobilized amine modified polyacrylamide/bentonite composite
(HA-Am-PAA-B) was capable to remove cationic dyes (MG, MB, and CV) from
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their single and binary component solutions, as a result of the negative surface
charge of the adsorbent [59]. The carrageenan-graft-poly (acrylamide)/bentonite
exhibited a maximum MB adsorption capacity up to 156.25 mg/g and its adsorption
was well fitted by the Langmuir isotherm model [20].

Attapulgite (APT) and palygorskite (Pal) are another two available clays, which
exist in fibrous/rod morphology [56, 58]. Featured with one-dimensional nanoscale
and a large number of silanol groups, APT and Pal are good inorganic candidate
materials for composite fabrication. The APT/Fe3O4/PANI nanocomposites showed
a much higher adsorption ratio, 96.0%, for CR at pH of 7, as compared with that of
APT, 14.5% (298 K, contact time: 60 min) [56]. The adsorption capacity of
Reactive Red 3BS onto the polyamidoamine (PAMAM) dendrimer-functionalized
Pal adsorbents markedly increased from 34.2 to 322.6 mg/g (293 K, contact time:
20 min) by increasing addition of PAMAM, which contains amino-terminated
groups. The anionic dyes could be trapped and then stabilized in the cavities of
PAMAM dendrimers due to the host-guest affinity [58].

Temperature is one of the factors affecting equilibrium capacity of adsorbents,
which correlates with the exothermicity or endothermicity nature of adsorption.
Mostly, the adsorption capacity increased by increasing of temperature during the
endothermic adsorption of dyes onto polymer/clay composites, which could be con-
firmed by the positive values of enthalpy change (ΔH°) [57, 60]. The diffusion rate of
dye molecules from solution to the adsorbent surface was also enhanced with
increasing temperature, thus, adsorption capacity was improved [20, 57]. In the case of
MO adsorption onto 20CMC-Bent (20% of CMC in the total amount of CMC + Bent
composite), the negative ΔH° value indicated an exothermic adsorption process [7].

The adsorption capacity of cationic dye onto polymer/clay composites was
observed to increase at higher pH [20, 57]; this was explained by the stronger
electrostatic attraction formed between deprotonated functional groups of the
adsorbents and positively-charged dye molecules. The maximum removal rate % of
MG, MB, and CV onto the HA-Am-PAA-B was 99.7, 99.3, and 98.8%, respec-
tively, at pH 6.0 with an initial dye concentration of 200 µmol/L [59]. The opti-
mized adsorption pH was observed in the range of 6.0–8.0, under which the
carboxylic and phenolic groups were deprotonated and the surface charge of
adsorbent was negative (pHpzc 4.8) [59].

Interestingly, at pH = 6.3, the Mt/PANI/Fe3O4 composite, which was protonated
via treating with 0.1 M HCl, displayed a maximum adsorption ratio of 98.1%
toward anionic dye CR; whilst the dedoped Mt/PANI/Fe3O4 showed excellent
adsorption ratio of 99.6 and 96.2% to cationic dyes MB and Brilliant green (BG),
respectively (298 K, contact time: 60 min) [39]. This difference resulted from the
variation on the surface charge, that the dedoped Mt/PANI/Fe3O4 was negatively
charged, as compared to positively charged Mt/PANI/Fe3O4 after acid treatment.
The resulting clay/polymer composite showed excellent adsorption capacity to both
cationic dyes and anionic dyes, in relative to the original Mt adsorbent [39].
Moreover, by introducing magnetic particles, such as Fe3O4 and CoFe2O4, the clay/
polymer composites were able to be recovered by magnetic separation for reuse [39,
56, 60]. For example, via magnetic separation, no decrease in the adsorption ratio of
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MB onto the dedoped Mt/PANI/Fe3O4 composite was observed upon five suc-
cessive cycles [39].

6 Polymer/by-Products or Waste Composites

Recently, there has been increasing research interest in exploring polymer com-
posites synthesized with industrial or agricultural by-products or waste, such as coir
pith, fly ash, flax shrive, sawdust, sugarcane molasses, and almond shell waste, etc.,
due to the biodegradability, low cost and great availability [2, 3, 61–65].
By-products or waste materials may have a certain affinity to cationic dyes, because
of the presence of surface hydroxyl groups; however, the adsorption capacity of
anionic dyes was usually found to be low [63]. For example, the use of flax shrive
cellulose exhibited only *0.5 mg/g adsorption towards RR228 [3]; whilst that of
almond shell waste (AS) to acid blue 25 (AB25) was less than 2.4 mg/g [63].
Benefited from functional groups of polymers, their incorporated polymer com-
posites exhibited enhanced dye adsorption capacity.

In order to achieve good adsorption property, the physical or chemical modifi-
cation is usually adopted to increase surface groups of waste/by-products for
functionalization with polymers and in turn improve their adhesion with the polymer
matrix. For example, after heat and alkali treatment, the surface area of coal fly ash
(CFA), a coal combustion by-product, increased from 66.78 to 102.89 m2/g,
accompanied with greater total pore volume and average pore size; these features
were believed to contribute in enhancing adsorption capacity. Moreover, the mod-
ified CFA possessed a greater amount of surface silanol groups (Si–OH), which
could be functionalized with polyethyleneimine (PEI) to fabricate composite
adsorbents. Thanks to the amine group at the end of the PEI chain as well as the high
amine density, the Langmuir maximum adsorption capacity of CFA/PEI composite
was found to be 316.75 mg/g for reactive red 2 (RR2) (pH = 3, 313 K) and
174.83 mg/g for MG (pH = 8, 308 K), respectively [61]. Goes and co-workers
chemically modified cellulose with 4,4′-diphenylmethane diisocyanate (MDI); the
resulting material showed enhanced adsorption capacity [2]. The equilibrium
adsorption capacities of MB onto polyurethane foams with unmodified cellulose was
1.57 mg/g; that on polyurethane with chemically modified cellulose increased to
1.83 mg/g under the same operating conditions. This difference might result from
the structural changes caused by the reaction of MDI on cellulose surface [2].

7 Conclusions

Adsorption has been investigated as an effective approach for the treatment of
dye-containing wastewater. Polymers and polymer composites exhibited attractive
features of high strength, good flexibility, and ease of modification or
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functionalization, thus as potential adsorbents with high adsorption capacity, fast
adsorption rate and good reusability. Recent advances in polymers and polymer
composites, such as PANI composites, magnetic polymer composites, polymer/clay
composites and polymer/by-products or waste composites, were reviewed in terms
of their properties and adsorption. The regeneration of spent polymers and polymer
composites and subsequent reuse was also discussed, which potentially improved
the cost efficiency of adsorbents.

Both the properties of adsorbents and dyes were considered as the key factors
tuning adsorptive dye removal from aqueous solution. Generally, polymers and
polymer composites attract the dye molecules via electrostatic interaction, van der
Waals forces, p–p interaction, and hydrogen bonding. Electrostatic interaction and
hydrogen bonding are two of the most commonly underlying mechanisms gov-
erning the sorption process, which were found to be affected by the complex
physicochemical natures of dyes (e.g. cationic, anionic and nonionic dyes) and the
properties of adsorbents (such as surface acidity or charge, zeta potential, pore size
and its distribution, and surface area). The polymer sorbents with enhanced posi-
tively charged surface sites via modification or functionalization were found to
favour the removal of anionic dyes and vice versa. By combining with inorganic
materials, e.g. graphene, the resulting polymer composites exhibited a
broad-spectrum adsorption performance, which was explained by the p–p inter-
actions between aromatic or heterocyclic structures of dyes and graphene sheets.

Polymers and polymer composites with special characteristics, such as the
presence of an internal hydrophobic cavity, in the forms of nanosized particles or
1D nanofibers, and the introduction of 3D porous structure (i.e. nanopores or
mesopores), could facilitate the adsorption. The selectivity during adsorption could
be achieved via tuning the pore size in the porous polymers or polymer composites,
which was suggested as being governed by the size-selective mechanism.

Note that the adsorption performance was significantly affected by a number of
operating conditions, including solution pH, temperature, initial dye concentration,
and equilibrium time. For example, the solution pH would vary both solution
chemistry and surface binding sites of adsorbents. Therefore, it is necessary for
optimization of operation conditions towards enhanced adsorptive dye removal
from water.
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1 Introduction

The increasing population and rapid urbanization are leading to a sudden rise in the
energy consumption worldwide. To fulfil this huge demand, fossil fuels have been
extensively exploited as a major source of energy until date. However, this source
of energy consumption is creating irreversible damage to the environment by
producing huge and rapid carbon footprint and hence constant depletion of this
source is eventually leading to the energy crisis in most of the countries today [1].
In addition, it has been predicted that there will be more than 50% increase in
energy demand by next 25 years, which cannot be met just by relying majorly on
fossil fuel source. Therefore, exploring the alternative energy sources have become
inevitable in fulfilling the energy demand of future generation. Consequently,
renewable energy sources, on the other hand, are promising sources of energy and
are very fast developing technology as it provides the energy with significantly less
pollution. Though several alternative technologies such as solar, wind, tidal, bio-
mass have been developed, they all have been restricted for complete commercial
exploitation because of their drawbacks such as storage issues, energy conversion,
efficiency, transportation etc. Consequently, fuel cells (FCs) are considered to be a
future source of energy to meet the rising energy demand and thus, have been
attracting the wide scientific community to develop sustainable technology for
efficient energy generation [2]. It is an emerging field of research in energy
materials as it provides clean and green energy source with a conversion efficiency
as high as 60%. Contrasting to other electrochemical sources like batteries, FCs
requires the constant supply of fuel and oxygen to retain the continuous electro-
chemical reaction process, whereas, in a battery, the previously loaded chemicals in
a batch process format attain the energy. However, FCs obtain the energy sources
continuously from the exterior of the cell i.e., hydrogen from the fuel and oxygen
from the environment [3]. Also, the possibilities of rapid recharging, off-grid
operations, a significant reduction in weight, noise-free operations are the added
advantages with FCs. More importantly, FCs reduce the greenhouse gas emission
and produce only water as the main by-product. Therefore, it is significantly applied
in portable energy devices, automobiles, transportation vehicles [4]. However, the
conditions like high-temperature operation, availability of fuel source and infras-
tructures are hindering the further development of FCs and their usage in large
scale.

1.1 Working Principle of FC

FCs are the galvanic cells, which work on the principle of oxidation and reduction
reactions at the anode and cathode respectively. They use hydrogen or
hydrogen-rich fuels for electrochemical reactions as hydrogen contains high energy
per unit weight than any other fuels. A conventional FC is illustrated in Fig. 1
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which consists of a sandwiched membrane between the anode, cathode, and elec-
trolyte by forming a membrane electrode assembly (MEA) along with gas diffusion
layers (GDL).

The electrochemical reactions are involving the continuous oxidation of
hydrogen at anode and reduction of oxygen at the cathode. This chemical reaction
produces the electrons, which are opposed by the electrolytic membrane and they
move through an external circuit to produce direct current. The reactions involved
in FCs are given below;

At anode: 2H2 ! 4Hþ þ 4e�

At cathode: O2 þ 4Hþ þ 4e� ! 2H2O

Overall reaction: 2H2 þO2 ! 2H2O

To dissociate the hydrogen fuel into constituent ions, the FCs are equipped with
the catalyst at the anode. Generally, platinum is most widely used as anode catalyst
as it exhibits highest electrocatalytic activities in organic fuel redox reactions. The
outer layer of catalyst is constructed with GDL, which promotes the transfer of
reactants into catalyst layer and helps in the removal of by-product, water. GDL is
composed of a thick porous array of carbon fibers, which provides a conductive
pathway for current collection. Further, GDL also helps in the electronic connection
between bipolar plate and electrode through the channel of MEA. In addition, GDL
enhances the mechanical strength of MEA and protects the catalyst layer from
corrosion.

The amount of total current produced by the FC depends on cell size, type of the
cell, operating temperature and extent of gaseous pressure applied to it. During the
electrochemical reactions, FC produces only a small amount of current in the range
of 0.6–0.87 V. Therefore, in order to obtain a high voltage, a parallel or series of
single cells are constructed as illustrated in Fig. 2. Further, each FC in a stack is
separated by a bipolar plate which assists in the uniform distribution of fuel and
oxygen in MEA. Polymer-based gaskets are inserted around the edges of MEA to

Fig. 1 Schematic
representation of a
conventional fuel cell.
Reproduced with permission
from Ref. [5], Copyright
2010, Elsevier
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strengthen the FC stack as it is much effective in holding the MEA and adjusting the
required pressure inside the system. The produced current is collected by a collector
plate which is presented at the terminal part of MEA.

1.2 Proton Conduction Mechanism in FC

Proton conduction across the electrolyte membrane is the prime requirement to
attain high current density and it is, therefore, efficiency determining a factor for the
FC. This proton conduction depends on the modification made to the membrane,
extent of sulfonation, relative humidity (RH), and temperature. The proton con-
duction phenomena generally follow either Grotthuss mechanism or Vehicle
mechanism [7]. In Grotthuss mechanism, proton jumps from one ionic site to
another through hydrogen bond network (Fig. 3a). For example, in Nafion®

membranes, a proton hops from sulfonic acid (SO3H) site to the nearby acceptor
site i.e., water molecule which has potential for proton movement throughout the
membrane.

On the other hand, according to the vehicle mechanism (or en masse diffusion
mechanism), proton transfer takes place by the diffusion of carrier species in the
form of hydrated ions in the electrolyte (Fig. 3b). Here the protons attach itself to
the acceptor molecule and thus acceptor molecule moves from one end to another
leading to the proton movement across the membrane. Both the above mechanisms
depend on the nature and properties of nanocomposites membrane used in the FC.
Moreover, the proton conductivity increases with RH of the system due to the
presence of more hydrated protons in the system. Therefore, the proposed models
can be used to design the suitable organic and inorganic fillers for polymeric
membranes compared to pure polymer membranes [9].

Fig. 2 Schematic representation for the construction of fuel cell stack. Reproduced from Ref. [6],
Copyright 2013, Bentham Open
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FCs are generally classified based on the nature of electrolyte used in the cell,
operating temperature and types of fuel/oxidants used. Different types of FCs with
their properties, efficiency and operating temperature are listed in Table 1.

2 Nanocomposites in FC

To overcome the problems associated with low proton conduction, low current
density, fuel crossover, carbon monoxide (CO) poisoning in conventional FCs, in
the recent years a new variety of organic, inorganic and polymer-based
nanocomposites have been developed. Nanocomposites are hybrid materials with
conventional components in it [10, 11] which would be the solution for some of the
challenges by providing improved water retention capacity, high energy conver-
sion, and suppression of fuel crossover. Modification of FC composites with
organic and inorganic materials is a growing technology in energy material
development. Nanomaterials have been integrated with polymers to enhance their
original characteristics such as thermal and chemical stabilities [12, 13]. This is
attributed to the strong interfacial interaction between the polymers and inserted
material. Preparation method of the nanocomposite is one of the important factors
in the improvement of FCs as it alters the microstructure of the membranes [14].
Nanomaterials with conventional composite materials have specific properties such
as high surface area, specific functional groups, interaction capacity [15–22] that
would increase the catalytic performance of the electrodes in FC in terms of rigidity
and thermal stability. On the other hand, organic nanocomposites such as sulfonated
poly (ether ether ketone) (SPEEK) and polybenzimidazole (PBI) have provided the
high flexibility, durability, and processability to the components of the FC [23]. The
different types of potential nanocomposites and its applications in FC are described

Fig. 3 Schematic representation of a Grotthuss mechanism and b Vehicle mechanism.
Reproduced with permission from Ref. [8], Copyright 2008, American Chemical Society
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in the following section. Furthermore, the efficient working of FC by the integration
of various nanocomposite materials for the anode, cathode, and hybrid membranes
are summarized below.

2.1 Nafion®- Metal Oxide-Based Nanocomposite

Nafion® is a fluoropolymer which is comprised of sulfonated tetrafluoroethylene
backbone and it has been extensively using in the development of FC especially the
PEMFC due to its excellent proton conductivity. The proton on sulfonic acid can
jump from one site to another through Grotthuss mechanism which makes them
conduct protons easily and thus, prevents the electron conduction. However, the
property of becoming dehydrated at high temperature, high cost and high fuel
crossover of Nafion® made its applications in FC limited to a certain extent.
Therefore, the modification of Nafion® with other nanomaterials to overcome these
drawbacks has gained significant importance.

Recently, Nafion® modified with phosphonate and sulfonate silica nanoparticles
(NIM_PO3 and NIM_SO3) for high proton conduction was reported [24]. The
synthesized nanocomposite membrane (Fig. 4) revealed the excellent proton con-
ducting property even at a low relative humidity and elevated temperature greater
than 80 °C. The conductivity of sulfonate-based nanocomposites at 130 °C and
30% RH was 50 mS/cm. The NIM_SO3 membranes also exhibited the promotion
of water retention capacity by increasing the water uptake 32 (± 2) wt% and better
mechanical stiffness even above the temperature of 200 °C.

Mohammadi et al. fabricated the Nafion® with metal oxide nanoparticles for
PEMFC [25]. They recast the commercial Nafion® with 75 nm sized TiO2/ZrO2

nanoparticles by sol-gel and blending method respectively. Nafion®/ZrO2

nanocomposite membrane offered good proton conduction and with an increase in
the concentration of ZrO2 and Nafion®/TiO2 membrane displayed a better water
retention capacity than Nafion® membranes modified by other conventional
methods. Further, these membranes also unveiled the highest PEMFC performance

Fig. 4 Schematic representation of the synthesis of Nafion® membranes functionalized with
phosphonate and sulfonate nanoparticles. Reproduced with permission from Ref. [24], Copyright
2016, Elsevier
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with respect to 1–5 polarization under 110 °C, 0.6 V and 30% RH at 1 atm
(Fig. 5). Thus, they proved to be the best-modified membranes for PEMFC.

Integration of Fe2TiO5 in Nafion® membranes prepared in water, ethanol and
water-ethanol solvent increased proton exchange capacity in FCs [26]. The com-
parison of the efficiency of membranes revealed that the modified membranes
prepared in water solvents are superior to the membranes prepared in either of the
solvents. This was due to the fact that water being a polar solvent led the
nanoparticles into microscopic swelling and offered strong hydrogen bond whereas,
the less polar solvent ethanol couldn’t make that to happen. The proton conductivity
of 226 mS/cm was obtained by the insertion of 2% Fe2TiO5 in commercial Nafion®

membrane using water, ethanol and water-ethanol solvents. In addition, the mem-
brane also showed a better water uptake capacity due to the hydrophilic nature of
nanoparticles summarized (Table 2).

Fig. 5 Comparison of the polarization curves for modified composite membranes and Nafion®

membranes at 110 °C, a 100% RH, b 30% RH. Reproduced with permission from Ref. [25],
Copyright 2013, Elsevier

Table 2 Properties of solvent uptake and proton conduction in Nafion® and modified
nanocomposite membranes at 25 °C (95% RH) and 110 °C (70% RH)

Sample code Thickness (µm) Solvent uptake (%) Proton conductivity
(mS/cm)

25 °C 110 °C

NH-2a 231 33 226 240

NHE-2a 226 25 87 93

NE-2a 240 35 72 80

Na 224 22 21 24

Nb 230 29 6 –

Nc 238 31 1 –

Reproduced with permission from Ref. [26], Copyright 2014, Elsevier
aMembranes stored in water solvent
bMembranes stored in a mixture of water-ethanol solvent
cMembranes stored in pure ethanol solvent
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The Nafion®/CeO2 membranes are proved to be the better nanocomposite
materials for FC applications. Zhao and co-workers prepared a self-assembly of
Nafion®/CeO2 for electrolyte membrane between positively charged CeO2

nanoparticle with negatively charged SO3
� group of Nafion® as illustrated in Fig. 6

[27]. The hybrid nanocomposite membranes were displayed the superior proton
exchange capacity and dimensional stability than pristine Nafion® membrane below
the RH of 75% and low fluoride emission rate. In addition, the prepared
nanocomposite membrane showed a very low fluoride emission rate of 43.05, 8.67,
6.01, and 4.47 mg/h for 1, 3, 5 and 10 wt% the CeO2, respectively. However, the
pristine Nafion® membrane showed 55.78 mg/h and 11.64 mg/h by the same
Nafion® membrane synthesized by a sol-gel process. The material also exhibited
the irreversible open reduction rate of 1.13 � 10−4 mV/s which was much lower
than pristine Nafion® membrane (5.78 � 10−4 mV/s) and the Nafion® membrane
prepared through sol-gel method (5.78 � 10−4 mV/s).

Cozzi and co-workers [28] modified the pristine Nafion® with propyl sulfonic
(RSO3H) acid on TiO2 nanoparticles (TiO2–RSO3H) to achieve a higher efficiency
in IEC and proton conductivity. The synthesis of TiO2–RSO3H is illustrated in
Fig. 7. The covalently grafted hybrid materials as a nanocomposite with Nafion®

promoted the efficiency of DMFC. The conductivity value of this material obtained
was 80 mS/cm at 140 °C at the composition of 10 wt% TiO2–RSO3H in a single

Fig. 6 Graphical representation of self-assembled Nafion®/CeO2 nanocomposites. Reproduced
with permission from Ref. [27], Copyright 2012, Elsevier

Fig. 7 Functionalization of TiO2 nanoparticles with propyl sulfonic acid. Reproduced with per-
mission from Ref. [28], Copyright 2014, Elsevier
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cell of DMFC. Also, they showed a supreme power density of 64 mW/cm2 which is
about 40% more than the pristine Nafion® composite membrane.

The organic functionalization of TiO2 with phenyl sulfonic groups was able to
overcome the less proton conduction in FC [29]. Further, the grafting of glycidyl
phenyl ether group on the oxide surface was confirmed (Fig. 8) and the IEC was
increased due to the covalently bound phenyl sulfonic group. The experimental
observation showed that the prepared hybrid membranes reached the highest con-
ductivity of 110 mS/cm at 140 °C with the concentration of 10 wt% TiO2–

PhSO3H. The material also showed the better properties such as reduced methanol
crossover (up to 20%) compared to the unfilled Nafion® membrane.

2.2 Graphene-Based Nanocomposites

Graphene has typical properties such as high surface area, surface active sites,
electrical conductivity, excellent mechanical strength, high chemical stability and
low metal loading capacity. Therefore, it is used for varieties of applications such as
electronic devices, energy storage [30–32], sensors and biomedical applications
[33]. In addition, the graphene is being used as a supporting material due to the
presence of epoxy groups and carboxylic acid groups enhances the proton con-
ducting capacity of the material with metal electrocatalysts for oxygen reduction
reaction in FCs [34]. In addition, the stability of nano-catalysts can be increased by
dispersing the metal on graphene [35].

The synthetic methods for the preparation of doped graphene and graphene sup-
ported nano electrocatalysts with respect to their structure-dependent properties and

Fig. 8 Functionalization of TiO2 nanoparticles with phenyl sulfonic acid. Reproduced with
permission from Ref. [29], Copyright 2014, Elsevier
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further developments were discussed by Liu et al. [36]. They have summarized the
synthesis and characterization of graphene nanocomposites with various metals
electrocatalysts for cathode and anode materials of FC. They elucidated the compo-
nents into various types i.e. (1) graphene supportedmetal-free electrocatalysts for high
oxygen reduction reaction (ORR) in acid and alkaline electrolytic medium. (2) gra-
phene supported non-noble metals for efficient electrocatalysts (3) graphene-based
Pt-free electrocatalysts and alloy nanomaterial for low-cost FC material
(4) graphene-supported Pt-based nano-catalysts for increased ORR in electrolytes.
Thesematerials were found to participate in the electrooxidation of organicmolecules
at the anode of Direct Methanol Fuel Cells (DMFC) and ORR at the cathode. By the
experimental observation, graphene or co-doped graphene with N, S, B, and P are
found to be an excellent cost-effective cathode catalyst for FC applications.

Considering the advantages of graphene, Huang and co-workers developed a
novel graphene nanoplate-Pt (GNP/Pt) composite electrocatalysts to obtain the
high-performance DMFC [37]. They synthesized a series of graphene nanoplate
(GNP/Pt), reduced graphene oxide nanoplate (RGO/Pt) and Vulcan XC-72 Pt
(XC-72/Pt) with 0.17 mL of 0.45 M Pt(NO3)2 as demonstrated in Fig. 9. Further,
its electrochemical activity was measured through cyclic voltammetry (CV) and the
X-ray diffraction (XRD) patterns which revealed that the Pt was uniformly dis-
persed over the graphene nanoplates and confirmed the formation of an intact
composite. This reduced the probable catalytic poisoning due to methanol oxidation
and thus electrocatalytic activity was increased. The time required to increase the
electrode potential was significantly decreased in the order of GNP/Pt (*130 s)
followed by RGO/Pt (50 s) and XC-72/Pt (*30 s). Thus, they concluded that the
GNP/Pt was superior for electrocatalytic activity than RGO/Pt and XC-72/Pt. Also,
it is worth in mentioning that GNP can be used as the best catalyst supports for
DMFC.

Fig. 9 Illustrations of the synthesis of reduced graphene oxide-Pt composite and graphene
nanoplate-Pt composite by the traditional oxidation-reduction method and soft chemical method,
respectively. Reproduced with permission from Ref. [37], Copyright 2012, Elsevier
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The application of exfoliated graphene-supported Pt and Pt-based alloys as
electrocatalysts were elucidated to enhance the performance of DMFC [38]. A low
cost and environment-friendly method of “Thermal Expansion and Liquid
Exfoliation Solvothermal Reaction (TELESR)” was used to hybridize the exfoliated
graphene sheets to load the Pt metal and alloys such as Pt/Pd, Pt/Co nano-clusters.
This method improved the methanol oxidation in FC by increasing the electro-
catalytic activity. The methanol oxidation was found to be If/Ib = 1.218 and 1.558
in PtPd/graphene and PtCo/graphene respectively during an electrochemical anal-
ysis. Also, the modified material showed high conductivity and tolerant to carbon
monoxide poisoning (Pt/graphene, If/Ib = 1.197) compared to commercial Pt/C
catalyst (If/Ib = 0.893) as shown in Fig. 10. This was due to the interaction of
graphene with Pt electronic environment occurred and graphene played a major role
in controlling the electronic environment with attached Pt atom which was con-
firmed by Density Functional Theory (DFT) studies. Therefore, the reported process
gives a novel hybridized material that could save the extensive use of expensive Pt
metal as electrocatalysts in FC with the increase in performance when compared to
conventional Pt/C electrocatalysts for methanol oxidation.

Recently, Nafion®-graphene oxide (GO-Nafion®) nanohybrids for the conduc-
tion of high amount protons in PEMFC were described [39]. The reaction of a chain
of well-known fluoropolymer, Nafion® onto the GO via Atom Transfer Radical
Addition (ATRA) between C-F group of Nafion® and C=C groups of GO presented
a nanocomposite material as depicted in Fig. 11.

These nanohybrids form the proton conducting fields by the aggregation of
sulfonic acid units of Nafion® material which increases the interfacial compatibility
with Nafion® matrix. From the electrochemical analysis, it was evident that the
developed nanohybrids showed 1.6 folds high performance in conducting the
protons compared to the commercially available Nafion® 112 membranes which

Fig. 10 A comparison of
cyclic voltammograms in 0.5
M CH3OH/0.5 M HClO4

electrolyte at a scanning rate
of 50 mV/s displayed by
modified materials to evaluate
the methanol oxidation and
tolerance to CO poisoning.
Reproduced with permission
from Ref. [38], Copyright
2013, Elsevier
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have been summarized in Table 3. Thus, a new variety of material which can be
used as nano additive in the fabrication of Nafion® based nanocomposite for the
PEM for FC was displayed.

A transition metal hierarchical porous N-doped graphene foams (HPGFs) were
prepared by using silica nanoparticles as a template were reported by Zhou and
co-workers [40]. The material exhibited the excellent property of ORR in 0.1 M
KOH solution with high onset potential of 1.03 V and the limiting current of
*9 mA/cm2 which was 1.7 times higher than the commercial Pt/C catalyst. Also,
an excellent catalytic performance in acidic medium with an onset potential of
0.81 V and the limiting current was up to *10 mA/cm2 (Table 4) was observed.
Further, the material also showed good methanol tolerance, long-term durability in
both acidic and basic conditions. Such excellent material is a model for the
development of applied energy systems such as FCs and metal-air batteries.

Nitrogen-doped graphene sheets prepared through plasma enhanced chemical
vapour deposition (PECVD) method were studied as anode material for a Microbial
Fuel Cell (MFC) [41]. The doping of nitrogen affected the electronic conductivity
and catalytic activity due to the formation of structural defects. The material per-
formed with excellent electrocatalytic activity towards glucose oxidation mediated
via Escherichia coli due to the adjacent contact between microorganism and

Fig. 11 Schematic representation of the reaction between Nafion® chains onto GO surfaces
through an atom transfer radical addition reaction to prepare GO-Nafion® hybrid material.
Reproduced with permission from Ref. [39], Copyright 2016, Elsevier
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electrode (Fig. 12). The doped nanocomposite material showed the power density
of 1008 mW/cm2 at a current density of 6300 mA/m2. This is a good metal free
nanocomposite material which showed better performance in MFC.

2.3 Carbon Nanotubes and Its Hybrid Nanocomposites

Carbon nanotubes (CNT) are an important class of materials which significantly
used in the field of material science, nanotechnology, optics, electronics, sensors,
energy materials [42] due to their excellent mechanical, electrical and optical
properties. Due to their light weight and high electrical conductivity, both
Single-Walled Carbon Nanotubes (SWCNT) and Multi-Walled Carbon Nanotubes
(MWCNT) [43] have obtained substantial consideration in FC application. They
tend to increase the catalytic performance, steadiness, corrosion resistance, electron

Table 3 Proton conduction and single cell performance among various modified GO-Nafion®

nanocomposite [39]

Membrane
(with % of
GO)

Proton conductivity
(mS/cm)

Single cell tests

H2/O2 H2/air

20 °
C

95 °
C

Open
cell
voltage
(V)

Maximum
power
density (mW/
cm2)

Current
density at
0.6 V (mS/
cm2)

Open
cell
voltage
(V)

Maximum
power
density (mW/
cm2)

Current
density at
0.6 V (mS/
cm2)

Recast
Nafion®

25.8 53.3 0.97 713 1018 0.98 417 619

NM/
GO-0.05

36.7 72.4 0.98 886 1376 0.94 586 826

NM/
GO-0.10

40.8 82.3 0.98 743 1059 0.95 450 595

NM/
GO-0.15

22.3 47.5 0.96 836 1215 0.95 509 652

Nafion®

212
40.8 88.3 0.99 951 1347 0.98 563 740

Table 4 Electrochemical properties exhibited by HPGFs and Pt/C catalyst at different physical
parameters.

Catalysts Surface area
(m2/g)

N
content
(%)

Pyridinic
N (%)

Graphtic
N (%)

Oxidized
N (%)

Onset potential
(V)

Limiting
current density
(mA/cm2)

KOH HClO4 KOH HClO4

HPGF-1 918.7 3.15 37.9 51.9 10.2 1.03 0.81 9.08 9.90

HPGF-2 325.9 5.49 41.9 52.0 6.1 0.99 0.81 5.87 5.05

HPGF-3 567.7 3.09 36.8 50.6 12.6 0.97 0.80 7.33 5.27

Pt/C (20
wt%)

– – – – – 1.04 1.00 5.51 5.40

Reproduced with permission from Ref. [40], Copyright 2016, Elsevier
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transmission capacity and decreases the overall fuel cell cost [44]. Therefore, their
usage as nanocomposite materials has extensively been studied in FC applications,
especially in MFC.

CNT as an alternative cathode support and catalyst in MFCs was demonstrated
by preparing a hybrid material containing CNT/Pt enriched with Palm Oil Mill
Effluent. This material showed a better catalytic activity than undecorated Pt metal
[45]. Incorporation of only 25% of Pt in the hybrid material reduced the use of
precious Pt metal and thus helped in reducing the cost of FC. The material increased
the MFC output voltage from 31.8 to 169.7 mW/m2 at the chemical oxygen
demand of 100 mg/L and 2000 mg/L, respectively which becomes a novel material
as a catalyst in FC.

In 2014, Mehdinia et al. [46] compared the electrochemical performance of MFC
using MWCNT-SnO2/Glassy Carbon Electrode (GCE), MWCNT/GCE and bare
GCE as anode material. From this experiment, it was concluded that the fabricated
MWCNT-SnO2/GCE (Fig. 13) produced a high electrochemical activity owing to
the insertion of SnO2 and high electron conductivity, high surface area properties of
MWCNT into GCE. The power densities of MWCNT-SnO2/(GCE), MWCNT/
GCE, and bare GCE anode were found to be 1421, 699, 457 mW/m2 respectively.
Finally, the MWCNT-SnO2/(GCE) nanocomposite represented as the best anode
material for MFC due to its clean and green preparation and high electrochemical
activity.

Fig. 12 Predicted mechanism involved in the electrogenic bacterial attachment to NGNS/cathode
catalyst. Reproduced with permission from Ref. [41], Copyright 2015, Elsevier
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A new MWCNT nanocomposite membrane modified with imidazole groups
(MWCNT-Im) on Nafion® as proton conducting units showed the less methanol
permeability, fuel crossover, and high proton conductivity in DMFC [47]. The
combined interfacial attraction between the MWCNT grafted with protonated
imidazole units, and a negatively charged sulfonic acid group of the Nafion®

fluoropolymer formed a new electrostatic interaction. IEC was observed to be
increased from 0.89 meq/g of Nafion® 117–0.92 meq/g of MWCNT-Im due to the
participation of imidazole functional groups as new proton conduction sites added
to the proton conduction mechanism. In addition, Nafion® modified with 0.5 wt%
MWCNT-Im exhibited decreased methanol permeability of 1 � 10ˉ6 cm2/s with
increasing in temperature by holding methanol molecules through a formation of
complex structure. Overall, compared to neat Nafion®, the modified nanocomposite
material showed excellent performance and accepted as a promising material in the
application of FC.

In other work, a versatile metal-free catalyst for oxygen reduction reaction in FC
was designed by Zhong et al. [48] They reformed the nitrogen, iron, and cobalt
functionalized CNT (FeCoN-CNTs) with N-doped carbon foams (NCFs) with a 3D
structure which provides a strong porous structure and large catalytically active
sites. The composite material exhibited a synergetic effect of Fe/Co and the N
species by forming the Fe/Co–Nx complex in the carbon material. In comparison
with the commercial Pt/C catalyst, the newly fabricated material showed better
performance in terms of resistance for fuel crossover and electrocatalysis in alkaline
medium.

Recently, MWCNT functionalized with manganese oxide/polypyrrole
(MWCNT-MnO2/PPy) as an anode material in MFC was successfully demon-
strated to produce the electricity from sewage water [49]. They electrochemically
deposited the MWCNT-MnO2/PPy on the surface of carbon cloth electrode as
shown in Fig. 14. The fabricated electrode displayed electrical conductivity of
0.1185 S/m along with the band gap value of 0.8 eV and power density of
112.5.4 mW/m2. Hence, it is a good example of MWCNT nanocomposite materials
for generating the electricity from sewage source.

Mirzaei et al. [50] investigated a new catalyst support that made up of Pt/
MWCNT nanocomposite for PEMFC. This hydrothermally prepared catalyst sup-
port material achieved more activity even after 4000 cycles, whereas the Pt/C
catalyst showed no activity after 2000 cycles. The nanocomposite material revealed

Fig. 13 Schematic representation of the synthesis of MWCNT/SnO2 nanocomposite as an
electrode material. Reproduced with permission from Ref. [46], Copyright 2014, Elsevier
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Electrochemical Specific Surface Areas (ECSA) were initially 52.08 m2/g was
reduced to 0.58 m2/g after 4000 cycles. Also showed good catalyst stability by
achieving the ECSA value from 36.46 to 5.37 m2/g (Table 5).

The HNO3–H2SO4 functionalized CNT nanocomposite with MnO2 demon-
strated good catalyst for ORR in MFC maintained in neutral solution [51].
The ORR was increased by the unique interaction between MnO2 and CNT which
was fabricated through hydrothermal method. From the electrochemical measure-
ments, it was observed that the MFC incorporated with the present material reached
a power density of 520 mW/m2 which is higher than the pristine CNT (275 mW/
m2) and MnO2 with HNO3–H2SO4 functionalized CNT (fCNT) (440 mW/m2).
Furthermore, the columbic efficiency was found to be 28.65% which was higher
than the three mentioned material. Finally, it was concluded that the material is an
excellent replacement for Pt/C catalyst material in MFC.

Fig. 14 Schematic representation of the synthesis of MWCNT-MnO2/Ppy and proposed
electrochemical polymerization on CC. Reproduced with permission from Ref. [49], Copyright
2016, Elsevier

Table 5 Comparison of the electrochemical and physical characteristics of Pt/MWCNTs and Pt/
C.

Catalyst QH

(µc)
Specific surface
area (m2/g)

Particle
size (nm)

Specific surface area (m2/
g) after 4000 cycle

OCV
(V)

Pt/
MWCNTs

0.178 36.46 7 5.37 +0.9

Pt/C 0.700 52.08 3.9 0.58 +0.96

Reproduced with permission from Ref. [50], Copyright 2017, Elsevier
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2.4 Chitosan-Based Nanocomposites

Chitosan is an environmental friendly biopolymer (polysaccharide), and hence was
employed in significant applications including in the fields of biology, agriculture,
industries, pharmaceutical, drug delivery system, dye removal and energy materials
[52–57] due to its high molecular weight, antifungal activity, biocompatibility,
gelation property, well-controlled structure and conduction capability. The usage of
chitosan in FC development has received much attention in recent years owing to its
extraordinary properties like that low cost, eco-friendly, hydrophilicity, low
methanol permeability and ease of modifications of the polymer backbone of chi-
tosan with other materials [58]. Chitosan can be used as an electrode and polymer
electrolyte membrane in FC.

Bai et al. [59] designed a halloysite nanotube which is containing polyelectrolyte
brushes (SHNTs) and it was incorporated into chitosan membrane. SHNTs gen-
erated a strong electrostatic interaction with the chitosan chain which improved the
thermal and chemical properties by inhibiting the chain mobility. The nanocom-
posite membrane also overcome the problem of proton conduction in DMFC in an
effective way by showing the highest conductivity of 18.6 mS/cm and IEC value of
0.204 mmol/g (Fig. 15) with an increase in the concentration of SHNT.

The phosphate and triphosphate salt complex membranes were inserted into
chitosan membrane using chitosan hydrogel as electrode binder for increasing the
proton conducting property in borohydride FCs [60]. This modified membrane was
reached the highest power density of 685 mW/cm2 at 60 °C which is almost 50%
higher than the commercial Nafion® membrane. Also, the modified nanocomposite
membrane showed a highest thermal stability of 200 °C as shown in Fig. 16.

A triple layer chitosan nanocomposite membrane having high efficiency in terms
of power output, methanol permeability and proton exchange were demonstrated by
Sadrabadi and group [61]. They coated two thin layers of chitosan on both the sides
of Nafion® 105, chitosan acts as methanol barrier layer due to the presence of amino
and hydroxyl group. Further, proton conductivity, methanol permeability, open
circuit voltage measurements were proved too superior for multilayer Nafion®117
membranes with the thickness of 150–170 µm. In addition, power output was
found to be 68.10 mW/cm2 by feeding 5 M methanol which is 72% more than that
of Nafion®117 membranes. Moreover, the lesser methanol crossover, ease of
preparation and low cost will be the advantages to use as polyelectrolyte for DMFC
(Table 6).

Chitosan was modified with polymeric reactive dyes which are containing
quaternary ammonium groups (PRDQA) through blending followed by dyeing
processes and studied for OHˉ conduction in AFC [62]. The combined framework
of CTS/PRDQA (1:0.5 by mass) nanocomposite membrane was exhibited an
excellent OHˉ conductivity of 8.17 mS/cm at room temperature (Table 7). The
highest power density of 29.1 mW/cm2 at a current density of 57.4 mA/cm2 and
open circuit voltage of 991.6 mV in an H2/O2 system was achieved which is
appreciably better performance than pristine CTS membrane.
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Fig. 15 A comparison of
chitosan control and
nanohybrid membranes at
25 °C at 100% RH in a IEC
and b proton conductivity.
Reproduced with permission
from Ref. [59], Copyright
2014, Elsevier

Fig. 16 TGA thermograms
to demonstrate the stabilities
of a Nafion®, b pristine
chitosan, c chitosan modified
with phosphate (CsP) and
d chitosan modified with
triphosphate (CsTP)
membranes. Reproduced with
permission from Ref. [60],
Copyright 2012, Elsevier
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Li et al. [63] designed a matrix by incorporating a varying amount of chitosan
nanoparticles into quaternized polyvinyl alcohol (QPVA) (Fig. 17) for FC appli-
cations. The modified matrix with 10% chitosan nanoparticle showed better sup-
pression of methanol permeability and higher ionic conductivity than pristine
QPVA. Also, they have prepared glutaraldehyde cross-linked nanocomposite film
which has exhibited superior peak power density of 67 mW/cm2 in DMFC.

Free-standing Chitosan/Phosphotungstic acid membranes for H2O2 FCs were
reported recently [64]. To induce the chitosan crosslinking, the membrane was
prepared by using anodic alumina as a porous medium to liberate the oxo-metallate
anions as illustrated in Fig. 18. The peak power density of the membrane was found
to be 350 mW/cm2 and polyelectrolyte conductivity was 18 mS/cm which provided
the excellent properties for the development of FC.

Pt-chitosan incorporated to LaFeO3 nanoparticles with CNT has been studied for
methanol electrooxidation in DMFC [65]. They prepared a layer by layer electrode
material from modified Glassy Carbon (GC) with Pt nanoparticles (PtNPs),
LaFeO3NPs, CNT and chitosan as a binder. Integration of LaFeO3NPs and CNT
material promoted the catalytic performance of the cell due to the presence of CNT
decreased the dissolution of Pt. The method also reported that the methanol oxi-
dation can be improved with the loading of a small amount of Pt.

Table 6 Methanol crossover current density at open circuit condition and limiting current density
of various MEAs at 1 M and 5 M methanol concentrations at 70 °C

Sample Methanol concentration
(M)

Crossover current (mA/
cm2)

Limiting current (mA/
cm2)

Nafion®117 1.0 156 530

Nafion®117 5.0 518 260

CGS-12 1.0 142 445

CGS-12 5.0 460 285

Multi-layer 1.0 136 575

Multi-layer 5.0 420 385

Reproduced with permission from Ref. [61], Copyright 2012, Elsevier

Table 7 Physical and chemical properties of CTS/PRDQA membrane at room temperature

CTS/
PRDQA
(by mass)

WU
(g/g)

R (� 10ˉ3 S/cm) Swelling ratio IEC (meqiv./g)

D S/S (%) D V/V (%)

1:0.125 0.82 2.15 41.65 81.17 0.41

1:0.25 0.73 3.92 33.93 73.89 0.65

1:05 0.67 8.17 24.44 65.42 1.08

1:0.75 0.62 9.09 21.52 49.69 1.24

Reproduced from Ref. [62], Copyright 2016, ESG
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Fig. 17 Pictorial representation of glutaraldehyde cross-linked chitosan nanoparticle membrane
for DMFC. Reproduced with permission from Ref. [63], Copyright 2016, Elsevier

Fig. 18 Schematic representation of crosslinking the chitosan to the anionic species PTA3−.
Reproduced with permission from Ref. [64], Copyright 2015, Elsevier
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2.5 Polybenzimidazole (PBI) Based Nanocomposite
Membranes

PBI is a synthetic fiber and it has extraordinary properties such as high thermal
stability, flame resistance capacity, moisture regains, retention of stiffness led to the
development of high temperature operating devices. The close chain packing in PBI
increases the hydrogen bonding and provides the rigidity to the materials. The use
of PBI in FC has obtained utmost importance because of its high proton exchanging
capacity, thermal and mechanical stabilities. PBI nanocomposite materials are
excellent in proton conductivity when doped with acids like phosphoric acid
because of its plasticizing property. In addition, the low gas permeability, zero
water-electro osmotic drag, high CO poisoning tolerance has delivered the use of
PBI units as nanocomposite membranes for high-temperature operating FCs.

Linlin et al. developed a composite material by incorporating silica in PBI to obtain
high proton conductivity as well as to overcome the problem of acid leaching in acid
doped PBI (dABPBI) based FCs [66]. They prepared poly (2,5-benzimidazole)
(ABPBI) and embedded themon silicamembrane in amethanesulfonic acid solvent to
fabricate ABPBI-Si as described in Fig. 19. This modified sulfonated silica-ABPBI
matrix improved the water uptake, mechanical and thermal stabilities. Similarly, the
proton conductivity observed was 38 mS/cm at 140 °C and 1% RH which is a
two-fold increase compared to the bare dABPBI membrane. Thus, it proved to be a
promising nanocomposite membrane for FC at a higher temperature.

In a related work, Suryani and co-workers [67] incorporated silica on PBI
membrane using N-(p-carboxyphenyl)maleimide (pCPM). This functionalized sil-
ica (SNP-pCPM) increased the interfacial compatibility between PBI and silica
nanoparticles (SNPs) in PBI/SNP as described in Fig. 20 which created a proton
conducting channel. This material was further used as nanofillers for the preparation

Fig. 19 Schematic representation of silica nanoparticles with methanesulfonic acid. Reproduced
with permission from Ref. [66], Copyright 2012, Elsevier
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of PBI/SNP-PBI membrane. With this modification, FCs displayed an excellent
proton conductivity of 50 mS/cm at 160 °C by the use of 10 wt% composition of
SNP-PBI. Also, a high power density of 650 mW/cm2 was achieved in a single cell
test which is higher than that of pristine PBI membrane.

The proton conductivity of PBI membrane was increased by functionalizing with
Barium Zirconate (BaZrO3) [68]. This modification increased the proton conduc-
tion to 125 mS/cm at 180 °C and 5% RH. At the same condition, the power density
of 56 mW/cm2 and a current density of 1120 mA/cm2 were attained by the use of 4
wt% BaZrO3 as nanofillers in PBI-BaZrO3 (PBZ) membrane. This material proved
to be a promising polyelectrolyte in FC membranes to improve proton conduction.

PBI/SiO2 nanocomposite membranes were used to enhance the proton con-
duction membranes in PEMFC [69]. 5 wt% of SiO2 as inorganic nanofiller was cast
with PBI in dimethylacetamide solvent. The presence of SiO2 facilitated proton
conduction and acid retention properties. The nanohybrid membrane attained a
conductivity of 102.7 mS/cm at 180 °C. Further, maximum cell voltage attained by
this nanohybrid was found to be 0.6 V as 240 mA/cm2.

A new material consisting of PBI functionalized with CNT was found to be very
useful in FC applications. Wu et al. [70] doped this PBI/CNT and PBI membranes
with KOH solution to make it more hydroxide conductive in ADMFC. They
supplied the FC with 2 M methanol in 6 M KOH as anode fuel and humidified
oxygen as oxidant at the cathode. This system attained a power density of
104.7 mW/cm2 at 90 °C. In addition to this, thermal stability was enhanced and
methanol permeability was reduced after the loading of 0.05–1% PBI functional-
ized CNT into PBI matrix. Therefore, it is considered to be a potential nanocom-
posite membrane for ADMFC.

(a)

(b)

Fig. 20 a Functionalization of pCPM with silica nanoparticles b PBI functionalization with silica
modified pCPM for proton conducting electrolyte membrane in FCs
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Recently, Özdemir et al. [71] studied the efficiency of PBI membranes fabricated
with various cross-linkers for PEMFC. They cross-linked the PBI membrane with
bisphenol A diglycidyl ether (BADGE), ethylene glycol diglycidyl ether (EGDE),
a-a′-dibromo-p-xylene (DBpX) and terephthaldehyde (TPA) as illustrated in
Fig. 21. From the electrochemical analysis, it was evident that PBI/BADGE
nanocomposite membrane presented the superior acid retention property, however
poor proton conduction. On the other hand, PBI/DBpX membrane was reached the
maximum proton conductivity of 151 mS/cm at 180 °C. Meanwhile, PBI/BADGE
composite materials exhibited maximum power density of 0.123 W. Therefore,
they concluded that the PBI/BADGE and PBI/DBpX nanocomposite membranes
are well suited for the polyelectrolyte membranes in FCs.

(a) (b)

(c) (d)

Fig. 21 Mechanism showing the crosslinking of a PBI/BADGE, b PBI/DBpX, c PBI/TPA and
d PBI/EGDE. Reproduced with permission from Ref. [71], Copyright 2017 Elsevier
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2.6 Poly (ether ether ketone) Based Nanocomposite

Poly (ether ether ketone) (PEEK) are the organic thermoplastics which have been
used extensively for the modification of PEM in FC due to their high thermal and
mechanical stabilities. High proton conductivity was noticed when they are cast in
organic solvents as they permit the direct electrophilic sulfonation [72]. There are
few reports on the preparation of sulfonated PEEK (SPEEK) membrane to increase
the efficiency of PEM in FC [73]. However, there are some limitations like
methanol crossover and less stability in FC caused by the high sulfonation in these
membranes. Therefore, the modifications of SPEEK membranes require good
maintenance and skills in preparation methods.

Modified PEM was prepared by incorporating SPEEK in poly (ether sulfone)
(PES) in MFC at different concentration [74]. The conductivity of PES membranes
was increased with 3–5% of SPEEK addition as summarized in Table 8. At 5% of
SPEEK addition, the membrane achieved a high power density of 17,000 mW/cm2.
Further, the conductivity was reduced from 0.000615 to 0.0693 mS/cm and
capacitance was reduced from 3.0 � 10−7 to 1.56 � 10−3 F. Such performance of
nanocomposite materials are due to the sulfonated groups present which enhance
the hydrophilic nature of the SPEEK membrane. Eventually, the modified PES
membranes were considered as the best replacing PEM material to Nafion® 112 and
117 for MFC applications.

Later in 2013, the functionalization of SPEEK membranes with organically
functionalized GO (SSi-GO) for DMFC applications was reported [75]. The syn-
thesized material made up of SPEEK and sulfonated GO with further oxidation was
carried out as shown in Fig. 22.

Integration of this material into the membrane increased the proton conductivity
and lower the methanol permeability when compared to pristine Nafion® 112 and
Nafion® 115 membranes (Table 9). Similarly, the condensed matrix of SSi-GO
membrane established high mechanical and chemical stabilities.

The incorporation of sulfonated GO (s-GO) in SPEEK was investigated for the
efficient FC functions [76]. The embedded SPEEK/s-GO composite membrane

Table 8 The modified nanocomposites with high performance to increase the efficiency of MFC

Type of
membrane

Max. power density
(mW/m)

Current density
(mA m−2)

COD
removal (%)

Ec (%)

N-112 0.003 0.124 55 ± 2 1.0 ± 0.4

N-117 3.630 9.842 60 ± 2 14.9 ± 5.5

PES 0.030 0.011 64 ± 4 0.5 ± 0.2

PES/SPEEK
3%

0.065 0.181 66 ± 6 5.4 ± 1.4

PES/SPEEK
5%

6.665 17.527 68 ± 6 26.3 ± 13.3

Reproduced with permission from Ref. [74] Copyright 2012 Elsevier
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exhibited the improved proton conductivity of 8.41 mS/cm owing to the presence
of high amount of sulfonic acid groups on the membrane (Fig. 23). The increased
mechanical property of the membrane was attributed to the presence of strong
hydrogen bonds between the s-GO and SPEEK. With the increase of GO content in
the membrane, the elastic modulus and intrinsic strength were also increased. Thus,

Fig. 22 Schematic illustration for the synthetic route of SSi-GO membrane. Reproduced with
permission from Ref. [75], Copyright 2013, Elsevier

Table 9 Comparison of the efficiency of SPEEK membrane and modified SPEEK membranes
[75]

Membrane IEC (meq/g) WU (%) SW (%) r (mS/cm) P (� 106 cm2/s)

SPEEK 1.710 40.1 15.5 88.1 1.15

SPEEK/GO (5 wt%) 1.704 33.1 13.8 98.3 0.59

SPEEK/SSi-GO (3 wt%) 1.792 38.5 16.2 146.7 0.72

SPEEK/SSi-GO (5 wt%) 1.864 49.9 17.0 160.2 0.83

SPEEK/SSi-GO (8 wt%) 1.872 50.9 18.3 162.6 1.36

Nafion® 112 0.941 37.1 13.9 125.4 1.53

Fig. 23 A synthetic pathway for the sulfonation of GO to improve proton conduction.
Reproduced with permission from Ref. [76], Copyright 2013, Elsevier
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lower methanol permeability of 2.6388 � 10−7 cm2/s was attained and therefore, it
is considered to be the best nanocomposite material for the applications in DMFC.

Wang et al. prepared a novel anhydrous membrane for PEM by embedding the
dopamine-modified silica nanoparticles (DSiO2) into SPEEK polymer [77]. The
enhancement of thermal and mechanical stabilities are due to uniformly dispersed
DSiO2 in SPEEK which is increased interfacial electrostatic attraction. There was
an occurrence of high proton conduction at the acid-base site of SPEEK/DSiO2 via
Grotthuss mechanism due to the formation of small aggregation of sulfonic acid
ionic channels. By the experimentation, it was revealed that the prepared hybrid
membrane with 15% DSiO2 achieved a conductivity of 4.52 mS/cm at 120 °C
under anhydrous conditions. The membrane also attained a power density of
111.7 mW/cm2 and open cell potential of 0.98 V which is considered to be the
superior performance in PEM under anhydrous conditions.

Incorporation of novel nanomaterial as graphitic carbon nitride (g-C3N4) sheets
into SPEEK membrane illustrated in Fig. 24 offers the superior efficiency compared
to the pristine SPEEK membrane [78]. The fabricated SPEEK membrane with 5 wt
% of g-C3N4, proton conductivity up to 786 mS/cm at 20 °C was achieved. As
previously mentioned, the Grotthuss effect played a major role in the proton con-
duction due to the presence of acid-base pair at the composite site. Further, it
favoured the resistance of methanol crossover and maintained the power density up
to 39% due to the periodic vacancies in the lattice of the g-C3N4 membrane.
Therefore, this is accepted to be the best nanocomposite materials for FC
applications.

Sulfated zirconia nanoparticles with SPEEK modified nanocomposites (Fig. 25)
were found to be the best composite materials for FCs [79]. The combination of

Fig. 24 Schematic illustration of the incorporation of g-C3N4 into SPEEK nanocomposite
membrane. Reproduced with permission from Ref. [78], Copyright 2016, Elsevier
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sulfonation time (6.9 h) and inorganic additives (5.94 wt%) produced the superior
membranes. The proton conductivity observed was 3.88 mS/cm and oxidative
stability of 102 min. In addition, the membrane also obtained the mechanical
strength of 898 MPa.

SPEEK as an electrode ionomer material showed good catalytic activity for
PEMFC [80]. The electrodes were prepared with 15, 25, 35 wt% of SPEEK and Pt
content of 0.3, 0.4 and 0.5 mg/cm2 were investigated for electrochemical reactions.
The experiments demonstrated that the 25% of ionomer with 0.5 mg/cm2 was
found to be suitable for cathode catalyst for PEMFC.

2.7 Polyvinyl Alcohol (PVA) Based Nanocomposites

PVA is a water-soluble polymer with long chain 1, 3-diol linkages in its backbone.
It has excellent film forming and emulsifying properties and hence is extensively
used in membrane technology, adhesive materials development, and drug delivery
etc. The flexibility, mechanical strength, thermal stability of PVA materials depends
on the nature of cross-linkers used for material preparation. The excellent proton
conduction capacity of organically modified PVA material attained importance in
the development of nanocomposite materials in FC material applications.

The PVA modified with various poly(sulfonic acid) grafted silica nanoparticles
were studied by Salarizadeh and co-workers [81]. First, they altered the surface of
nanoparticles by APTES followed by preparing a nanocomposite membrane by var-
ious concentration from 0 to 20% of SNP with poly (styrene sulfonic acid)
(PSSA-G-SNP), poly (2-acrylamido-2methyl-1-propane sulfonic acid) (PAMPS-g-
SN) by using glutardialdehyde as a cross-linking agent as demonstrated in Fig. 26. It
was observed that themembranes consisting of 5wt%ofPAMPS-g-SNPexhibited the
better performance for FCs applications. Thismaterial showed the proton conductivity
of 10.4 mS/cm by signifying that sulfonation of silica nanoparticles by grafting of
sulfonated polyelectrolyte which increased the proton conductivity. Meanwhile, the

Fig. 25 Representation of the surface modification of SPEEK with sulfated zirconia nanopar-
ticles. Reproduced with permission from Ref. [79], Copyright 2016, Elsevier
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water uptake capacity was also increased for the same concentration, then diminished
rapidly. Therefore, it was concluded that the prepared membrane can be effectively
used for high proton conduction in FC.

A new variety of PEM for FCs prepared by PVA and the ionic liquid was
reported by Liew et al. [82]. The prepared nanocomposite membrane with PVA/
ammonium acetate/1-butyl-3-methylimidazolium chloride (BmImCl) reveals that
increased ionic conductivity with ionic liquid mass loading. After the addition of 50
wt% of BmImCl, the PEM reached the highest ionic conductivity 5.74 ± 0.01 mS/
cm. This was due to the fact that the addition of ionic liquid enhanced the plasti-
cizing effect to the membrane. In addition, the nanocomposites also exhibited the
thermal stability of up to 250 °C and achieved a maximum power density of
18 mW/cm2 at room temperature with an operational current of 750 mA.

In 2014, a nanocomposite membrane was prepared by cross-linking of PVA with
aryl sulfonated graphene oxide (SGO) for versatile applications in FC material [83].
The modification of the GO surface with aryl diazonium salt of the sulfanilic acid
by further introducing 5 wt% SGO into PVA matrix by using glutaraldehyde as a
cross-linking agent. The hybrid membrane showed high thermal stability with
melting temperature of 223 °C, the tensile strength of 67.8 MPa and proton con-
ductivity of 50 mS/cm. The increased proton conductivity owing to the interaction
between—SO3H of SGO and –OH group of GO via Grotthuss mechanism and
Vehicle mechanism was explained in Fig. 27. Furthermore, the power density of
16.15 mW/cm2 was attained. Overall, the modified PVA/SGO nanocomposite

Fig. 26 Mechanism of surface-initiated free radical polymerization of AMPS and SSA onto
APTES modified silica nanoparticles initiated by Ce(IV)-based redox initiation system.
Reproduced with permission from Ref. [81], Copyright 2013, Elsevier
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membrane showed higher efficiency compared to unmodified GO and Nafion®

membranes in terms of thermal stability and proton conductivity.
In other work, a novel hybrid membrane based on the infiltration of a blend of

SPEEK with PVA in water and SPEEK blended with polyvinyl butyral (PVB) into
electrospun nanofibres were reported [84]. A covering of hydrated SPEEK-30%
PVB showed better proton conductivity. Further, the nanofibre incorporation into
SPEEK-PVA matrix improved the mechanical stability, and methanol barrier
capacity as explained in Table 10. Eventually, the prepared membrane was found
useful for the applications in DMFC.

Yang et al. [85] prepared a blended membrane consisting of PVA and sodium
alginate (PVASA) polymers of various concentration for alkaline solid PEM. This
was further treated with glutaraldehyde to form a cross-linked membrane of
PVASA (PVASA-GA). From the electrochemical measurements, it was observed
that the ionic conductivity was found to be 91 mS/cm at 25 °C for the membrane
containing 60:40 of PVA and SA. In addition, the methanol permeability was
achieved in the order of 10−7 cm2/s. On the other hand, the membrane prepared
with 80:20 of PVA and SA cross-linked with GA up to 60 min, exhibited the
selectivity value of 21.50 � 103 S/cm3s1. Also, the PVASA with 80:20 composi-
tion showed a maximum power density of 20.7 mW/cm2 which was achieved at
Ep.max with a peak current density of 89.20 mA/cm2 at 30 °C. Therefore, the
membrane was found to be extensively used in DMFC application.

Recently, the application of PVA modified with functionalized CNT (m-CNT) in
ADEFC was reported [86]. Addition of m-CNT into PVA membrane increased the
alkaline uptake and ionic conductivity of KOH doped electrolyte membrane. At the
same time, a lower swelling ratio and ethanol permeability were suppressed in
comparison with pristine PVA membrane. Also, the highest power density of
65 mW/cm2 at 60 °C was achieved.

Fig. 27 Schematic representation of the reaction between PVA and SGO nanoparticles.
Reproduced with permission from Copyright 2014, [83], American Chemical Society
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3 Conclusion

In this chapter, we summarized the current scenario of FC research and develop-
ment around the world. The modification of composites with various nanomaterials
is the developing technology to overcome the problems such as fuel crossover, low
proton conduction, expensive raw materials, higher cost, and low membrane sta-
bility. The advantages of hybrid nanocomposites such as Nafion®, CNT, GO,
SPEEK, PBI, PVA in FCs are comprehensively discussed. A variety of improved
materials as anode, cathode, and membranes are elucidated. The improved effi-
ciency of FCs in terms of high proton conduction, better water retention, sup-
pression of fuel crossover, high chemical and thermal stabilities are precisely
explained.
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Table 10 Comparison of the performance of nanocomposite and SPEEK-35% PVA

Membrane Crosslinking
temperature
(°C)

Metahnol
permeability(cm2/s)

Proton
conductivity(S/
cm)

Modified
characteristic
factor (S2

s cm−4)

SPEEK-35%
PVA

110 5.81 ± 0.20 � 10−6 1.11 ± 0.08)�10−2 21.2 ± 3.2

Nanocomposite 110 4.43 ± 0.21 � 10−6 1.35 ± 0.11)�10−2 41.1 ± 5.8

SPEEK-35%
PVA

120 4.70 ± 0.13 � 10−6 1.10 ± 0.05)�10−2 25.7 ± 1.9

Nanocomposite 120 3.82 ± 0.18 � 10−6 1.03 ± 0.08)�10−2 27.8 ± 3.6

SPEEK-35%
PVA

130 2.18 ± 0.07 � 10−6 5.84 ± 0.32)�10−3 15.6 ± 1.5

Nanocomposite 130 2.02 ± 0.11 � 10−6 2.50 ± 0.18)�10−3 3.1 ± 0.3

SPEEK-35%
PVA

140 1.19 ± 0.06 � 10−6 3.53 ± 0.13)�10−3 10.5 ± 0.3

Nanocomposite 140 1.34 ± 0.09 � 10−6 1.63 ± 0.10)�10−3 2.0 ± 0.1

Nafion® 115 _ 3.71 ± 0.05 � 10−6 3.64 ± 0.11)�10−2 357 ± 24

Reproduced with permission from Ref. [84], Copyright 2015, Elsevier
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NK Nanokaolin
NR Natural rubber
OC Organoclay
ODTMA+ Octadecyl trimethylammonium
OMt Organomodified montmorillonite
PAS Positron annhilation lifetime spectroscopy
PA6 Polyamide 6
phr per hundred of rubber
PLA Olylactide acid
SANS Small angle neutrón scattering
SAXS Small Angle X-Ray Scattering
SBR Styrene Butadiene Rubber
SEM Scanning electron microscopy
SI Silica
tan d Loss tangent
tc90 Cure time
TEM Transmission electron microscopy
Tg Glass transition temperature
TGA Thermogravimetric analysis
ts2 Scorch time
WAXS Wide Angle X-Ray Scattering
Wc Water content
XRD X-ray diffraction

1 Introduction

The use of nanofillers allows the development of nanocomposites with improved
properties and novel applications [1–7]. The technological goal is possible due to
the new compounding method that allows a particle dispersion in the nanometer
scale increasing the specific surface area [8].

This chapter focuses on explaining the role that nanoclays play as exceptional
reinforcing particles in rubber matrices. The complexity of the analysis comes from
the fact that it is a multicomponent system, which contains, for example, curing
agents, co-agents, processing aids, reinforcements and fillers, affecting the final
structure of a rubber/layered silicate nanocomposite. This was likely the reason for
its late development compared to thermoplastic or thermoset clay nanocomposites.

The use of nanoclay in rubber allows to improve the mechanical properties (such
as tensile strength and elastic modulus) [1, 8], barrier properties [9], thermal
resistance [6] and, in some applications, antimicrobial properties [10]. Examples
and cases of most used rubber matrices in the industrial field are presented. The
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methods of clays incorporation into rubber matrices as well as the final properties
reached are described.

2 Reinforcement Particles

A wide variety of ingredients are used in the rubber industry for various purposes,
being the most important: reinforcement, fillers and process aids. The principal
reinforcement effects are increase of strength, abrasion resistance, hardness and
modulus. The extents to which these changes occur strongly depend on:

(i) particle filler size
(ii) rubber-filler interaction
(iii) filler-filler interaction
(iv) filler shape and structure
(v) filler concentration
(vi) filler dispersion in the matrix.

CB and precipitate SI, with a mean diameter of 10–30 and 30–100 nm
respectively, are the conventional fillers in the rubber industry, with a content that
in some compounds could reach up to 40 phr of CB. Considering compounds
containing carbon black (CB) as reinforcement, it is well known the so-called
bound rubber, which refers to a microstructure seen as a gel of reinforcement
particles held together in a three-dimensional lattice by polymer molecules: the
amount and morphology of the bound rubber depend on the listed variables [11].
Moreover, bound rubber type also shows a dependence on the processing condi-
tions of the compound. Bound rubber content is measured by extracting the
unbound rubber with solvent, and the result is influenced by the solvent nature and
the extraction temperature.

Other nanofillers have received attention for reinforcing of rubbers like organ-
oclay (OC), nano silica, carbon nanotubes (CNT) and nano calcium carbonate due
to the high aspect ratio and surface area as compared to conventional fillers. These
characteristics are important to develop high-performance materials with low
nanofiller content.

2.1 Carbon Black

CB is by far the most popular filler for rubber modification. CB is elemental carbon
in the form of spherical particles that coalesced into aggregates and agglomerates,
which is obtained by the combustion or thermal decomposition of hydrocarbons.
The degree of aggregation is denoted by the term “structure”: a low-structure may
have an average of 30 particles while a high structure may have around 200
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particles per aggregate. The aggregates have a tendency to cluster together to form
agglomerates due to van der Waals forces. During the mixing process, polymer free
radicals are formed due to the shear forces generated and such free radicals react
with CB to form bound rubber as CB acts as radical acceptors [12].

About 90% of the worldwide production of CB is used in the tire industry, in
which acts as reinforcing fillers to improve tear strength, modulus, and wear
characteristics. Commercially, CB fillers are available with different levels of
structure, particle size, chemical reactivity and pH that lead to different levels of
reinforcement.

2.2 Silica

SI (silicon dioxide) consists of silicon and oxygen arranged in a tetrahedral structure
of a three-dimensional lattice. The use of silica as rubber reinforcement started
around 1950 as an alternative to CB, shoeing sole the first applications due to the
possibility of obtaining a non-black product. The incorporation of SI in
heavy-service tires started in the 70’s due to the improvement of cutting and
chipping resistance of the compound and, also rubber adhesion to textile and metal.

The presence of hydroxyl groups in the silanol (Si-OH) on the SI results in
strong filler-filler interactions and adsorption of polar materials by hydrogen bonds.
Since these intermolecular bonds are very strong, the SI particles aggregate tightly,
reducing the dispersion of silica in the rubber compound.

Around 1970 started the introduction of silane coupling agents such as the bis(3-
(triethoxysilyl)-propyl)-tetrasulfide (TESPT) and other bifunctional silanes in order
to prevent adsorption of curatives on the silica surface [13]. In these cases, the
silane coupling agent reacts with the silanol on the silica surface to form a siloxane
bond. The silane molecule bonded to the silica surface reacts with the rubber chain
to form a crosslink between the silica and the polymer.

Silica is available as fumed SI and precipitated SI, which is obtained by coag-
ulation of SI particles from an aqueous medium under the influence of high salt
concentration or other coagulants [12, 14].

In tire treads, silica yields a lower rolling resistance at equal wear resistance and
wet grip than CB [15]. Rattanasom et al. [16] analyzed the reinforcement of Natural
Rubber with SI/CB hybrid filler in a total amount of 50 phr. The results reveal that
the compounds with 20 and 30 phr of silica in hybrid filler exhibit the better overall
mechanical properties.

2.3 Clay

Clays have been known for many decades as a non-black filler type for rubber
compounds [4]. These fillers are inorganic in nature and therefore incompatible
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with organic polymer matrices. Thus, the reinforcing effect of these fillers was
lower than that of CB.

Clays have a low price and many attractive structural features such as hydroxyl
groups, Lewis acidity, exchangeable interlayer cations, differences of Si–O tetra-
hedral sheet and Al-OH octahedral sheets [17]. Also, layered silicate nano-fillers
have already been developed: the silicate layer surfaces have been effectively
modified to render them organophilic so that the organically modified nano-fillers
can significantly enhance the critical performance properties of polymer–clay
composites. This is possible when the silicates are dispersed in nanometer- instead
of micrometre-scale.

3 Layered Silicates

Galimberti et al. [18] define layered silicates as inexpensive natural mineral fillers
which promote high reinforcements on the rubber matrices thanks to their high
aspect ratio. They present a very thin plate-shape with low thickness (<10 nm) and
width (<2 mm) [19], which permits to incorporate a relatively low amount of the
filler to obtain superior mechanical properties, thermal stability, flame retardancy
and gas barrier properties.

There are many works that show significant improvements in elastic modulus,
tensile strength and elongation at break [8], thermal resistance [20], reduction in
water/gas permeability [21] and flammability [20] for clays in their natural an
modified form. The nanocomposite structure depends on the clay mineral–polymer
compatibility and on processing conditions [22].

Siririttikrai et al. [19] show that clays in their natural form are easily exfoliated in
aqueous suspension, which can be convenient for certain processing conditions.
Depending on the compatibility with the rubber matrix, using clays in natural or
pristine form can reduce the steps and cost involved.

3.1 Structure and Physical Characteristics

Figure 1 presents a typical structure of lamellar clays. Moreover, clays can be
defined depending on the organization of the silicon and oxygen atoms, as well as
the arrangement of the atoms within the laminar structure. The main structure
consists of building blocks of tetrahedral sheets in which silicon is surrounded by
four oxygen atoms and octahedral sheets in which a metal such as aluminium is
between eight oxygen atoms [23, 24].

Silicate layers present oxygen atoms and hydroxide groups, giving it a hydro-
philic nature. However, most rubber compounds possess a hydrophobic structure.
Galimberti et al. [25] explain that, in order to achieve a compatibilization with the
rubber matrix, there must be a chemical modification in the clay surface. This
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technique consists in an exchange reaction of alkali and alkaline earth cations,
which are located inside the clay galleries with different cations, modifying the clay
surface polarity and increasing the interlayer distance [25]. This process of chemical
modification will be described later in the chapter. Pavlidou et al. [23] define the
first structure as 1:1, in which a tetrahedral sheet is fused with an octahedral sheet,
whereby the oxygen atoms are shared.

The 2:1 layered silicates consists in two-dimensional layers where a central
octahedral sheet of alumina is fused to two external silica tetrahedra by the tip, so
the oxygen ions of the octahedral sheet also belong to the tetrahedral sheets. The
layer thickness is around 1 nm and the lateral dimensions may vary from 300Å to
several microns, therefore, the aspect ratio of this kind of layers (ratio length/
thickness) is high, having values greater than 1000 [23]. The 2:1 structure is called
pyrophyllite. Furthermore, since inside the structure, there are no substitution atoms
and it has only an external surface area and no internal one, the layers do not
expand in water.

When the silicon in the tetrahedral sheet is substituted with aluminium, the
structure is called mica. With this type of substitution, the mineral is characterized
by a negative surface charge, which is balanced by cations, such as potassium.
Unlike the structure of pyrophyllite, mica does not swell in water, because due to
the large size of potassium, the structure collapses and the sheets are held together
only by electrostatic forces [23].

Montmorillonite (Mt) presents a structure similar to that of pyrophyllite, in
which the trivalent Al-cation in the octahedral layer is partially substituted by

Fig. 1 General layered
silicate structure [24].
Reprinted from Kievani and
Edrak [24]

598 M. C. Sanchez et al.



magnesium cation. This group is called “smectites”. In addition, the overall neg-
ative charge is balanced by sodium and calcium ions, which are present in a
hydrated form inside the interlayer. Since the ions are not part of the tetrahedral
structure, the sheets are held together by weak interacting forces, which allow the
easy entry of water molecules into the clay structure [23].

As previously mentioned, depending on the type of clay different structures can
be presented, which affect the size and texture of the clay. Figure 2 compares the
structural differences between two types of Mts for 1000X magnification, one Na–
Mt (Left) and a Raw Mt (Right). Na–Mt clay has a smaller particle size compared to
the raw Mt since it undergoes a purification process to eliminate any impurities.
One of the most interchangeable cations is Na+, which is responsible for its swelling
in presence of water. Moreover, the presence of Na+ ions lets absorb a great number
of water molecules resulting in the formation of a gel. If Ca+2 are the cations present
in the interlayer, a lower amount of water molecule can be absorbed, so the clay is
not able to swell. Depending on the cation presents in the interlayer, it will be
determined the final application of the clay, as well as its compatibility with the
rubber matrix.

3.2 Classification of Clays

The clays are classified according to the amount of silica present and the combi-
nation of tetrahedral and octahedral sites in the final structure. It can be separated
into 5 main families:

(a) Kaolinite
(b) Serpentines

Fig. 2 SEM images of Na Mt (Left) and Raw Mt (Right)
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(c) Smectites
(d) Illites
(e) Chlorites.

Mt, hectorite and saponite belong to the smectites family and are the most
commonly used clay minerals for the preparation of polymer nanocomposites [22].
Hectorite is a colloidal clay widely used in the synthetic form. Dispersed in water,
Hectorite forms a colloidal suspension used in many industrial and technological
applications, such as rheology modifiers in several products, like paints and cos-
metics. It has a very particular anisotropy due to the nanodisc shape of the particles
and to the inhomogeneity of the sheet charges [26]. The Mt presents a dioctahedral
structure with predominantly octahedral substitution. On the other hand, saponite
presents a trioctahedral structure with the mainly isomorphous substitution of Si4+

by Al3+ in the tetrahedral sheets. This is why there are important changes in the final
structure configuration; the Mt has hexagonal lamellae, while the saponite has a
ribbon shape. Throughout the chapter, the discussion will focus on the use of Mt as
a reinforcing, compatibilizing or property modifying agent since most of the pub-
lished works use this type of clay.

• Kaolinite

Kaolinite is characterized by an isomorphic variation with temperature: up to
700 C, the Al+3 presents a tetrahedral structure (what is known as amorphous
kaolin), while above this temperature has an octahedral one.

• Montmorillonite

It is part of the group of smectites. Their structure consists of two silica tetra-
hedral sheets sandwiching an edge-shared octahedral sheet of Al or Mg hydroxide.
Normally the layer thickness is around 1 nm, and the lateral dimensions may vary
from 30 nm to several microns or larger. Ambre et al. [27] explain how the stacking
of the clay layers leads to a van der Waals gap between the platelets called the
interlayer or gallery. Also, the author described that the isomorphic substitutions
within the layers generate negative charges that are counterbalanced by alkali and
alkaline earth cations inside the clay galleries, and these cations are replaced by
organic ones such as alkyl ammonium ions via an exchange reaction.

As it will be discussed, interlayer distance is one of the most important
parameters since it defines the possibility for the polymer chains to enter inside the
interlayer to effectively achieve an intercalation or exfoliation of the clay.

4 Chemical Modification of Clays

Natural clays can be well dispersed in hydrophilic polymers, such as poly (ethylene
oxide) and poly(vinyl alcohol). In order to increase the compatibility with
hydrophobic polymers, an ion exchange is performed with cationic-organic
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surfactants. Pavlidou et al. [23] referred the alkylammonium ions as the most used,
but other “onium” salts can be used, such as sulfonium and phosphonium. The
objective of the modification is to decrease the surface energy of the silicate and
improve wetting with the polymer matrix. The long organic chains of the surfac-
tants are tethered to the surface of the negatively charged silicate layers, promoting
an increase in the interlayer gallery and therefore favouring the entrance of polymer
chain between interlayer space in order to improve the mechanical properties of the
nanocomposite.

During the modification process, the excess of negative charge should be con-
sidered since it is related to the ability of clay to exchange ion, this characteristic is
defined as the cation-exchange capacity (CEC), expressed in meq/100 g
(milliequivalents/100grams). Pavlidou et al. [23] explain how this property is
highly dependent on the nature of the isomorphous substitutions in the tetrahedral
and octahedral layers.

Figure 3 shows an analysis of organo modified montmorillonite (OMt) by SAXS
and WAXS. In their work, Bianchi et al. characterized a Mt two with different
organic modifiers: octadecyl trimethylammonium (ODTMA+) and hexadecyl
trimethylammonium (HDTMA+) in different proportions: 0.5, 1 and 2 CEC of Mt.
They obtained important changes in the final interlayer distance of the clay, which
determine the final interaction with a rubber or polymeric matrix [28].

4.1 Synthesis of Organoclays

Due to the hydrophobic behaviour of most elastomeric polymers, raw natural clays
needs to be modified in order to use them as reinforcing materials and increase the
compatibility between the matrix and the nanoparticles [29]. The most common
technique is by using long tallow organic ammonium cations through ion exchange

Fig. 3 Variation of the
interlayer distance q of Mt
and OMt according to the
modifier concentration,
determined by SAXS and
WAXS. Reprinted from
Bianchi et al. [28]
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of the interlayer cations. These new types of filler are commonly known as
organoclays (OC).

OC preparation usually requires a two-step method, which includes a first step of
purification, and a second step of the organic modification itself. Purification
consists in the separation of impurities such as quartz, calcite, dolomite, talc and
other clays [30]. Zhou et al. [31] described a method for purification and defibering
of Chinese sepiolite. The technique consists of an acid treatment to decompose
carbonated impurities and assisted by microwave-heating in order to improve the
reaction kinetics with low energy consumption. Defibering aims to the
de-agglomeration of sepiolite fiber bundles with the objective of obtaining nanos-
cale particles.

However, this two-step method has several disadvantages such as the con-
sumption of large quantities of water and the energy spent on repetitive techniques.
In order to avoid the drawbacks mentioned, Zhuang et al. [30] proposed a one-step
method combining the purification and organic modification of sepiolite into a
simple and more environmentally friendly procedure. The authors stated that
organic surfactants can not only be used as an organic modifier but also as floc-
culants, therefore organo-sepiolite was easier to be separated from the dispersion.

Daitx et al. [29] described a method for the modification of Mt and halloysite
(Hal) with (3- aminopropyl) triethoxysilane (APTES). Both OC were prepared by
dispersion of the clay in an ethanol solution. In the case of Mt, the pH was adjusted
to 3 with acetic acid for the protonation of the amino group and to promote the
cationic exchange with Na+ located in the interlayer space. APTES was added to the
clay/ethanol suspension and stirred for 2 h and later filtered and washed with 96%
ethanol. Lastly, the filtered cake was dried under vacuum at 70 °C for 8 h. In this
work, the modification of the nanoparticles with aminosilane increased the inter-
action between clays minerals and the polymer due to the amino groups that can
freely interact with the matrix.

5 Characterization of Clay Nanoparticles

The characterization of the clays is quite important to determine certain properties
that are fundamental to be considered before being included into a rubber matrix.
For example, mineralogical and thermal properties are important to determine the
composition of the clay, particularly to know the nature of the clay (hydrophilic or
hydrophobic nature). Some of the most used characterization methods include
X-Ray diffraction (XRD), Infrared spectroscopy (IR), Inductively coupled plasma
atomic emission spectroscopy (ICP-OES), thermal analysis (DTA, TGA), Specific
surface area (SSA), CEC determination, microscopic techniques (TEM and SEM),
gravimetric and grain size measurements [32–34]. In this chapter, we will show
some techniques that can be useful to characterize any type of clay.
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5.1 X-Ray Diffraction (XRD)

XRD is a very useful technique for the study of layered type nanoparticles.
Furthermore, XRD is often used for the determination of the d001 plane corre-
sponding to the basal space between the layered silicates which can be calculated by
the Bragg’s law:

k ¼ 2d sin h

were k is the wavelength of the incident wave, h is the scattering angle and d is the
distance between the atoms of a crystalline system.

Gamoudi and Srasra [33] studied the characterization of natural clays suitable for
pharmaceutical and cosmetic applications by XRD analysis. Authors determined
the presence of smectite in the composition by studying the characteristic peaks of
the d001 reflection at 12.57 Å. Moreover, they also detected the presence of kaolinite
by the d001 = 7.12 Å and d002 = 3.56 Å.

Successful organic modification of clay particles produces a shift of the d001
plane to lower angles values. This can be explained by taking into account the
increase in the basal space due to the volume of long tallow organic molecules
compared to the exchangeable cations. Ezquerro et al. [35] studied the modification
of Mt with organic divalent phosphonium cations. Na–Mt showed a basal reflection
at 7.78° and an interlayer spacing of 1.14 nm. The organic modification with
Dim-Br (o-xylylenebis (triphenylphosphoniumbromide)) shifted the basal reflection
to lower angles due to the intercalation of the surface between the layers of the OC.
Moreover, an increase in the concentration of Dim-Br produced a shift to lower 2h
angles.

Alves et al. [36] studied the organic modification of Mt with ionic and non-ionic
surfactants. They attributed the correct intercalation to a shift of the d001 to lower 2h
angles. Moreover, the basal space increase when surfactant amount increases and
decreased after washed.

5.2 Microscopy

Scanning electron microscopy (SEM) and transmission electron microscopy
(TEM) can provide information about the morphology of the clay platelets. Also,
energy-dispersive X-Ray spectroscopy (EDX) can be used to study the composition
after the modification with organic molecules.

Ezquerro et al. [35] studied the changes in the morphology of the Mt clay
platelets. They claimed that pristine Mt shows soft surfaces and platelets tend to
agglomerate. While surface modification of Na+ for a phosphorous compound
generates a rougher surface and breaks the agglomeration of the lamellas.
Furthermore, EDX analysis was also conducted to study the yield of the organic
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modification of the interlayer cation. In their studies, the Na+ content decreases and
the phosphorous content increases with the surfactant concentration.

Figure 4 presents SEM images of Mt and OMt by Bianchi et al. [28], there can
be seen the morphology modifications of the Mt surface structure induced by
organic modification with alkylammonium salts (ODTMA+ and HDTMA+), with
alters the surface structure, the curvature of the plates, and the aggregate formation.

Zhuang et al. [30] studied the purification and organic modification of sepiolite
by TEM analysis, which was used to detect the presence of impurities, before and
after the purification, such as calcite, quartz and talc. Also, the morphology of
sepiolite fibers was studied by TEM. Sepiolite fibers form crystal bundles and rods
due to hydrogen bonding and van der Waals’ forces between the fibers.

Fig. 4 SEM micrographs of Mt (A) and OMt, using as modifiers HDTMA (B and C) and
ODTMA (D and F). Reprinted from Bianchi et al. [28]
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5.3 Fourier Transform Infrared Spectroscopy

Fourier transform infrared spectroscopy (FTIR) can be used to characterize alu-
minium silicates materials. The most important bands present in clays are OH
stretching (3800–3200 cm−1), Si-O symmetrical and asymmetrical stretching
(1200–900 cm−1) and Al-O stretching (800 cm−1). Moreover, FTIR could provide
information about the substitution of cations from the interlayer space by organic
molecules.

Hojiyev et al. [37] made an FTIR analysis of purified and cationic surfactant
modified. They identified the bands corresponding to stretching vibrations of OH
groups, Si-O groups, Al–Al-OH groups, and Al–Fe-OH groups. Moreover, Na–Mt
spectra show the existence of free and interlayer water at * 3400 cm−1 and
adsorbed water at * 1630 cm−1. In addition, the spectra of cationic modified Mt
show new peaks corresponding to asymmetric stretching vibration, symmetric
stretching vibration and bending stretching vibration of methylene groups (2924,
2849 and 1469 cm−1 respectively). Also, the broad peak at 3404 cm−1 corre-
sponding to free and interlayer water was removed upon modification due to the
hydrophobic nature of the cationic surfactant.

5.4 Thermal Properties

Thermal analysis is also a useful tool to characterize OC due to the difference
between the thermal stability of the inorganic cation and the organic surfactants.
Within the thermal characterization techniques, the most commonly used ones are
thermogravimetric analysis (TGA), derivative thermogravimetric analysis
(DTG) and differential scanning calorimetry (DSC).

Sookyung et al. [38] quantified the modification degree of Na–Mt with
octadecylamine by TGA/DTG as the ratio between the mass fraction of organic
weight loss owing to alkylammonium ions, and the molecular mass of the organic
cation exchanged on the clay platelets surfaces. In the TGA/DTG thermograms,
three different regions can be distinguished, as is shown in Fig. 5. Region I appear
below 150 °C related to the loss of surface-adsorbed water and gas. Moreover, Na–
Mt presents the higher weight loss in this region caused by the hydrophilic nature of
sodium cation. Region II occurs in the temperature range of 150–500 °C and is
attributed to the decomposition of the octadecyl amine. Therefore, region II was
used to the estimation of the modifying content in the OC. Finally, region III
emerge at temperatures higher than 500 °C as a result of the loss of structural water
released by the dehydroxylation of the clays layers [38]. Also, the authors made
DTG characterization for further study of OC in region II. They stated that samples
with low contents of modifying agent present only one peak, while at higher CEC
concentrations a second peak appears. This difference is caused by the location of
the modifying agent in the OC.
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Soares et al. [39] analyzed the thermal behaviour of modified anionic and
cationic clays with imidazolium ionic liquid by TGA. The decomposition mass
below 200 °C was attributed to the absorbed water and volatile molecules. Around
320 °C, a second weight loss region appears corresponding to the decomposition of
the imidazolium ionic liquid. Also, the content of the modifying agent was cal-
culated as the difference of loss of mass between the raw clay and the organoclay.

6 Elastomeric Clay Composites

During the last 25 years, the development of nanocomposites was intensively
explored by researchers, achieving remarkable improvements in mechanical, ther-
mal and physicochemical properties compared with those of conventional com-
posites materials. In this section, a review of some recent works with rubber as
matrix reinforced with some type of clay are presented.

6.1 Natural Rubber

Natural Rubber (NR) is obtained from the sap of different trees, almost entirely
from the plant Hevea brasiliensis, therefore is regarded as a sustainable polymer. In
the latex state, NR contains approximately 30% dry rubber content. The latex is
normally concentrated, mostly by centrifugation, increasing the dry rubber content
approximately up to 60% before it is distributed. NR is a hydrocarbon diene
monomer whose repeating unit is cis-isoprene. The outstanding strength of natural
rubber has maintained its position as the preferred material in many engineering
applications. It has a long fatigue life, good creep and stress relaxation resistance
and low cost [40].

Fig. 5 DTG thermograms of
Na–Mt, octadecylamine and
OMt with various
concentrations of modifying
agent: 0.5, 1.0 and 1.5 CEC
times of Na-MMT. Reprinted
from Sookyung et al. [38]
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Clay/NR composites have been successfully prepared by several procedures:
melt mixing, latex compounding and in solution.

George et al. [6] prepared NR reinforced with different organo modified Cloisite
clays (10A, 15A, 25A, 30B and 93B) in a two-roll mixing mill and studied the
effect of concentration (from 1 up to 15 phr), type of clay and vulcanizing systems
on the mechanical properties. They concluded that the conventionally vulcanized
samples exhibited higher tensile strength and elongation at break compared to
efficient and peroxide vulcanized samples. The maximum tensile strength was
reached by the composite containing 5 phr of nanoclay. Among the different
samples, NR containing the cloisite 25A exhibited the better properties.

Carli et al. [41] prepared composites of NR with 2, 4 and 8 phr of Cloisite 15A
as a substitute for conventional silica (SiO2). Based on mechanical properties,
Authors concluded 6that 50 phr of silica can be replaced by 4 phr of organoclay
without affecting the final properties even after ageing.

Siririttikrai et al. [19] prepared compounds from fresh NR latex (FL) and from
concentrated NR latex (CL) with unmodified montmorillonite, due to that mixing in
the latex state before being coagulated could be advantageous and this process can
be carried out at the rubber plantation or at collection points nearby. Different
methods yielded different results because during centrifugation process not only
water is removed, also some water-soluble materials (like proteins), therefore the
chemical composition of natural latex and concentrated latex are not exactly the
same, an explanation of how this could affect the material properties is proposed in
the scheme shown in Fig. 6. They concluded that MMT can be used to reinforce
NR effectively by using fresh latex and MMT water dispersion as the starting point.

Fig. 6 Schematic illustration of Mt and rubber latex mixing and the co-coagulation processes for
different types of NR latex. Reprinted from Siririttikrai et al. [19]
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Sookyung et al. [38] made composites of NR with Na–Mt nanoclay modified
with different concentrations of octadecylamine at 0.5, 1.0 and 1.5 times the CEC of
Na–Mt, the obtained that at higher concentration value a larger d-spacing and a
higher degree of clay dispersion in the matrix were observed. With a concentration
of 1.5 times of the CEC, a faster curing reaction and a higher crosslink density were
obtained and the mechanical and dynamic properties and thermal stability were
enhanced.

6.2 Styrene Butadiene Rubber

Styrene-butadiene rubber (SBR) is an elastomeric copolymer consisting of styrene
and 1,3-butadiene. Most SBR is produced by emulsion polymerization as well as by
solution polymerization. SBR is characterized by a good abrasion resistance, ageing
stability and low-temperature properties. The tire industry consumes approximately
70% of total SBR production. SBR formulations usually require a high amount of
reinforcing filler, being CB the most used [40].

Praveen et al. [42] prepared SBR nanocomposites reinforced with a hybrid
system of CB (N330) and OMt using octadecylamine as a modifier. The study
included the variation of clay content (5, 10, 15 and 20 phr of OMt) in gum rubber
and in rubber filled with 20 phr of CB, preparing in a two-roll mill. The presence of
intercalated, aggregated and partially exfoliated structures were revealed through
XDR and TEM. Samples containing 10 phr of OMt resulted in an increase of 153%
in tensile strength, 157% in elongation at break and 144% of modulus 100%. The
obtained results open up a new prospect in developing CB–OMt-hybrid
nanocomposites, facilitating the possibility of partial replacement of CB with
OMt in rubber products without affecting the critical performance properties.

Sadek et al. [43] studied SBR composites reinforced with sodium bentonite as
well as modified with two types of surfactants: dodecyl benzene sulfonic acid
(DBSA) and nonyl phenol ethoxylate (NPE), also a mixture of the surfactants was
used: DBSA/NPE (50/50%). The clay content was 2, 4, 6, 8 and 10 phr, and the
compounds were prepared in a two-roll mill. The presence of clays induces an
increase in the minimum and maximum torque values, acceleration of the vul-
canization process, and improved mechanical properties with organoclay content up
to 6 phr. This effect was more noticeable in the presence of the treated clay with
DBSA/NPE. Also, incorporation of 6 phr of DBSA/NPE-clay resulted in significant
improvement of the degradation profile of the nanocomposites at 90 ± 1 °C for
4 days.

During the long period of service, most polymers (and composites) gradually
lose their useful properties as a result of polymer chain degradation. The main
harmful agents are oxygen, heat, and high energy radiation. The effects of these
agents depend mainly upon the chemical structure of polymer chain. Youssef et al.
[44] analyzed the effect of gamma radiation on the final properties of NR/Na–Mt
and SBR/Na–Mt nanocomposites prepared by coagulating the mixture of rubber
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latex and clay aqueous suspension. The clay concentration was varied from 2 to 10
phr and the irradiation of the samples was carried out using a cobalt-60 gamma cell
source with doses of 10, 25, 50, 75, and 100 kGy at a dose rate 5 kGy h−1. XRD
results indicated well dispersion of rubber latex into clay stacked layers and the
platelets have a preferential orientation forming exfoliated NR/Na+-MMT
nanocomposites while SBR/Na+-MMT form intercalated nanocomposites. Author
explains that SBR have bulky benzene groups, which partially restrict the chains to
intercalate into the gallery gap of the clays. Second, NR contains a higher number
of unsaturated double bonds than SBR, thus the polarity of NR is higher than SBR,
as a result, NR could form exfoliated whereas SBR are intercalated. Overall irra-
diation dose range together with clay loading, an improve of the mechanical
properties of rubber/Na–Mt nanocomposites was obtained. However, SBR
nanocomposite, in particular, attains its higher value at 50 kGy, then decreases;
also, the thermal stability at 50 kGy is higher than 100 kGy.

6.3 Nitrile-Butadiene Rubber

Nitrile-butadiene rubber (NBR) is a polar elastomer, with a carboxylic group and a
double bond in the rubber backbone. The polar nature of the NBR allows a higher
resistance to non-polar substances such as hydrocarbons and oils. Depending on the
acrylonitrile content, important improvements in abrasion resistance are obtained,
therefore it has a great performance in the seal industry. Other advantages of NBR
are its low cost and good processability. However, some of the negative aspects
include a low ageing resistance because of the unsaturated backbone present in the
chemical structure, thus is sensitive to environmental factors [45, 46].

Costa et al. [47] explain the effect of Mt in polar rubbers as NBR. The presence
of the Mt offers a crosslinking effect defined as “ion cluster”. It was demonstrated
that there is a chemical interaction between the NBR chains and the clay particles,
especially in cases where there are metal oxides in the rubber vulcanization formula
like ZnO. This reaction can be explained taking into account the acid-base reaction,
where acidic ACOOH group of the NBR reacts with the ZnO producing an ionic
salt and releasing water.

De Sousa et al. [48] formulated nanocomposites of XNBR with different types of
clays (Na- Mt, OMt and a natural bentonite). Using XRD and mechanical prop-
erties, they concluded that the organo-modifier agent and the molar mass of rubber
had a significant influence on the dispersion of the clay after the mixing process on
a two-roll mill.

Finally, Yu et al. [49] presented a very interesting work combining OMt and
NBR by emulsion process. TEM images of the nanocomposites exhibited uniform
dispersions of the clay sheets inside the NBR matrix. Also, the XRD patterns
confirmed the intercalation of the NBR polymeric chains inside the interlayer of the
OMt. The final nanocomposites showed an improvement of mechanical properties
and solvent resistance comparing to pure NBR. Moreover, thermogravimetry
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indicates an increase in the maximum decomposition rate of the nanocomposites in
comparison with that of pure NBR were observed, indicating an enhancement of the
thermal stability. There was also a faster curing rate and a higher glass transition
temperature, storage modulus and loss modulus.

6.4 Ethylene-Propylene-Diene Rubbers

Ethylene propylene diene terpolymer (EPDM) is an unsaturated polyolefin rubber
with wide applications. Due to its good mechanical properties, very low unsatu-
ration and associated resistance to ageing and ozone deterioration, it has become
extensively used in making automotive tire sidewalls, cover strips, wires, etc. In a
non-polar rubber like EPDM, the presence of stearic acid in the formulation favours
the dispersion of clays due to the chemical reactions leading to ester formation
involving carbonyl groups of acid and hydroxyl group of clay [50]. The early works
on preparation and characterization of EPDM nanocomposites included that of
Usuki et al. [51] and Zheng et al. [52].

Liu et al. [17] analyzed the reinforcement of nano kaolin (NK) powder into four
types of rubber: SBR, NR, BR and EPDM. The reinforcing effects were compared
with those from precipitated silica (PS). The compounds were made in an open roll
mill. The results showed that NK can greatly improve the vulcanizing process by
shortening the time to optimum cure (tc90) and prolonging the setting-up time (t10),
which improves production efficiency and operational security. The rubber com-
posites filled with nano kaolin enhances the mechanical properties and thermal
stability. The tensile strength of the rubber/NK composites is close to those of
rubber/PS composites. The tear strength and modulus presented a lower perfor-
mance compared with those containing precipitated silica.

Chang et al. [53] showed that the oxygen barrier properties of EPDM/OMt clay
nanocomposites are better than that of pristine EPDM. The oxygen permeability of
10 phr layered clay filled EPDM nanocomposite was reduced to 60% as compared
with the pristine EPDM compound. The gas permeability was ascribed due to the
uniform dispersion of the impermeable clay layer with the planar orientation in the
EPDM matrix.

Zhang et al. [54] synthesized an intercalation agent containing double bonds for
modifying the interface of EPDM/clay nanocomposites, using a Na–Mt. In order to
compare with the OMt containing double bonds (VMMT), the OMt modified with
cetyl trimethyl ammonium bromide (CTAB) without double bonds was also pre-
pared; in both cases, the content used were 0, 3, 5 and 10 phr. Authors analyzed the
relaxation dynamics via broadband dielectric relaxation spectroscopy. In polymer/
clay nanocomposites, the environment of the polymer chains inside the silicate
gallery will greatly affect the molecular relaxation and mobility. According to the
literature, two distinct types of dynamic behaviour may exist in such systems. One
is the slower relaxation dynamics associated with glass-transition temperature (Tg)
and is attributed to the large interlayer distance and the strong polymer-filler
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interactions. In contrast, when the polymer-filler interactions are weak, the polymer
segments will exhibit the faster relaxation mode, thereby leading to the depression
of Tg value. According to the XRD analysis, the VMMT containing double bonds
was exfoliated, and the crosslinking reaction between VMMT and EPDM chains
promotes the exfoliation of the organic layered compounds. The dielectric relax-
ation spectra show that the segmental relaxation of EPDM shifted to higher tem-
perature with increasing VMMT content, and a new relaxation, which was
attributed to the interfacial relaxation being confined by the MMT platelets, was
detected at a much higher temperature and lower frequency, whereas that did not
appear when adding OMt.

6.5 Role of Nanofiller as Compatibilizer in Rubber Blends

Natural and synthetic rubbers are not used very often in an isolated form. An
elastomer is mixed with another one, especially in the tire industry, for three main
reasons: to improve properties of the material, to improve processing or to reduce
costs. Most blends of rubbers are immiscible, which leads to a non-uniform dis-
persion of the components in the rubber matrix. For example, in Fig. 7 can be seen
images taken by TEM of unfilled NR/SBR blend with a different ratio: on the left a
compound with 25 phr of NR and 75 phr of SBR (25NR/75SBR), and on the right
the complementary sample (75NR/25SBR), being SBR the dark phase and NR the
clear one [55].

Nanoclay also shows preferential migration to specific rubbers when used in
blends, due to organoclay is more compatible with polar rubbers. By the intro-
duction of functional groups, the polarity can be changed so as to have better filler
dispersion and hence compatibilizing action.

The different solubility of two rubber is related to different polarity and level of
unsaturation in the rubber components, leading to an unequal dispersion but also to

Fig. 7 TEM micrographs of vulcanized NR/SBR blends (left) 75NR/25SBR and (right) NR/SBR,
being SBR the dark phase and NR the clear one
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a diffusion of the components during the mixing or during the vulcanization process
[56, 57], which could generate an uneven crosslinking. The presence of rein-
forcement particles in some cases can complicate this situation even more.

The properties of rubber blend/clay nanocomposites are strongly affected by the
location and distribution of the clay in addition to the size, shape and dispersion of
each rubber phase. Depending on the location of the clay in the matrix or dispersed
phase, a separated or encapsulated morphology could be formed. All this can cause
a narrow interphase and poor physical or chemical interactions between the two
phases, influencing the mechanical properties of rubber blend.

OC particles added at a low loading level could play as interfacial compatibi-
lizers for immiscible rubber blends reducing the domains sizes. This is due to nano
level dispersion, generating a reduction of the interfacial tension between the two
rubber phases [58].

Compatibilizers act through a chemical reaction (reactive compatibilization) or
by its capability for interaction with blend components or by its interaction with
chemicals present at the interface of blend components. Most of the interactions are
intermolecular forms of attraction such as van der Waals and hydrogen bonding,
based on the polarity of materials (nonreactive compatibilization). The surfactants
present in organoclay also contribute to compatibilization. It is also possible that
two immiscible polymer chains can intercalate the same clay platelet and play the
role of a block or graft copolymer. Generally, graft or block copolymers have
similar segments to blend components and hence act as compatibilizers in blends
[12].

Rajasekar et al. [59] used clays as a compatibilizing agent for NR and NBR
blends. They incorporated an OMt by solution mixing to promote a uniform dis-
persion inside the NR matrix. After that, they incorporate the first NR/OMt com-
posite to a sulfur formulated NBR matrix, observing important changes in
morphology, curing characteristics, mechanical properties, swelling and compres-
sion set. They established how the improvements in properties come from the
distribution of the clay inside the rubber matrix. By their morphological studies, it
was possible to determined intercalation in the whole NR/NBR composite. Also,
faster scorch time and cure time, as well as an increase in maximum torque were
obtained compared to the neat NBR matrix. Increases in storage modulus and lesser
damping characteristics for the compounds with OMt were measured. The final
reinforcing efficiency was determined comparing enhancements in mechanical
properties and higher swelling resistance in oil and solvents.

7 Preparation of Nanocomposites

The incorporation process of clays into a rubber matrix influences the final prop-
erties of the nanocomposite, and the final structure depends on the nature of the
rubber and the type of clay employed. Maiti et al. [4] explain the mechanism by
which the nanofiller aid the rubber formulations to improve their properties [1].

612 M. C. Sanchez et al.



The optimum improvement of the nanocomposite properties depends upon the
incorporation technique, the dispersion of the clay and the concentration of the
reinforcement within the rubber matrix [60].

Several techniques were used to prepare rubber/silicate nanocomposites. The
most known are [1]:

• Melt mixing
• Solution blending
• Latex blending/latex compounding
• Sol-gel processing
• Emulsion polymerization.

7.1 Melt Mixing

The melt mixing technique is one of the most utilized to prepare elastomer/OC
nanocomposites. The method involves internal mixers and open two-roll mills [4],
which consists of blending the layered silicate with the polymer matrix in the
molten state. The full exfoliated rubber/clay nanocomposites are difficult to obtain
by this method because of the high viscosity of the rubber in the molten state but if
the layer surfaces of the clay are sufficiently compatible with the constituent
polymer of rubber, the polymer chains can crawl into the interlayer space and form
an intercalated or an exfoliated nanocomposite (see Fig. 8b) [23].

The intercalation/exfoliation processes are governed by the modification of
elastomers and also the chemistry involved in compounding and curing state to
form elastomer-clay nanocomposites with improved properties [4]. Maiti et al. also
explained how the temperature and shear rate are important variables to promote an
intercalation/exfoliation phenomena. Ray et al. [61] discussed how the melt inter-
calation is highly specific to the polymer, leading to new rubber formulations that
were previously inaccessible. Normally, polymers containing polar groups (capable
of associative interactions, such as Lewis-acid/base interactions or hydrogen
bonding) favour intercalation phenomena because the surfactant molecule in the
OC has the same non-polar character as the polymer [62].

Several authors have utilized this technique to prepare nanocomposites. For
example, George et al. [6] investigated the mechanical properties of natural rubber/
OC systems by melt mixing using a two-roll mill. Authors have studied the effect of
clay concentration, type of clay and vulcanizing systems on the mechanical prop-
erties. Their results show how the clay interlayer distance is increased in all samples
after incorporation into the rubber matrix, as great improvements in tensile strength,
elongation at break and modulus.

Most of the published works present the reinforcement of clay nanocomposites
based on acrylonitrile butadiene rubber (NBR), ethylene propylene diene (EPDM)
and NR [4]. Wang et al. [63] studied NBR/expanded graphite (EG)/CB micro and
nanocomposites systems to compare with NBR/CB systems. Their results show an
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effect on the properties depending on the EG and CB loading content. By melt
mixing, there is a better dispersion of EG, showing remarkable enhancement on
tensile and dynamic mechanical properties. Przybyek et al. [63] prepared NBR
reinforced with an antibacterial Mt, presenting important improvements in
mechanical and thermal properties.

Melt mixing is also the preferred mode of incorporation of oxides like nano
titanium dioxide, nano zinc oxide and others [4].

7.2 Solution Blending

Solution blending includes the solubilization of rubber in a proper solvent and then,
the dispersion of the filler into the solution [4]. Later the solvent is evaporated after
reaching a good dispersion of the nanofiller, usually, under vacuum or precipitation
[4], the process is shown in Fig. 8c) and also in Fig. 9. The principal feature of this
technique is that the layered silicates can be exfoliated into single layers using a
solvent in which the polymer is soluble, overcoming the weak forces that stack the
layers together [23]. The solvent allows the elastomer chains to be uncoiled and
disentangled and easily enter between the layers of the clay or interact with the

Fig. 8 Schematic representation of a in situ polymerization, b melt processing, and c solution
casting [89]. Reprinted from Unalan et al. [90]
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particulate nanofillers [4]. In this method, the ultrasonic dispersion of clay is
indispensable to increase the interfacial adhesion between clay and elastomer
matrix in order to reach a high-performance rubber–clay nanocomposite. The main
drawback of this method is the disposal of large quantities of solvent [23].

Usha Devi et al. [20] swelled an OMt in toluene to promote an effective method
to fabricate an SBR nanocomposite, observing a complete rate of dispersion in the
elastomer.

7.3 Latex Blending/Latex Compounding

The latex compounding method was developed to solve the problem of incom-
patibility between the rubber and fillers, improving the dispersion of fillers in the
rubber matrix [3]. Latex is defined as a stable aqueous dispersion of fine rubber
particles, with a particle size around 300–500 nm [1]. Most of the elastomers are
available in latex form, so pristine clay can be added directly or in its aqueous
dispersion (slurry). Moreover, an additional advantage is that the layered silicates
can absorb water from the suspension, which aid to expand the interlayer space [4].

After the combination of latex and layered silicates, a co-coagulation process is
carried out to produce a masterbatch product. This method allows the fabrication of
latex film products, such as gloves, condoms, and coatings if the latex is mixed with
the layered silicates and curatives in suspension [1].

If there is a good compatibility between rubber and clay, the formation of
structures known as ‘‘house of cards’’ or ‘‘skeleton’’ can occur because of the
presence of rubber particles that penetrate the clay interlayer gallery due to a
polarity mismatch [64]. Rezende et al. [8] used the latex compounding method to

Fig. 9 Schematic representation of solution blending process. Reprinted from Pavlidou et al. [23]
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obtain an NR/clay composite obtaining improvements in mechanical properties and
characterizing the nanocomposite structure by TEM and small angle neutron
scattering (SANS).

7.4 Sol-Gel Processing

In this technique, rubber/clay nanocomposite is synthesized using an aqueous
solution (or gel) containing the polymer and the silicate building blocks. The
precursors for the reaction are clay silica sol, magnesium hydroxide sol and lithium
fluoride. The polymer aids the nucleation and growth of the inorganic host crystals
and gets inside the clay layers [23].

Some authors have developed sol-gel systems. Brantseva et al. [65] used clays to
improve the adhesive capacity of rubber compounds showing how both structural
and pressure-sensitive adhesives (PSAs) were improved. With the sol-gel method,
they ensured exfoliated or at least intercalated conditions. George et al. [6] prepared
SBR/NBR/OMMT composites and notice great improvements in thermal stability
and swelling properties, attributed to the barrier characteristic the clays impart to the
rubber matrix.

Some of the problems this method presents are [23]:

• The synthesis of clay minerals generally requires high temperatures, which can
decompose the rubber chains.

• There is an aggregation tendency of the growing silicate layers.

7.5 Emulsion Polymerization

In this method, the monomers of the polymer are dispersed in water together with
an emulsifying agent and the clays, as can be seen in Fig. 8a). It is beneficial to
achieve a good interaction between the rubber matrix and the reinforcement, since
there is a joint polymerization between the rubber chains and the clays, leaving a
nanocomposite where some of the clay sheets are embedded in the rubber particles,
while some polymer chains are adsorbed on the surface of the clay particles [66],
due to this, a better dispersion of the reinforcement can be obtained [67].

Polymerization is promoted with temperature, and the clay swelling process
occurs directly in the polymerization medium (water) and in some cases, by the low
molecular weight of liquid monomers [67]. One of the drawbacks of this method is
that requires a certain time period to form the nanocomposite and depends exten-
sively on the polarity of the monomers, the type and surface of the filler and the
initiation temperature of the polymerization reaction [4].

Distler et al. [68] explained a simple procedure to perform an emulsion poly-
merization. The base in this type of process consists of mixing: deionized water,
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surfactant (for example sodium dodecyl sulfate), the reinforcement particles and the
monomer. Within the process, the agitation is fundamental so that phase separation
does not occur. As mentioned above, the polymerization initiator (for example
sodium persulfate) is also fundamental, since the speed and the form of initiation of
the process depend on it.

The polymerization system consists of a reactor with a stirrer, a reflux condenser,
two lines for content the monomer emulsion and the initiator solution, and a tem-
perature control unit which normally is rinsed with nitrogen. The reaction initiates
with heat (approximately 70°C) and takes a few hours to complete. The final product
is then filtered and then characterized by solid content and particle size [69].

Among the aforementioned methods, in situ polymerization and melt interca-
lation are considered as commercially attractive approaches for preparing polymer/
clay nanocomposites [23]. In addition, the absence of a solvent makes direct melt
intercalation an environmentally and an economically favourable method for
industries from a waste perspective [62]. Moreover, it is compatible with the current
industrial processes, such as extrusion and injection moulding. However, the dis-
persion of the clay in the polymer prepared by the melt mixing is not as good as that
obtained by the latex compounding [69]. The main drawback is the poor dispersion
within the matrix and the lack of affinity between the layered silicate and the
organic polymers.

The latex compounding process is recommended when using hydrophilic clays
because it occurs in an aqueous medium. While the process of melt blending is
recommended when using hydrophobic clays (OMt) since with chemical modifi-
cation they become more compatible with the elastomer.

8 Rubber/Clay Nanocomposites Properties

As it was mentioned above, there are numerous variables that define the final
performance of a composite material, particularly when it is about a complex
combination such as a vulcanized nanocomposite of rubber and clays.

The type of reinforcing the material, the shape of the particle as well as its
structure, the type of rubber matrix and the preparation method play a fundamental
role in the final properties of the compound. Depending on the application, it is
necessary to comply with certain mechanical standards; therefore, it is necessary to
consider those tests that conveniently help to determine the properties that describe
how the behaviour of the material will be during its life in use.

8.1 Vulcanization Variables

The presence of nanoclay has a strong influence on the vulcanization process. The
cure characterization of nanocomposites gives information about the interaction
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between filler and the matrix, and also the extent of filler-filler inter aggregations.
George et al. [6] investigated NR reinforced with organo modified Cloisite clay and
found that the tc90 value decreases when the concentration of clay is higher. This
indicates that organophilic clays accelerate the vulcanization process in these
samples due to the formation of a transition metal complex in which sulfur and
amine groups of the intercalate layers may involve [65].

Siririttikrai et al. [19] studied the cure characteristics of NR containing different
amounts of Mt prepared from fresh or concentrated NR latex (FL and CL respec-
tively). Figure 10 shows the cure curves of the compounds for different Mt content
and Table 1 summarizes the characteristic cure parameters. It can be seen that, for
the Mt/FL series, the maximum torque (MH) increases with increasing Mt content.
No effects were observed on scorch time (ts2). The Mt/CL series displays a different
behaviour: the sample made from CL with 4 phr of Mt displays the maximum value
for ts2 and also for MH, then these values decrease when the amount of Mt is higher.
When the amount of Mt is the same, the Mt/FL compound displays slightly shorter
cure times (tc90) than does Mt/CL compound.

Several authors proposed that high energy ionizing radiation can be considered
as a cost-effective and additive–free technique [70, 71]. Moreover, it can be carried
out at room temperature, so it decreases the toxic volatile releases. Shoushtari
Zadeh Naseri and Jalali-Arani [72] studied SBR/EPDM blends with and without
OC vulcanized with gamma radiation. The effects of the radiation dose on the
interaction between phases, crosslink density, gel content, and microstructure of the
prepared OC containing samples compared to those of the unfilled blends were
investigated. Authors used gel content as a criterion to estimate the crosslink
density and found that the OC induces an enhancement of gel content respect to the
system without reinforcement (Fig. 11), which would be related with the
improvement of radical-radical interaction and formation of physical crosslinks
[71]. Sookyung et al. [38] analyzed compounds of NR reinforced with 5 phr of Na–
Mt modified with octadecylamine in concentration values from 0.5 up to 1.5 times

Fig. 10 Cure curves of Mt/
fresh latex (FL) and Mt/
concentrated latex
(CL) compounds with the
indicated amount of Mt.
Reprinted from Siririttikrai
et al. [19]
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the CEC value of Na–Mt. From the rheometric curves, they obtained that ts2 and tc90
decrease when the amount of the modifying agent increases. This behaviour is
attributed to the effect of the ammonium groups of the octadecylamine that causes
an increase of the zinc complex content, and therefore acceleration in the vulcan-
ization reaction. Also, a higher value of MH was obtained with a higher content of
the modifying agent, which indicates a higher interaction between the clay and the
rubber chains: a higher loading of the modifying agent gives a higher interlayer
spacing of OC, allowing the penetration of rubber chains or their molecular seg-
ments into the silicate. This allows to explain the improvements in mechanical and
thermal properties, the tensile strength and modulus at 100 and 300%; elongation
and hardness of the composites were improved with the concentration of the
modifying agent.

Table 1 Cure parameters of
different Mt/latex compounds

Compound ML

(dN m)
MH

(dN m)
tS2
(min)

tC90
(min)

0Mt/FL 0.54 7.15 7.60 10.88

4Mt/FL 0.91 8.37 6.83 10.65

7Mt/FL 1.04 8.86 7.33 11.67

10Mt/FL 1.00 8.32 7.32 11.93

15Mt/FL 1.20 9.42 7.15 13.21

0Mt/CL 0.44 7.08 6.65 10.15

4Mt/CL 0.71 7.94 8.79 13.10

7Mt/CL 0.78 6.72 8.18 13.86

10Mt/CL 0.83 6.76 7.75 14.82

15Mt/CL 0.94 5.79 7.43 15.09

The number in the compound indicates Mt amount in phr.
Reprinted from Siririttikrai et al. [19]

Fig. 11 Gel content of
unfilled SBR/EPDM (SE) and
SBR/EPDM with OC (SEOC)
samples as a function of
absorbed dose (RX).
Reprinted from Shoushtari
Zadeh Naseri and Jalali-Arani
[72]
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8.2 Rheological Properties

Microstructural changes of the nanocomposites can be followed by dynamic fre-
quency sweep tests. Maroufkhani et al. [58] performed measurements within the
linear viscoelastic region (ϒ = 1) in blends of polylactide acid (PLA) and NBR
reinforced with 4 phr of Cloisite 10A (OC), prepared via melt compounding. They
investigated the influence of the acrylonitrile (ACN) content of NBR on the dis-
persion and localization of the OC; three different ACN levels content in NBR were
used: low (19%), medium (33%) and high (51%). It was found that the presence of
nanoclays increases the G’ values of the samples in the low-frequency region. The
plateau in this region is caused by physical interactions between the nanolayers and
the rubber chains. In addition, the presence of quaternary ammonium surfactants of
OC promotes a good compatibility with PLA by hydrogen bonding. Finally, this
phenomenon was not altered by the ACN content in the polymer blend.

Dynamic mechanical analysis (DMA) of XNBR/NR blends reinforced with
nanoclays were studied by Satyanarayana et al. [73] in order to determine the Tg of
the polymers. They stated that the incorporation of clays into a rubber matrix affects
the rheological properties by shifting the tan d peak to lower temperature values
[74]. As it was explained before, this effect is influenced by the filler type and load,
the type of matrix and the filler-matrix interaction. Furthermore, the authors also
reported that the presence of clay lowers the height of the tan d peak due to a
reduction of the amount of rubber mobile during the dynamic transition process as
consequence of the reinforcing effect of clay nanoparticles.

8.3 Mechanical Properties

Jahromi et al. [75] studied a ternary hybrid system consisting of polyamide 6 (PA6),
NBR and OC. Compounds included an NBR and NBR activated with glycidyl
methacrylate (GMA) groups. The Young modulus and tensile strength of the hybrid
systems were improved by the increase of nanoclay content due to the effective
reinforcing role of the inorganic filler [76]. However, the reinforcing effect was
more effective for the nanocomposites including a reactive elastomer, which stems
obviously from the better dispersion of nanoparticles along with nanoplatelet
confinement in the thermoplastic phase domains.

A distinctive property to analyze the elastomer-filler interaction and filler-filler
interaction is the non-linear viscoelastic response of filled systems, otherwise
known as Payne effect [77]. Payne suggested that the formation of a
three-dimensional structure was due to the filler incorporated in rubbers, which
leads to higher modulus values at lower strains. Regarding the use of nanofiller, the
surface area, surface modification and activity are some of the crucial factors that
affect the non-linear viscoelastic response. A competition between filler-filler and
polymer-filler interactions takes place in filled elastomers. If filler-filler interaction
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predominates, the Payne effect is more pronounced. Zachariah et al. [78] evaluated
the dynamic shear storage modulus and loss modulus of NR and Chlorobutyl
Rubber (CIIR) containing OC. The authors studied these systems because of their
application in the manufacture of automotive inner tubes and inner liners. They
found that the nanoclay loading in both matrices increases the modulus values at
lower strain due to the formation of filler-filler and filler-polymer networks. These
networks could break at higher strains, which results in the reduction of the
modulus.

8.4 Barrier Properties

Many researchers reported on the permeability behaviour of nanoclay loaded
elastomeric composites proposing that this property increases due to the creation of
a tortuous path in the microstructure for the transport of gas molecules [79].

Mohan et al. [80] investigated the water uptake of NR/SBR blends reinforced
with OC. The water content, Wc, in the sample was measured as % weight increase
in the sample. Wc was measured until the composite specimen attained equilibrium
water uptake content. The following equation was used to calculate the Wc in the
specimen:

Wc ¼ Wt �Woð Þ
Wo

� 100

where Wt is the weight of specimen at time t and Wo is the initial weight of the
sample before placing in water. Figure 12 presents the water mass uptake as a
function of time (in days) of all samples, the sample that containing 3 wt% nanoclay
has the lower water content value. Also, static and dynamic mechanical analysis
(DMA) properties were less affected in the nanoclay filled rubber than in the base
rubber. Chao et al. [1] studied gas-barrier properties of IIR/clay nanocomposites
obtained via the latex method. Moreover, they compared samples prepared using
latex and co-coagulating methods. It is important to remark that TEM images
revealed both partially exfoliated and intercalated structures for the
isobutylene-isoprene rubber (IIR)/Mt nanocomposite prepared using the latex
method and, on the other hand, a purely intercalated structure in the sample pre-
pared using the co-coagulating method. It was found that the oxygen transmission
of the IIR/clay nanocomposites decreases progressively as the silicate content
increase. The oxygen permeability of the compound with 10 phf of clay was
reduced to 60% as compared with the neat IIR. Layered silicate is composed of
many monolayers that are 1 nm thick and 200–300 nm long; this aggregated pla-
telet structure of the layered silicates in the IIR matrix could provide an excellent
barrier to the diffusion of oxygen because of the increased tortuosity of the diffusing
path [1].
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Wang et al. [81] stated through positron annihilation lifetime spectroscopy
(PAS) and DSC that gas permeability in rectorite/SBR nanocomposites is mainly
influenced by the free volume fraction and tortuous diffusional path effects attrib-
uted to the clay platelet-like morphology.

9 Applications

The incorporation of clays into rubber matrices comes from the need to improve the
mechanical properties, such as tensile strength, elongation at break or elongation
module [6, 8, 38]. There is also a need to improve vulcanization times [82, 83], as
well as to extend the range of decomposition temperature [84]. There are also other
properties that can be improved using rubber/clay compounds.

An important area of application of rubber/clay nanocomposites is gas and
moisture barriers. The layers of clays that filled a polymer matrix serve as an
impermeable medium for the gas and moisture. Although there is information about
barrier properties of clay filled thermoset and thermoplastics are available in the
literature, those related to barrier properties of rubber filled with clay nanoparticles
are relatively few. Recently, several works were reported on the synthesis, char-
acterization, mechanical and thermal properties.

The improvement of fatigue strength of rubber composites is also considered
within automotive applications. Woo et al. [85] explain how the interest of fatigue

Fig. 12 Water mass uptake of rubber and rubber-nanoclay series in NR/SBR blends. Reprinted
from Mohan et al. [80]
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life evaluation for rubber components such as in engine parts was increasing
according to extend the warranty period of the automotive components. In their
study, they developed a rubber material environmentally friendly with superior
physical properties and fatigue life using a rubber-clay nanocomposite.

Other applications include structural and pressure-sensitive adhesives (PSAs).
Brantseva et al. presented a paper about the uses of clays in the adhesive industry as
rheological modifiers where an enhancement of barrier properties, thermal resis-
tance and mechanical properties were found [86–89]. For example, clays have been
used to increase shear strength and heat resistance of waterborne acrylic PSAs as an
environmentally friendly replacement of solvent-borne acrylic PSAs [87].
Furthermore, there are reports of the use of Na–Mt and OMt to improve rheological
and mechanical properties of polyisobutylene (PIB) based adhesive [87]. Results
show better compatibility between PIB/OMt systems rather than PIB/Na–Mt, which
was evidenced as an increase in viscosity with a 10 wt% of OMt content. On the
other hand, Na–Mt did not show significant improvement of the rheological
properties.

Finally, within the most innovative applications, the use of modified clays with
bactericidal agents to formulate rubber mixtures with antimicrobial properties was
analyzed. Przybyłek et al. developed an elastomeric nanocomposite that exhibits
antibacterial and antifungal activity for the polish company Spoiwo (Spoldzielnia
Pracy Chemiczno–Wytworczej ‘Spoiwo’, Radom, Poland) [20]. They used a rubber
blend matrix and modified bentonite clay (Nanobent® ZR2), and noticed that by
adding 1–3% of bentonite nanoparticles there was an enhancement in the elongation
and tensile stress at break; they also observed improvements in thermal properties.
Their work resulted significantly in the medicine, biomedical engineering and in the
food industry.

10 Final Remarks

In this chapter, a review of recent works including rubber/clay nanocomposites
were made. This review covers the structure and physical characteristics of layered
silicates used as fillers in rubber matrices as well as the chemical and physical
characteristic of the type of rubber polymers, and rubber blends, which are more
likely used for nanocomposites development. Moreover, it describes several tech-
niques for organic modification of clays nanoparticles to enhance hydrophobicity
and improve the compatibility by intercalation or exfoliation of the polymer chains
into the clay interlaminar space. Finally, the chapter reviews the rubber/clay
nanocomposites characteristics (i.e. vulcanization and rheological, mechanical and
barrier properties), and the nowadays applications, like the tire, adhesive and
biomedical industries.
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Organic/Silica Nanocomposite
Membranes Applicable to Green
Chemistry

Mashallah Rezakazemi, Amir Dashti, Nasibeh Hajilary
and Saeed Shirazian

1 Introduction

Organic-inorganic composites have been thoroughly used for various applications;
these are referred to as nanocomposites if nano-size inorganic building blocks are
used in the composite structure [1–5]. Organic-inorganic nanocomposites are
commonly made of organic polymers incorporated with inorganic nanoscale
building blocks such as nano silica [6–11]. They possess the beneficial features of
both the inorganic substance (e.g., stiffness, thermal stability) and the organic
polymer (e.g., ductility, flexibility, processability, and dielectric) [12, 13].
Furthermore, they generally include unique characteristics of fillers resulting in
composites with enhanced characteristics. A primary property of nanocomposites is
the tiny dimension of the nanofillers contributes to a large rise in the interfacial area
in comparison to conventional composites. Also, at reduced filler content, the
interfacial area growth generates a substantial increase in the volume of interfacial
polymer with properties distinctive from the polymer [14].

Among the several inorganic/organic nanocomposites, polymer/Si composites
are the most prevail quoted [15]. These nanocomposites have attracted considerable
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interests recently and have been used in many different applications.
Organic-inorganic nanocomposites can be fabricated by numerous synthesis tech-
niques, showing the different strategies offered to present each phase. The organic
part can be presented as (i) a precursor (oligomer or monomer), (ii) a preformed
linear polymer (in emulsion, molten or solution states), or (iii) a polymer network,
either chemical (e.g., elastomers, thermosets,), physical (semicrystalline linear
polymer) or cross-linked [16]. The inorganic portion can be presented as (i) pre-
formed nanoparticles or (ii) a precursor (e.g. TEOS) for further treatment. Organic
or inorganic polymerization typically is required if at least one of the starting
moieties is a precursor.

The addition of inorganic additives to the polymeric membranes has received the
attention of numerous scientists in the recent years. Many organic-inorganic
nanocomposite membranes have been studied in the literature. A number of the
nanoparticles utilized in the membrane matrix contain Si [17], ZrO2 [18],
heteropolyacids [19], TiO2 [20, 21] and carbon nanotubes [22].

Nano-si has been broadly investigated due to their reduced cost, poor electrical
conductivity and enhanced water uptake characteristics compared with other
nanomaterials. Phase conflict involving the organic matrix and Si was resolved
using the adjustment of the Si surfaces applying various agents.

Polymer Electrolyte Membrane Fuel Cells (PEMFCs) signify an encouraging
tool for the technology of power in the 21st century due to their escalated efficiency
in contrast to coal combustion engines and eco-environment [23]. Among different
parts within the fuel cell systems, proton exchange membranes (PEMs) are
influential parts of PEMs functionality. Currently, the PEMFCs are based on per-
fluoro sulfonic acid membranes like Nafion®, and Flemion, which have particular
disadvantages like huge fuel crossover and high cost. Therefore, scientists have
concentrated on creating PEMs with escalated proton conductivity, longevity,
thermal stability, maximum power density, minimal fuel crossover, and reduced
cost.

Organic-inorganic nanocomposite PEMs consist of nanosized inorganic fillers
in the polymer by the molecular level of hybridization. This structure has revealed
the opportunity to integrate into an individual solid, the appealing attributes of a
thermally and mechanically stable inorganic backbone and the particular chemical
reactivity, dielectric, processability, ductility and flexibility of the organic polymer.
The preparation, properties characterization, and polymer/Si nanocomposites
applications are becoming a rapidly increasing research subject. Many publications
and review articles [24, 25] have presented which are partially dedicated to the
polymer/Si nanocomposites. Silicate nanoparticles were employed in various
polymeric membranes applicable to PEMFCs. The aim of this account is to
introduce the fabrication of silicates and nanocomposite membranes. The silicates
impact on the various properties of nanocomposites such as thermal and
mechanical properties, proton conductivity, water uptake and cell performance are
investigated.
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1.1 Challenges in Synthesizing Organic/Si Nanocomposite
Membranes

PEMFCs have proved a great environmental friendly technology to satisfy the
prevailing energy prerequisites of the recent years. Nafion is the extensively
approved to date and has great electrochemical characteristics under 80 °C and in
extreme humidity. However, a reduction in the proton conductivity of Nafion in
lower humidity and over 80 °C, as well as high membrane price, has motivated the
improvement of novel techniques and membranes for fuel cell applications. The
incorporation of inorganic nanofillers, particularly Si-based nanofillers, into the
polymeric membrane was employed, to resolve these restrictions. This is a result of
availability, reduced cost, higher thermal stability and high hydrophilicity of the
inorganic silicates. The addition of inorganic nanofillers into the polymeric mem-
branes has received the attention of several research studies over the last few
decades, plus lowering cost and enhanced water retention characteristics [26].
Inorganic nanofillers enhance the functioning temperature of the hybrid membranes
because of their hydrophilicity [27, 28]. The polymer-nanocomposite membranes
preparation for PEMFC can be achieved by using two separate approaches, namely,
ex situ or in situ approach. In the ex situ method, silicate nanofiller or its precursor
is dispersed in the matrix of polymer, while in situ technique includes the dispersion
of nano-silicates or their precursor in the monomer followed by a polymerization
step [12].

The goodness of dispersion involving the inorganic silicates and polymer matrix
has important effects on enhancing the main characteristics and performance of the
prepared composite membranes [4, 29, 30]. Accordingly, various methods and sol-
vents are employed to enhance the dispersion levels of filler and the physical and
chemical attributes of the nanocomposite membranes. General topics crucial to any
PEMs involve: (1) elevated proton conductivity, (2) low water transportation through
electro-osmosis and diffusion phenomena, (3) low fuel and oxidant permeability,
(4) reduced electronic conductivity, (5) good mechanical stability in both hydrated
and dry states, (6) hydrolytic and oxidative stableness, (7) low price and (8) capacity
for fabrication into membrane electrode assemblies (MEAs). Because of the
increased sorption of water in the membrane, mechanical properties, and water
crossover emerge as critical problems. Developing proton-conducting devices with
minimum or without water can be a significant challenge for novel membranes.
Novel membranes with decreased methanol permeability and water transfer (by
electro-osmotic drag or diffusion) in addition to appropriate conductivity and sta-
bilities are necessary for Direct-Methanol Fuel Cells (DMFCs). Fuels diffusion from
the anode to cathode sides reduces the voltage efficiency and performance of fuel cell.
The intricacy and membrane resistivity were improved, with minimal energy density,
by employing diluted methanol as the fuel. Conductivity and water absorption of the
membrane rely upon the ionic group concentration, mostly sulphonic acids. Though,
an elevated density of ionic groups motivates the increased membrane swelling that
diminishes membrane durability and mechanical performance. Therefore, the
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essential properties for PEMs (IEC, proton conductivity and water uptake) must be
improved under the operating circumstances. The organic-inorganic nanocomposite
PEMs development appears to be promising in overcoming the aforementioned
operational problems.

1.2 Possible Methods to Overcome the Challenges

As exhibited in Fig. 1, showing the common preparation techniques of polymer/Si
nanocomposites, generally in the blending and in situ polymerization approaches,
Si nanoparticles are directly introduced into the polymer [12], while Si precursors
are employed in the sol-gel processes, in which the common precursors are
Tetraethyl orthosilicate (TEOS(, Tetramethyl orthosilicate (TMOS) and silicon
alkoxides [31]. Sometimes, alkoxysilane-containing polymers [32, 33] as Si pre-
cursors are also employed in the sol-gel method. Furthermore, in particular
instances, Si in the nanocomposites is formed from precursors such as perhy-
dropolysilazane (PHPS) [34], soluble glass [35], Na2SiO3 [36], silicic acid [37], etc.
[38–40].

Research studies accomplished over the recent years on the subject can be split
into four classes: (i) introducing inorganic proton conductors in PEMs; (ii) cova-
lently bonded inorganic segments with a polymer; (iii) nanocomposites by sol-gel
approach; and (iv) acid-based PEM nanocomposites. The fabrication of
hybrid-nanocomposite membranes for PEMFC can be achieved by using two
separate techniques, namely ex situ or in situ approach.

Nanocomposite 

Silica 
precursor 

Monomers 

Silica 
nanopar cles 

Polymers 

Fig. 1 The common methods
to prepare polymer/Si
nanocomposites
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1.3 Ex Situ Technique

Melt blending and solution mixing, are generally accepted ways for the nanocom-
posites preparation through the ex situ approach. Melt blending is recognized as a
green approach where the nanoparticles are mixed with the molten polymer. The
drawbacks of the method are the raw polymers decomposition, poor filler dispersion,
and the surface modifiers degradation. Therefore, the solution mixing method is the
commonly accepted method, specifically for the fabrication of nanocomposites on
the laboratory-scale [41, 42].

The beneficial characteristics of the solution mixing approach are the homoge-
neous dispersion of nanofillers in the polymer matrix. This approach consists of the
nanoparticles blending (dispersed in a specific solvent) with the polymer solution,
accompanied by casting and drying [42–44]. Several strategies and solvents have
been chosen to improve nanoparticles dispersion in the polymer matrix and to
enhance the nanocomposite membranes properties.

1.4 In Situ Technique

In situ techniques include the nanoparticles dispersion or their precursors in a low
viscosity monomer solution. Superior dispersion, in addition to excellent physical
properties, is observed in in situ technique. However, the intricacy of the method
means that researches in this field are not enough.

Poly(styrene-co-methacrylate)-Si covalent membrane was made by blending an
aqueous solution of TEOS/nitric acid with azobisisobutyronitrile (AIBN),
2-hydroxyethyl methacrylate (HEMA) and styrene (STY). At a temperature of 40 °C,
the mixture was cast in a mould to start the free radical polymerization of HEMA and
STY combined with the sol-gel reaction of TEOS. The produced membrane was
processed at various temperatures to 150 °C. Various membranes were sulfonated via
immersion in a 0.3 M solution of sulfur-chloridic acid in ethylene dichloride for 6 h
[45]. In an identical experiment, the researchers used phosphotungstic acid
(PWA) rather than nitric acid, and the temperature of free radical polymerization was
adjusted to 55 °C [46]. In other procedure, sol 1 (including PWA or 1 N HCl and
3-methacryloxypropyl trimethoxysilane (MPS) in ethanol) and sol 2 (made up of
AIBN and HEMA) were blended, cast in a mould at 60 °C, dried and post-treated at
150 °C for 24 h [26]. The post-treatment of the membranes changed the membrane
colour to brown as a result of the cross-linked structure in the membrane [19, 47].

A combination of nethylimidazolium trifluoro methanesulfonate ([EIm][TfO])
(40 wt%), acrylonitrile (40 wt%), STY (20 wt%), divinylbenzene (6 wt% to the
formulation, based on the monomers weight), and Si and benzoin ethyl ether as a
photo initiator was mixed and ultrasonicated to acquire a homogeneous solution. At
room temperature, the solution was cast onto a glass mould and using irradiation by
UV light, photo cross-linked for 30 min [48]. Given that Nafion® is a commercial
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polymer, nanocomposite membranes made from it are commonly prepared by an ex
situ preparation approach. Many other polymers with high performance (such as
PPSU, PEEK, and PBI) require inert atmosphere and monotonous preparation
process. The introduction of extremely hydrophilic nano silicate into the monomer
makes the polymerization complex, leading to decreased molecular weight (Mw)
and interfering crosslinking in the polymer structure. Limited selection of solvent
media for the formation of nanocomposite by in situ synthesis adds further intricacy
to the system. Therefore, the previous researches for the fabrication of Si-based
nanocomposite using the in situ approach are scant. New synthetic procedures and
proposed new types of block copolymers can be too advantageous to the afore-
mentioned issues.

2 Si Preparation

Two types of techniques have been proposed for nano-Si preparation: the sol-gel
approach and the microemulsion technique [49]. Stöber et al. [50] suggested an
easy method for preparation of mono-dispersed spherical Si via hydrolysis of TEOS
solution in ethanol in the acidic environment. Symmetrical amorphous Si
nanoparticles were conveniently acquired by employing different reactants con-
centrations. Subsequently, the Stöber technique was developed by researchers and
seems like the most convenient and efficient approach [51].

Osseoasare et al. [52] synthesized monodisperse nano-Si using limited TEOS
hydrolysis in an inverse microemulsion. Moreover, this micro-emulsion technique
is commonly employed to prepare nano-Si. These particles are now produced
commercially, generally in the form of powder or colloid.

NanoSi powder is chiefly industrially synthesized using the precipitation tech-
nique and fuming approach. Fumed Si is an amorphous, fine, tasteless, white and
odourless powder. This powder is prepared using a vapour process at an elevated
temperature where SiCl4 is hydrolyzed in an O2–H2 combustion process according
to the following reaction [53]:

SiCl4 þ 2H2 þO2 ! SiO2 þ 4HCl

The nano-Si has a 3D structure. Siloxane and silanol groups are formed on the
surface of Si, causing the nanoSi to be hydrophilic.

The Si surfaces are peculiarly ceased by three silanol species: isolated or free
silanols, vicinal silanols or hydrogen-bonded and geminal silanols (Fig. 2) [51].
The silanols occupy the near molecules, in proper order, creating H2 bonds and
causing the aggregation as demonstrated in Fig. 3. The aforementioned bonds
maintain single fumed Si jointly and the aggregations stay unchanged even in good
blending situation if the vigorous interaction between filler and matrix does not
exist [54]. Nanoparticles dispersion in the matrix of the polymer has a noticeable
effect on the nanocomposites properties.
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Fig. 2 Three surface silanols
types

Fig. 3 Aggregate creation
among adjacent molecules of
fumed Si via H2 bonding
between the silanols
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The proper dispersion can be obtained using a chemical modification of the
surface of nanoparticles or by physical approaches like high-energy ball-milling
method and ultrasonication. The considerable deviations in the Si and polymer
properties may frequently result in phase separation. Hence, the surface interaction
involving two phases of nanocomposites is the highly determining element
influencing the resulting materials characteristics [14].

Different approaches have been applied to improve the congruity involving the
polymer and Si. The widely used technique is to treat the Si nanoparticles surface
(particularly for the blending and in situ approach), that in addition can enhance the
dispersion of the particles in the matrix simultaneously. Generally, surface modifi-
cation of Si nanoparticles can be accomplished either by physical or chemical
processes [55].

3 Surface Modification of Si

3.1 Chemical Modification

A number of researches have been focused on the surface modification of the Si
nanoparticles by chemical modification because it can eventuate to a vigorous
interaction involving modifier agent and nano-Si. These chemical techniques can be
achieved by grafting polymers or by using modifier agents. Silane coupling agents
are the prevailing sort of modifiers. Their ends commonly are organofunctional and
can be hydrolyzed. The structure of the silane coupling agents can be demonstrated
as RSiX3 [56], where the X shows the ends which can be hydrolyzed that can be
Cl–R, CH3CH2O–R, or R–O–CH3 groups. The R can possess different function-
alities selected to satisfy the requirements of the polymer.

The hydroxyl groups on the SiO2 surface react with functional group X, while
the polymer may react with the alkyl chain in order to form, hydrophobic Si.
Besides, polymer chains grafting to nano-Si is an influential approach to raise the
hydrophobicity of the Si and to produce adjustable interfacial interactions.

Commonly, two principal methods of chemical joining the polymer to a surface
exist: covalent attachment of end-functionalized polymers to the surface (“grafting
to” method) and with polymer chains monomer growth from immobilized initiators
in in situ monomer polymerization (“grafting from” method). In some respect, the
polymer grafted nano-Si may be considered as polymer-nanoSi hybrid composites.

Besides the aforementioned chemical methods, polymers grafting to nanoparti-
cles can be conceived by irradiation. The nanoparticles modification via graft
polymerization is very influential in the construction of nanocomposites due to (i) a
boost in particles hydrophobicity which is favourable to the nanoparticle/polymer
miscibility, (ii) an enhanced interfacial interaction obtained by the molecular sur-
rounding of the matrix polymer and the grafting polymer on the nanoparticles, and
(iii) a modifiable structure-properties relationship obtained by varying the grafting
monomers and the grafting conditions because different grafting polymers might
provide various interfacial characteristics.
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Si functionalized particles (Fig. 4) have been produced by uniting sulfonated
aromatic bis-hydroxy compounds onto fumed Si surface. Firstly, by bro-
mophenyltrimethoxysilane reaction with a fumed Si, a bromophenyl group was
formed on the Si surface. Then, by nucleophilic substitution reactions, compounds
of sulfonated bis-hydroxy aromatic were connected to the Si surface chemically
[57].

Fig. 4 Functionalized Si surface
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3.2 Modification by Physical Interaction

Tailoring the surface physically is commonly carried out utilizing adsorption of
macromolecules or surfactants onto the Si particles surface. Modification based on
surfactant t is based on the preferential sorption of a surfactants polar group onto the
Si surface via electrostatic forces.

A surfactant decreases the interaction among the nano-Sis inside agglomerates
via decreasing the physical attraction and may be combined with a polymer without
any difficulty. Si was tailored with cetrimonium bromide to enhance the chemical
interaction involving polymer and SiO2 [58]; SiO2 were treated with stearic acid to
enhance the adhesion to the polymer matrix and additives [59, 60] and also improve
their dispersion; Si nanoparticles were treated with oleic acid that, with a hydrogen
bond, was attached to the Si surface. Polymers adsorption can also boost the Si
particles surface hydrophobicity.

3.3 Blending

The simplest and conventional technique for fabricating polymer-Si nanocompos-
ites is a direct blending of the Si and a polymer. The blending can typically be
accomplished by solution blending or melt blending. The principal complexity of
the mixing procedure is the perfect Si nanoparticles dispersion in the matrix of
polymer since they usually tend to agglomerate [12].

3.3.1 Melt Blending

This is a most prevalent method due to its functionality, effectualness, and clean-
ness. As mentioned previously, providing homogeneous nanoparticles dispersion in
a polymeric matrix is a complicated task because of the powerful particles pro-
clivity to agglomerate. Hence, the so-called nanocomposites, in certain cases,
include many loosened clusters of particles (Fig. 5a) and thus demonstrate prop-
erties inferior to the usual nanoparticle/polymer systems [61]. In order to break up
agglomerates of nanoparticle and to form uniform nanostructural composites, an
irradiation grafting technique can be employed for the nanoparticles modification
and then the grafted particles can be mixed mechanically.

By irradiation grafting polymerization, agglomerates of nanoparticles convert to
a nanocomposite microstructure (Fig. 5b) that in proper order creates a powerful
interfacial interaction with the encompassing, foremost polymeric matrix through
the following blending process.

As various grafting polymers produce distinct filler/matrix interfacial charac-
teristics, properties and microstructures of the final nanocomposites can be modi-
fied. It was discovered that the nanoparticles toughening and fortifying impacts on
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the matrix and could play a major role at low loadings of filler (typically lower than
3 vol.%) as compared with usual composites with larger particles. The method has
several benefits, like low cost, easy to perform, easily controllable and generally
practical [61]. Twice percolation of stress volumes in the vicinity of the particles
and the agglomerates, that was attributed to the visibly attached shear yielded
networks all over the nanocomposite, described the toughening and fortifying
impacts of the processed nanoparticles [62].

An industrial-scale injection moulding machine [63] and twin-screw extruder
were used instead of pilot-scale compression moulding and a screw extruder, PE
[64] instead of PP, and precipitated nanoSi [65] instead of fumed nanoSi. All
researchers suggested that the approach was still excellent. As grafting
pre-treatment and drawing methods were integrated with melt blending to synthe-
size the nanocomposites, the nanoparticles separation was evoked, b-crystals in the
PP matrix were generated, and the obtained PP-based nanocomposites were very
stronger than the bare polymer matrix [66].

3.3.2 Solution Blending

Solution blending is a powder treatment technique in liquid-state that provides an
excellent molecular size of blending and extensively is applied in material pro-
cessing and preparation. Many of the restrictions of melt blending may be sur-
mounted if the nanoparticles and polymer are dispersed or dissolved in solution but
the solvent loss and its recovery must be considered [25, 55].

Fig. 5 a Schematic of an agglomerated nanoparticles dispersed in a matrix of polymer and b the
probable structure of grafted nanoparticles dispersed in a polymer matrix [61]. Reprinted with
permission from Elsevier
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An approach through solution blending followed by compression moulding can
also be used. Polymer-Si membranes are particularly fabricated by solution casting
mixtures of Si nanoparticles and polymer. These can be employed in liquid sepa-
ration like pervaporation, in gas separation like reverse-selective process, and as a
PEM for PEMFC, etc. The existence of nonporous particles in usually composites
significantly decreases the permeability of the polymer by decreasing the free volume
for transfer and boosting the diffusion path tortuosity reachable to gas molecules [12].

3.3.3 Cryomilling Methods

Classic preparation techniques treat the materials in solution or melt and depend on
surface treatment to involve particles in a matrix of polymer, but only a little progress
was achieved. When the nanoparticle loading in a polymer is too much, the melt or
solution methods are not applicable, as the solution is viscous or it never occurs.
A solution to these issues is to treat the polymer in the solid state that hinders the
thermal and solvent issues met in conventional methods but improving design and
operation straightforwardness. Cryogenic ball milling (cryomilling) is a solid-state
approach that efficiently enhances mixing characteristics. Poly(ethylene terephtha-
late) (PET)/SiO2 nanocomposites can be synthesized using cryomilling [67].
A 3-step model (Fig. 6) to show the creation mechanism of PET-SiO2 nanocom-
posite was proposed [67, 68]. The initial step was the huge decrease in nanoparticle
dimension and the conversion of large PET blocks to flakes; in the meantime, the
SiO2 conglomerations were collapsed and scattered in PET flakes creating the
foremost nanocomposite particle. The next step was described by the slow disper-
sion of nano SiO2 to PET flakes and the creation of the second nanocomposite
particle as a result of a conglomeration of the improved PET/SiO2 initial
nanocomposite particles. The next step (3) was described by the stable dimension of
the second nanocomposite particles following by uniform dispersion of nano SiO2 in
the polymer. This was demonstrated that, through cryomilling around 10 h, SiO2

were properly segregated into individual nanoparticles (approximately 30 nm)
which are dispersed in polymer suitably. The originally obtained PET-SiO2 particles
formed in the shape of flake (*400 nm). These primary particles of the composite
agglomerated to create second nanocomposite particles with a mean size around
7.6 µm. Well-dispersion of nano-SiO2 in the polymer was so much higher than
traditional approaches, that was attributed to solid-state treatment, the elevated
mechanical energy of ball milling, and cryogenic temperature.

3.3.4 Thermal Spraying

Another superior approach to the restrictions of polymer/Si nanocomposites treat-
ments is thermal spraying like the employment of solvent. In thermal spraying, a
composite is under the heating, acceleration, and propulsion. In the propulsion
procedure, a jet with a high heating rate propels a material via a restricting nozzle
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towards a surface. The softened or single molten droplets crash, sprawl, lose heat
and become solids to create uninterrupted and uniform covers. High-velocity
oxy-fuel (HVOF) (Fig. 7) supplies heat given via fuels reaction with air.
Petrovicova et al. [69–71] fabricated nylon 11 coatings loaded with nanoSi by the
HVOF treatment. The composite powder contributed the fillers dispersion in the
coating and the concurrent powder feeding into the HVOF spray jet.

Fig. 6 Schematic of nanocomposites formation mechanism through cryo-milling, and a shows
SiO2 particles, b shows PET particles, c shows the initial milling step, d shows the secondary
milling step, and e shows the final milling step [67]
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4 Physical Properties of the Organic/Si
Nanocomposite Membranes

4.1 Thermal Properties

Thermal properties can be investigated by thermal analysis methods, which include
DTA, DSC, TMA, DMA/DMTA, TGA and dielectric thermal analysis, etc. DSC,
TGA, and DTA are the prevailing approaches for recognizing of thermal charac-
teristics of organic/inorganic composites. TGA exhibits the thermal stability, the
degradation initiation, and the Si % present in the polymer. DSC employs to
ascertain the behaviour of thermal transformation in organic/inorganic composites
expeditiously. Moreover, the Coefficient of Thermal Expansion (CTE), which is
used to analyze the dimensional stability of composites, is investigated by TMA.
Additionally, thermal mechanical characteristics analyzed by DMA/DMTA are
substantial in understanding the nanocomposites viscoelasticity. The storage and
loss modulus investigate the stored energy, demonstrating the elastic share, and the
energy spread as heat, demonstrating the viscous share. Moreover, the dielectric
analysis is beneficial in understanding the nanocomposites viscoelasticity.

Generally, the addition of inorganic nanoparticles to the organic matrix can
improve thermal stability by performing as a better insulator and mass transfer hurdle
to the volatile materials formed through decomposition [73]. Moreover, this is very

Fig. 7 Schematic of the HVOF process [72]. Reprinted with permission from Elsevier
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impressive in reducing the CTE of the polymer. The thermal decomposition tem-
peratures (Td) obtained using TGA, the CTEs obtained using TMA, and the Tg

obtained using DSC of PI/SiO2 composites are shown in Table 1 [74]. Table 1 shows
that the hybrid show more thermal stabilities and reduced CTEs as compared to the
counterparts. Also, the Td and Tg of a hybrid enhance with the addition of more Si.

The composite with coupling agent demonstrated increased Tg’s. Because firstly,
the coupling agent reinforced the interaction between the organic polymer matrix
and the inorganic mineral particles, which caused an elevated confining strength of
SiO2 on the PI molecules; second, the coupling agent reduced SiO2 particles size
and by that means highly extended the interfacial region for Si. Besides, the
decreased dimension of the SiO2, somewhat, causing a rise in the cross-linking
degree. Subsequently, increased Tg and reduced CTE for the PI/SiO2 composites
with a coupling agent as compared with other composites are obtained. Sometimes,
the nanocomposites thermal stability is diminished by increasing the Si content.
TGA characterization of the nanocomposite of Si-PMMA demonstrated that
increasing the nanoSi particles addition almost decreased the thermal stability at
reduced temperatures [75].

4.2 Mechanical Properties

Given that one of the foremost justifications for incorporating inorganic materials to
polymers is to enhance their mechanical properties [76, 77]. The basic prerequisite
of this kind of nanocomposites is the ability to maximize the trade-off involving the
stiffness and the toughness [78]. Hence, it is often essential to investigate the
mechanical performance from various standpoints.

Several standards, including impact strength, tensile strength, hardness, flexural
strength and fracture toughness have been employed to analyze the nanocompos-
ites. Table 2 shows the mechanical properties of PP nanocomposites filled with
SiO2 particles grafted with different polymers at a constant SiO2 content [61].
Although the grafting polymers monomers must have various miscibilities with PP,
PEA in contrast with other grafting polymers demonstrated an intensifying impact
on the tensile strength of the nanocomposites.

Table 1 Coupling agents affect the PI/SiO2 thermal properties [74]

Run SiO2
a (wt%) GOTMS/TEOS Td

b (°C) CTE (�10−5 K−1) Tg
c (°C)

1 0 0 561 5.41 289

2 10 0 581 4.86 294

3 20 0 588 3.45 301

4 30 0 600 310

5 10 1/10 572 2.53 298

6 20 1/10 576 309

7 30 1/10 592 316
aCalculated Si contents in hybrid films. bTd calculated via TGA in N2, on-set.

cTg calculated by DSC
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Table 2 Mechanical properties of PP based nanocomposites, filled with various polymer-grafted
SiO2

a, SiO2 content = 3.31 vol.% [61]

Properties Nanocomposites

Grafting polymers PS PBA PVA PEA PMMA PMA Neat
PP

Tensile strength (MPa) 34.1 33.3 33.0 26.8 35.2 33.9 32.0

Young’s modulus (GPa) 0.92 0.86 0.81 0.88 0.89 0.85 0.75

Elongation break (%) 9.3 12.6 11.0 4.6 12.0 11.9 11.7

Area under tensile stress strain
curve (MPa)

2.4 3.3 2.3 0.8 3.2 2.9 2.2

Unnotched Charpy impact strength
(KJ/m2)

19.8 19.4 22.9 14.6 20.5 4.7 8.0

aIrradiation dose = 10 Mrad; the monomer/SiO2 weight ratio = 20/100; the systems employed
acetone as a solvent throughout the irradiation, except for methyl acrylic acid/SiO2 system with
ethanol as solvent

It was found that entanglement and inter-diffusion in contrast to the miscibility
between the grafting polymer segments with the matrix, has the most contribution to
the interfacial interaction. It can be inferred that high Mw PP molecules must be
entangled efficaciously with the SiO2 agglomerates, in order to create an elevated
tensile strength growth.

The tensile stress-strain figure of PP and its mixed matrix nanocomposite are
demonstrated in Fig. 8, showing that a toughening and reinforcing impact of the
fillers on the PP were significant.

4.3 Proton Conductivity

PEMFC functionality is a result of protons transfer from the anode to the cathode
via the PEM. Thus, the membranes proton conductivity is an essential factor for the
efficient utilization of PEMFC. The proton conductivities of numerous membranes
under various conditions are shown in Table 3.

4.4 Water Uptake

Water uptake in the PEM represents an important effect in the proton conductivity
in PEMFC. The formula employed for the measurement of water uptake per cent of
PEM at various temperatures is:

Water uptake %ð Þ ¼ Wt �Wd

Wd

where Wt is the weight of the membrane following swelling at a specific temper-
ature for 24 h and Wd is the dry weight of the membrane. The water uptakes of
different polymer membranes are presented in Table 4.
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Fig. 8 Tensile stress-strain curves of (1) the neat PP matrix resin; and (2) the one filled with SiO2-
g-PS (SiO2 content = 1.96 vol.%) [61]. Reprinted with permission from Elsevier

Table 3 Proton conductivities of different membranes

Membrane Temp. (°C) RH (%) Proton conductivity
(S/cm)

References

Nafion® 80 100 0.080 [79]

Nafion®–Si 0.089

Nafion®–phosphonated Si 0.152

Nafion® 80 50 0.008

Nafion®–Si 0.014

Nafion®–phosphonated Si 0.049

Nafion®-117 80 100 0.120 [80]

Nafion®-Si (3 nm) 0.197

Nafion®-Si (90 nm) 0.190

Nafion®-Si(1 µm) 0.075

Nafion® 60 98 0.140 [81]

Nafion®–sulfonated Si 0.130

Nafion® 60 80 0.070

Nafion®–sulfonated Si 0.080 [82]

Nafion® 212 80 80 0.080

PFSA nanofiber 0.100

PFSA/SPOSS/PAA 0.200

Recast Nafion® 80 90 0.067 [18]

Nafion®–Si 0.068

Nafion®–Si–ZrO2 0.100

Nafion® 90 98 0.200 [83]

Nafion®–sulfonated MMT 0.160
(continued)
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4.5 Cell Performance Investigation

The ultimate utilization of the PEM in PEMFC is established employing an inves-
tigation of the PEMFC performance. In this kind of investigation, the membranes
power density is determined at a specific voltage, temperature, and RH. Table 4
shows the current densities tested for various PEMs at various operational conditions.

5 Summary and Future Direction

The recent advances in the fabrication, properties, characterization, and application
of polymer/Si nanocomposite are investigated. Primarily, three approaches for the
polymer/Si hybrids preparation are employed: the sol-gel, blending and in situ
polymerization.

All of these techniques are studied thoroughly. Apart from the properties of the
single components in a nanocomposite, the interfacial interaction and nanoparticles
dispersion in the matrix have significant impacts in improving or restricting the
performance of the nanocomposites.

Several directions were discovered but no global trends of the polymeric
nanocomposites behaviour may be inferred generally. The polymer/Si nanocomposites

Table 3 (continued)

Membrane Temp. (°C) RH (%) Proton conductivity
(S/cm)

References

Nafion®–protonated MMT 0.085

Nafion® 95 98 0.064 [84]

Nafion®–unmodified Laponite 0.065

Nafion®–sulfonated Laponite 0.080

SPSU 90 100 0.170 [85]

SPSU–sulfonated Laponite 0.220

SPAES 30 95 0.060 [86]

SPAES–SPOSS 0.150

SPEEK 120 50 0.018 [87]

SPEEK–Si 0.019

SPEEK–Si–HPMC 0.020

PBI Dry 140 0.001 [88]

PBI–Si 0.004

PBI 120 50 0.010 [89]

PBI–SiO2–Im 0.050

PBI–SBA–15 0.070

SiPANP 100 80 0.005 [90]

SiPANP–PWA 0.041
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Table 4 Water uptake and cell performance of different membranes

Membrane Water
uptake (%)

Temp. (°C) Cell
voltage (V)

Current density
(mA/cm2)

References

Nafion®-117 23.0 80 0.2 600 [80]

Nafion®–Si (3 nm) 28.0 1130

Nafion®–Si (90 nm) 25.0 1030

Nafion®–Si (1 µm) 21.0 500

Nafion® – 140 0.4 133 [91]

Nafion®–Si – 225

Nafion®–
mesoporous Si

48 120 0.6 540 [92]

Recast Nafion® 13.9 60 0.4 540 [81]

Nafion®–sulfonated
Si

24.7 1040

Nafion®–Si–TBS – 80 0.6 1600 [93]

Nafion®-115 32 110 0.4 95 [94]

Nafion®–Si 34 320

Nafion®–Si–PWA 38 540

Recast Nafion® 50.0 80 0.6 600 [84]

Nafion®–Laponite 87.0 –

Nafion®–sulfonated
Laponite

70.0 720

Recast Nafion® 13.5 60 60 450 [83]

Nafion®–H + MMT 13.1 –

Nafion®–sulfonated
MMT

20.1 800

SPAES 15 – – – [86]

SPAES–SPOSS 21 – – –

SPEEK 30.2 120 0.1 150 [87]

SPEEK–SiO2 38.9 250

SPEEK–SiO2–

HPMC
48.5 700

SPEEK (70°C) 100 60 0.6 80 [95]

SPEEK–Laponite
clay

30 370

PBI 16.6 – – – [88]

PBI–Si 21.6 – – –

PBI–sulfonated Si 23.8 – – –

BIS 8.0 – – – [96]

BIS–MCM 14.0 – – –

BIS–sulfonated
MCM

12.5 – – –

SDF 100–190 93 0.3 1200 [97]

SDF–Si 187–385 1700
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properties, however, are usually better than the neat polymer matrix and microcom-
posites. Particularly, they generally show enhanced thermal stability and mechanical
properties whatever of the preparation method. By taking advantage of this huge
interfacial volume and area, distinctive combinations of polymer nanocomposites
properties can be produced. Although several studies have been performed on
polymer-Si nanocomposites, the extra investigation is necessary to comprehend the
complicated structure-property relationships. Modifying the filler/matrix interfacial
interaction contributes to an improved recognition of the relationships.
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% Percentage
[BMIM]Cl 1-butyl-3-methylimidazolium chloride
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[EMIM][OAc] 1-ethyl-3-methyllimidazolium acetate
[SBMIM]HSO4 1-(4-sulfobutyl)-3-methylimidazolium hydrogen sulfate
AFM Atomic force microscopy
AGU Anhydroglucose unit
ANC Amorphous nanocellulose
BC Bacterial cellulose
cm Centimeter
CNC Cellulose nanocrystal
CNF Cellulose nanofibrils
CNM Cellulose nanomaterials
CNY Cellulose nanoyarn
CrI Crystallinity index
D Apparent crystallite size
DSC Differential scanning calorimetry
FTIR Fourier Transform
HEBM High-energy bead milling
kg/day Kilogram per day
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nm Nanometer
PLA Polylactide
SEM Scanning electron microscope
TAPPI Technical Association of the Pulp and Paper Industry
TBAA Tetrabutylammonium acetate
TEM Transmission electron microscope
TEMPO 2,2,6,6-tetramethyl-1-piperidinyloxy
TGA Thermogravimetric analysis
Tmax Melting point temperature
XRD X-ray Diffraction
k X-ray wavelength

1 Introduction

Polymer-based materials are an important and promising area of research exhibiting
strong developments [1, 2]. They play a prominent role in the modern civilization
and find application in different industries related to electrical and electronic
equipment, chemicals, automotive, spacecraft, energy storage in batteries and
supercapacitors and medical to cite a few [3–5]. The polymeric materials have
substituted the employment of metal, ceramics, and glass in various fields owing to
their availability, low weight, low cost, chemical inertness, strength and ease of
processing [6, 7]. However, for particular applications, some thermal, physical and
mechanical properties of polymer materials appeared to be insufficient. As a way to
avoid these limitations, the utilization of polymer as a matrix with along the
incorporation of fibers and fillers for the creation of composites became widespread.
These composite materials demonstrate interesting thermal, physicochemical, bar-
rier and swelling properties, and mechanical features with respect to the conven-
tional materials [8, 9]. On the other hand, rapidly depletion global petroleum
resources, along with awareness of global environmental and health issues as well
as the end-of-life disposal challenges, have proved the way to switch toward
renewable and sustainable materials. In this regards, bio-based materials such as
lignocelluloses and their derivatives can form the basis for various eco-efficient and
sustainable products and can prevent the widespread dependence on fossil fuels
[10–12].

Lignocelluloses are mainly composed of cellulose nano-fibrils, which can be
isolated by chemical, mechanical and biological methods in order to get cellulosic
nanofibers [13, 14]. Furthermore, cellulosic nanofibers can also be synthesized by
the bacterial procedure. These nanofibers are an emerging class of nanomaterials
with various desirable properties. These features are mainly depending on the
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original source and the extraction procedure. The possibility of obtaining cellulose
nanofibers with different properties remains a quite interesting topic, which can
bring valorization of residual or unexplored biomass.

There are mainly two kinds of cellulose nanofibers: cellulose nanofibrils
(CNF) and cellulose nanocrystal (CNC). The three-dimensional hierarchical
structures that compose cellulose nanofibers at different scales, the combination of
the physicochemical properties of cellulose, together with the principal advantages
of nanomaterials (a high specific surface area, aspect ratio) opens new opportunities
in several fields, ranging from electronics to medical applications. Cellulose
nanofibers can be employed to reinforce polymers, papers, and membranes. These
nanofibers have unique properties including high elastic modulus, dimensional
stability, low thermal expansion coefficient, outstanding reinforcing potential and
transparency [15, 16]. Figure 1 shows the comparison of specific strength and
elastic modulus of various materials [11]. Furthermore, Owing to their –OH side

Fig. 1 Comparison of specific strength and Young’s modulus of different materials. Reprinted
with permission from [11], Copyright © The Royal Society of Chemistry
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groups on the surface, cellulose nanofibers can be readily modified into different
forms through surface functionalization allowing the tailoring of particle surface
chemistry to ease self-assembly, controlled dispersion within a wide range of matrix
polymers, and control of both the particle-particle and particle-matrix bond strength
[17–20]. Currently, CNF and CNC have been extensively added to polymer
composites as reinforcing elements. CNC have exhibited to be preferable as
load-bearing component owing to their ability to enhance toughness along with
strength and stiffness through the interface interaction between CNC-matrix,
whereas CNF has revealed to impart greater reinforcement owing to their highly
flexible fibrils and the ease of the interconnection to obtain rigid web-like fibrils
networks [4, 5, 21, 22]. Thus, the extraction process of cellulose nanofibers from
various sources has a particular interest in their employment as reinforcing agents.

In this review, we describe an overview on the recent research developments on
principal cellulose sources followed by the principal methodologies employed for
its extraction. The isolation procedures and characterization of cellulose nanofibers
are considered and provided as well. In addition, the potential use of these nano-
fibers as reinforcing material for the development of polymer composites in various
fields is discussed.

2 Overview of Cellulose Nanofibers

The emergence and development of cellulose nanofibers has attracted significant
interest in recent two decades from both academic and industrial communities due
to its potential for the diverse applications and many exceptional useful features,
including abundance, renewability, eco-friendliness, low weight, high strength and
stiffness, high surface area-to-volume ratio and low coefficient of thermal expan-
sion. This interest is well evident from the number of scientific papers on the topic
of cellulose nanofibers, which rises significantly in the last five years [13, 17, 20,
23–28]. The majority of the recently published works in this field deals with cel-
lulose nanofibers preparation from various sources using different approaches,
characterization, modification as well as their employment in a wide range of
applications. Continued research works and development are looked at optimizing
processes to lower costs and to improve yields, consistency, and quality. Processes
are commonly multistep and tailored for the specific cellulose feedstock. One
common trait among all cellulose nanofibers types is the parallel stacking of cel-
lulose chains along the particle length. This high organization of stacking is the
consequence of extensive intra- and inter-chain hydrogen bonding, generating
ordered cellulose an exceptionally stable biopolymer.

656 M. Hazwan Hussin et al.



2.1 Cellulose: Structure and Chemistry

Cellulose, the most abundant carbohydrate polymer in the earth, represents about
fifty percent of natural biomass having a yearly fabrication estimated to be over
7.5 � 1010 tons [9, 13]. This ubiquitous renewable natural polymer is regarded as
an inexhaustible source of raw materials for the increasing demand for biocom-
patible and environmentally friendly materials. It is present in various kinds of
living species as well as wood, annual plants, tunicates, algae, fungi and some
bacteria. Its empirical formula was determined since 1838 by the French chemist
Anselm Payen by isolating a white powder from plant tissue [29, 30]. In 1839 he
invented the term cellulose for the first time. The structure of cellulose was
established late, in 1920, by Hermann Staudinger [31]. Several books [4, 17, 26, 27,
32, 33] and review papers [6, 9, 11, 13, 29, 34–36] have already summarized the
state of current knowledge on this fascinating and innovative biopolymer. Hence,
only some important details will be provided in the present chapter to avoid
duplication. The structural levels of organization of cellulose from its source to the
basic molecule are graphically depicted in Fig. 2.

Generally, cellulose is commonly produced with a desired size by the top-down
enzymatic, mechanical and/or chemical treatments of cellulosic precursors, in
which cotton, wood, annual plants or other agricultural residues can be utilized [9].
In contrast, cellulose can be fabricated by a bottom-up approach, where cellulose is

Fig. 2 Structural levels of organization of cellulose from the source to the molecule. Reprinted
with permission from [9], Copyright © Elsevier Limited

Extraction of Cellulose Nanofibers and Their Eco-friendly … 657



biosynthesized from glucose using the direct action of specific bacterial strains
belonging to genus such as Alcaligenes, Achromobacter, and Gluconacetobacter
among which only Gluconacetobacter xylinus (K. xylinus) has been revealed to
fabricate cellulose at commercial production levels [37]. Bacterial cellulose is
typically produced in a pure form without needing intensive processing to remove
unwanted impurities or contaminants [28]. It is worth noting that the quantities and
the characteristics of cellulose depend closely on the isolation process, the origin
and the natural source [6]. Cellulose can occur in pure form in lignocellulosic
sources but it is usually accompanied by lignins, hemicelluloses, and comparably
small quantities of extractives and trace elements.

Cellulose (Fig. 3) is defined as a linear polymer of repeating b (1,4)-bound D-
glucopyranosyl units (anhydroglucose unit, AGU) in the 4C1-chain configuration,
which displays the lowest energy conformation. Three reactive groups are found in
each AGU within cellulose chain, a primary group at C6 and two secondary groups
at C2 and C3 that are situated in the plane of the ring [38]. The monomers are
related together by condensation such that glycosidic oxygen bridges link the sugar
rings. In nature, cellulose chains have a degree of polymerization of roughly 15,000
glucopyranose units in native cellulose cotton and about 10,000 in wood cellulose
[9]. Each polymeric chain is asymmetric, containing two different end-units; one
end possesses an anomeric C atom connected by the glycosidic bonds (nonreducing
end) whereas the other end has a D-glucopyranose unit in equilibrium with the
aldehyde function (reducing end group). These cellulose polymer chains are
biosynthesized by enzymes, placed in a continuous fashion and combined to form
microfibrils, long threadlike bundles. Depending on their origin, the microfibril
diameters range from about 2–20 nm for lengths that can reach several tens of
microns [6]. These microfibrils highly ordered (crystalline) domains alternate with
less ordered (amorphous) domains [39]. Interchain hydrogen bonds between the
hydroxyl groups and oxygen atoms of neighboring ring molecules stabilize the
cellulosic chains are responsible for the linear structure of the macromolecule chain.

Cellulose generally has four main polymorphs vis. cellulose I, II, III, and IV.
Cellulose I, native cellulose, is the form established in nature, and it is the most
crystalline type existing in two allomorphs, Ia and Ib, which are analogous to each
other whereas their packing pattern in the lattice is different because of the different

Fig. 3 Molecular structure of cellulose showing the numbering of carbon atoms, the reducing end
with a hemiacetal, and the non-reducing end with a free hydroxyl at C4. Reprinted with permission
from [9], Copyright © Elsevier Limited
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extent of hydrogen bonding developed between the chains. Cellulose II, or
regenerated cellulose, has an antiparallel arrangement of chains and it comes out
after regeneration by solubilization and subsequent recrystallization or merceriza-
tion with aqueous sodium hydroxide. Cellulose IIII and IIIII can be produced by
ammonia treatment from either cellulose I or cellulose II, respectively. Cellulose
IV1 and cellulose IV2 can be obtained from the corresponding form of cellulose III1
and III2 by heating in glycerol [38, 40].

The rigidity of chains and the existence of both polar and non-polar groups make
the molecule insoluble in most common solvents. Cellulose does not melt below
degradation temperature as well. This solvent resistance and thermal stability make
cellulose an attractive polymer, but at the same time prevent direct application of
industrial process developed for commodity polymers [41]. Furthermore, the
crystallinity of cellulose makes it recalcitrant to acid and base-catalyzed hydrolysis
too, thereby making the chemical processing of cellulose difficult. Because of these
situations, an appropriate combination of various chemical, mechanical and enzy-
matic treatments of cellulose for further processing have been investigated to
produce cellulose nanofibers from the early 2000s until now.

2.2 Cellulose Nanofibers

2.2.1 Types of Cellulose Nanofibers

Cellulose nanomaterials (CNM), as biopolymers, have recently gained substantial
interest and have widely reported in the literature owing to their unique structural
features and impressive physicochemical properties. CNM is regarded as a type of
nano-objects where the term nano-object is reserved to material with one, two or
three external dimensions in the nanoscale according to ISO publications [42, 43].
CNM is a term commonly used to define nanoscale of cellulosic materials, which is
considered to be in the nanoscale range if the fibril particle diameters or width is
between 1 and 100 nm. CNM combine crucial cellulose features—such as
hydrophilicity, biodegradability, renewability, broad chemical modification capac-
ity and the formation of versatile semicrystalline fiber morphologies as well as the
specific properties of nanoscale materials, which are due to the very large specific
area. Different types of CNM can be divided into various subcategories based on
their preparation method, dimension, shape, function, which in turn primarily
depend on the cellulosic source and processing conditions. It is worthy to note that
ambiguities still exist regarding the terminology and nomenclature applied to cel-
lulose nanomaterials [4–6, 11, 25, 30, 34, 44, 45]. More recently, the Technical
Association of the Pulp and Paper Industry (TAPPI) has established a
Nanotechnology Division devoted to the standardization of CNM nomenclature.
A draft version of nanomaterials standard (TAPPI WI 3021: Standard Terms and
Their Definition for Cellulose Nanomaterials) has been made [46], but comments
on this standard are still under review. The existing literature encouraged that a
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number of terminologies have been and are currently used to refer to cellulose
nanomaterials, which unfortunately reflects some misunderstanding and anomalies.
Various terms have been employed to designate cellulose nanomaterial elements
including nanocellulose, cellulose nanofibers, nanoscale cellulose, cellulose
microfibrils, nanocellulosic fibrils, cellulose nanofibrils, cellulose nanoparticles, and
nano-sized cellulose fibrils. Generally, CNM can be split up into nanostructured
materials and nanofibers. The nanostructured materials are categorized into cellu-
lose microcrystals (or microcrystalline cellulose) and cellulose microfibrils (TAPPI
WI 3021), whereas, the cellulose nanofibers (Table 1) are mainly sub-grouped into
two types. The first type concerned cellulose nanofibrils (CNF) with various
nomenclature, including nanofibrilated cellulose, cellulosic fibrillar fines, nanofib-
rillar cellulose, nanoscale-fibrillated cellulose, nanofibrils, nanofibers, fibril aggre-
gates and sometimes microfibrillated cellulose or microfibrils, while the second type
involved cellulose nanocrystals (CNC) with various terminologies, comprising
nanocrystalline cellulose, nanorods, cellulose whiskers, cellulose nanowhiskers,
rodlike cellulose crystals, nanowires and cellulose crystallites [13]. Other families
of cellulose nanofibers materials that could be considered are bacterial cellulose
discussed above, amorphous nancellulose and cellulose nanoyarn [4, 47]. The
nomenclature that will be utilized in the present chapter is in accordance with the
TAPPI standard recommendations.

2.2.2 Feedstock

Cellulose nanofibers have exciting physicochemical and biological properties such
as good stability, high strength, low degradation, and nontoxicity. Various cellulose
nanofibers could be prepared, depending on the source, origin, maturity, processing
procedures and reaction conditions. Broadly, cellulose nanofibers derived from
lignocellulosic materials is obtained by the top-down chemical and/or mechanical
treatment. In contrast, these nanofibers can be produced by biosynthesis by some

Table 1 Types of cellulose nanofibers and their particle sizes

Terminology and nomenclature of
cellulose nanofibers

Width
(nm)

Length
(nm)

Aspect ratio
(length/width)

Reference

Cellulose nanocrystals, nanocrystalline
cellulose, cellulose nanocrystals

4–70 100–6000 10–100 [13]

Cellulose nanofibril, nanofibrillar
cellulose, nanofbrillated cellulose

20–100 >10,000 >1000 [41]

Bacterial cellulose, microbial cellulose 10–50 >1000 100–150 [24]

Amorphous cellulose 50–120a 50–120a *1 [4]

Cellulose nanoyarn 100–1000 >10,000 >100 [4]
aDiameter of spherical or elliptical nanoparticles
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bacteria, giving rise to bacterial cellulose, which is obtained directly as a fibrous
network, contains no lignin, pectin, hemicelluloses, or other biogenic products; it is
very highly crystalline and possesses a high degree of polymerization (DP). Several
researchers have beautifully compiled detailed studies on various sources for
production/isolation of cellulose [4, 6, 13, 23, 24, 38, 40, 48–50]. Thus, only a
concise overview of cellulose nanofibers sources will be displayed here.

Basically, any source of cellulose could be employed for cellulose fibers
preparation. Woody and non-woody plants are considered as excellent raw mate-
rials for the production of several materials that have been demonstrated by the
number of patents, peer reviewed articles and books, besides the number of
products already marketed [11, 14, 16, 39, 44, 45, 51–55]. It is evident that pulps
obtained from softwood and hardwood are nowadays the most important sources
for cellulose nanofibers. However, agricultural residues and annual plants have
recently received more attention due to costs and environmental concerns. These
lignocellulose sources can be broadly classified upon the origin of the plants:
(1) bast or stem, (2) seed or fruit, (3) leaf, (4) grass, and (5) straw fibers [13]. They
can be defined as cellular hierarchical bio-composites naturally created in which
lignin/hemicellulose/extractives and traces elements play a role of the matrix,
whereas cellulose microfibrils serve as reinforcement. An effective removal process
of non-cellulosic components gives rise to pure cellulose. Usually, the non-woody
plants comprise less lignin than wood. Therefore, delignification and bleaching
methods are less chemical and energy consuming [9]. The isolation of cellulose
nanofibers forms different sources is relevant since it dictates the overall properties.
Cellulose nanofibers produced from various lignocellulosic sources of miscella-
neous provenance employing different extraction approaches and conditions com-
monly vary in their degree of polymerization, geometric dimensions, morphology,
surface charge, surface area, porosity, crystallinity, thermal stability, mechanical
properties, etc. [4, 5, 17]. Since there are many reviews and books dealing with
cellulose nanofibers from several sources, Table 2 aims to summarize the most
commonly utilized feedstock for their production.

Table 2 Lignocellulosic sources for the production of cellulose nanofibers

Source group Sources

Hardwood Eucalyptus, Elm, Birch

Softwood Pine, Spurce, Cedar

Annual plants/
Agricultural residues

Oil palm, Hemp, Jute, Sisal, Alfa, Kenaf, Begasse, Corn,
Sunflower, Bamboo Canola, Wheat, Rice, pineapple leaf and coir,
Peanut shells, Potato peel, Garlic straw residues

Animal Tunicates

Bacteria Alcaligenes, Achromobacter and Gluconacetobacter

Algae Green, gray, red, yellow-green, brown algae
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Although lignocellulosic materials are regarded as the most important sources of
cellulose, other living organisms including animals (tunicates), bacteria (mainly K.
xylinus) and some types of algae (green, gray, red, yellow-green, etc.) can be used
to prepare cellulose nanofibers as well [13].

2.2.3 Preparation of Cellulose Nanofibres

Production of cellulose nanofibers (Fig. 4) has gained increasing attention during
the last decades, as very recently reviewed by Trache et al. [13] and Nechyporchuk
et al. [14] for CNC and CNF, respectively. The production of cellulose nanofibers is
mainly a top-down process, where lignocellulosic materials are involved and are
broken down into nanocellulosic materials. Broadly, these lignocellulosic sources
are first submitted to different pretreatments. Here we are not going to deeply touch
pulping processes for breaking lignocellulosic materials by chemical, biological,
mechanical or combined methods since several books and review articles have
recently treated the subject and our main concern is for extracting cellulose
nanofibers [4, 5, 13, 27, 50, 56, 57]. In nature, lignocellulosic are bio-composites
containing nanoscale domains of cellulose, lignin, hemicellulose, extractives, and
contaminants. From a technological point of view, lignin amount is an important
parameter that should be considered to correctly optimize the pretreatment proce-
dure required to isolate a pure cellulose pulp. Indeed, lignin is regarded as the
hardest chemical compound to be eliminated from lignocellulosic sources [9]. For
this purpose, the dewaxing, delignification and bleaching processes have often been
utilized as a pretreatment to simplify the production of CNC and CNF. On the other

Fig. 4 Transmission electron micrographs of different cellulose nanofibers. Reprinted with per-
mission from [98], Copyright © Elsevier Limited; [34] Copyright © WILEY-VCH
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hand, bacterial cellulose production is a bottom-up process, where bacteria generate
glucose, and cellulose is obtained by connecting glucose units [58–61]. This
approach does not necessitate chemical or mechanical actions to remove hemicel-
lulose and lignin, as is the case for lignocellulosic since BC is considered as a
highly hydrated and pure cellulose membrane. More recently, many research works
have focused on optimizing processes to lower energy consumption and other costs
and to improve quality, consistency, and yields. Table 3 displays some recent
examples of different cellulose nanofibers that can be obtained through the appli-
cation of various methodologies for nanofibers extraction.

Table 3 Examples of cellulose nanofibers extracted by using various methodologies

Source Form Isolation procedure Reference

Plum seed shells CNC Cellulose extraction, H2SO4 30% at 40 °C
hydrolysis, ultrasonication, freeze drying

[99]

Waste cotton cloth CNC Cellulose extraction, treatment with sulfuric
acid/hydrochloric acid/water mixture (3:1:11)
at 55 °C assisted by ultrasonic wave,
centrifugation, dialysis, freeze drying

[100]

Bleached sugarcane
bagasse pulp

CNC ultrasonic assisted TEMPOa/sodium bromide
mediated
oxidation, centrifugation, freeze drying

[101]

Bleached kraft eucalyptus
dry lap pulp

CNC Anhydrous organic acid hydrolysis at 90–
120 °C, dilution, filtration, washing,
centrifugation, dialysis

[65]

Commercial
microcrystalline cellulose

CNC Citric/hydrochloric acid hydrolysis [102]

Bacterial cellulose CNC Washing, homogenization, drying, grinding,
treatment with H2SO4/HCl mixture at 45 °C,
dilution, centrifugation, dialysis,
ultrasonication

[59]

Bleached kraft pulp CNC Pre-soaking in water, grinding, centrifugation,
treatment with commercial enzymes or termite
cellulose and incubated at intervals from 6–
72 h at 35 °C, washing, lyophilization

[68]

Cotton cellulose fibers CNC Swelling in 1-butyl-3-methylimidazolium
chloride and 1-(4-sulfobutyl)-
3-methylimidazolium hydrogen sulfate
followed by quenching by adding cold water,
washing, centrifugation, freeze drying

[72]

Commercial
microcrystalline cellulose

CNC Water hydrolysis at 120 °C and pressure of
20.3 MPa, filtration with a Pyrex® Buchner
funnel with glass fritted disc, dialysis,
ultrasonication

[76]

Oil palm empty fruit
bunch microcrystalline
cellulose

CNC Sono-assisted TEMPO-oxidation, followed by
sonication, washing, centrifugation, drying

[103]

(continued)
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Preparation of Cellulose Nanocrystals

Cellulose nanocrystals consist of elongated, cylindrical and rod-like particles with
widths and length of 4–70 nm and between 100 nm and several micrometers,
respectively [24, 34, 62]. CNCs can be isolated from several feedstocks that initially
require following various pretreatment processes for the complete/partial elimination
of the non-cellulosic materials (hemicellulose, lignin, waxes, fats, proteins, etc.). The
naturally occurring cellulose consists of highly ordered crystalline regions and
amorphous domains in different proportions. A proper combination of chemical,
mechanical, oxidation and/or enzymatic treatment can be applied to remove the
disordered regions to recover the CNC product [4, 13, 17, 27, 33, 49]. The
paracrystalline domains of cellulose act as structural defects and are responsible for
the transverse cleavage of the cellulose fibers into short nanocrystals under
hydrolysis process. The transformation involves the disruption of the disorder parts
surrounding the microfibrils, in addition to those embedded between them leaving
the crystalline parts intact. Several procedures have been developed and continue to
appear in order to prepare CNC in an economic/sustainable way with desired
properties [13, 21]. Until recently, the most important methods reported in the
literature for the extraction of CNC are chemical acid hydrolysis (solid/liquid/
gaseous/organic/inorganic acids) [17, 53, 63–67], enzymatic hydrolysis [68–70],
mechanical refining [27, 68–71], ionic liquid treatment [72–75], subcritical water

Table 3 (continued)

Source Form Isolation procedure Reference

Needle-leaf CNF Kraft process, refining, Extrusion (twin screw) [104]

Softwood pulp CNF Sulfite process, Blending, refining, enzymatic/
carboxylation (TEMPO), grinding and/or
homogenization

[105]

Hardwood pulp CNF Bleaching, solvent-based system (deep
eutectic solvent), Homogenization
(microfluidizer)

[106]

Ushar seed fiber CNF Cellulose isolation, TEMPO/sodium bromide/
NaClO mediated oxidation, centrifugation,
homogenization, sonication

[107]

Fluff pulp CNF Alkaline pretreatment, high pressure
homogenization, dialysis, filtration

[85]

Microalgae strains CNF Cellulose isolation, TEMPO/sodium bromide/
NaClO mediated oxidation, centrifugation,

[108]

Corn husks, oat hulls CNF Cellulose isolation, TEMPO/sodium bromide/
NaClO mediated oxidation, washing, filtration

[109]

Fluff cellulose pulp CNF Drying, grinding [110]

Raft wood CNF Cellulose isolation, micro-fibrillation [3]

Wood species CNF Cellulose isolation, defibrillation with wet
disk-milling

[111]

aTEMPO: 2,2,6,6-tetramethylpiperidine-1-oxyl
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hydrolysis [76, 77], oxidation method [25, 78–81] and combined processes [82–84].
The advantages and drawbacks of each procedure have been recently reviewed by
Trache et al. [13]. After each process, some post-treatments of solvent elimination,
washing, neutralization, centrifugation, sonication, filtration, purification, fraction-
ation, stabilization and surface modifications are commonly required to get the final
CNC product [13, 34]. It is worth noting that the acid hydrolysis treatment remains
the most commonly used technique for the separation of CNC. These nanofibers may
display diverse geometries, depending on their biological source; for instance, algal
cellulose membrane shows a rectangular structural arrangement, whereas both
bacterial and tunicate cellulose fibers present a twisted-ribbon geometry [34].

Recently, considerable research programs on the fabrication of CNC have been
initiated at the industrial scale. Four commercial entities producing cellulose
nanocrystals at capacities beyond pilot plant scale: CelluForce (Canada, 1000 kg/day),
American process (USA, 500 kg/day), Melodea/Holmen (Sweden, 100 kg/day), and
Alberta Innovates (Canada, 10 kg/day). Further research facilities are currently
fabricating CNC as well [13].

Preparation of Cellulose Nanofibrils

Cellulose nanofibrils (CNF) are flexible and have entangled network structure with
a diameter of approximately 1–100 nm consisting of alternating crystalline and
amorphous domains [85]. This kind of cellulosic nanofibers was introduced by
Turbak et al. [86] and Herrick et al. [87] who prepared cellulose in nanoscale range
by passing softwood pulp aqueous suspension several times through a
high-pressure mechanical homogenizer and giving rise to CNF due to high shearing
forces. Depending on the preparation conditions, cellulose fibers can be disinte-
grated to flexible CNF with lateral dimensions starting from ca. 5 nm, demon-
strating elementary fibrils, to tens of nanometers, which correspond to single
microfibrils and their bundles. Production of CNF (Fig. 5) has received much
attention over the past few decades, as recently reviewed by Nechyporchuk et al.
[14]. CNF can be extracted by the disintegration of cellulosic fibers along their long
axis. The processes include either conventional mechanical methods (e.g. homog-
enization, grinding) or a combination of enzymatic/chemical pretreatments with
mechanical processing [5, 11, 14, 23, 57, 88].

Broadly, cellulose is present in lignocellulosic materials in combination with
hemicellulose, lignin, and extractives. The latter are generally eliminated by various
processes before the production of CNF. A simple mechanical disintegration
includes homogenization, grinding, refining, extrusion, blending, ultrasonication,
cryocrushing, steam explosion, ball milling and aqueous counter collision [5, 11,
14, 23, 57, 88, 89]. Among these processes homogenization (using homogenizers
and microfluidizers), grinding and refining are the most common techniques
employed in mechanical isolation of CNF. These techniques are considered more
efficient for CNF extraction thanks to high shear delamination and are appropriate
for scaling up. Thus, they are utilized nowadays for industrial production of CNF.
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However, the main drawback that should be overcome for successful commer-
cialization of CNF is the high-energy consumption needed for mechanical disin-
tegration involved in processing pure cellulosic fibers [90]. Therefore, chemical
and/or enzymatic pretreatments have helped to decrease the energy consumption.
NFC was extracted by an environmentally friendly procedure by combining
enzymatic hydrolysis and mechanical shearing of lignocellulosic material pulps.
Effective chemical pretreatments were also attempted prior the mechanical disin-
tegration, by TEMPO or periodate-chlorine oxidation of cellulose, sulfonation,
carboxymethylation, quaternization or solvent-assisted pretreatment [14]. After
each mechanical shearing, some post-treatments such as surface chemical modifi-
cation and fractionation are needed to isolate the final CNF product.

Currently, around ten companies are producing CNF at commercial/
pre-commercial scale, including Forest Products Laboratory (cooperating with the
University of Maine), Paperlogic, Innventia (Sweden), American Process (all
USA), Borregaard (Norway), Oji Paper (both Japan), Nippon Paper, CTP/FCBA
(France) and others. Moreover, several organizations have developed pilot scale
production of various CNF [14].

Preparation of Other Families of Cellulose Nanofibers Materials

Bacterial cellulose (BC), known as microbial cellulose, is typically obtained from
bacteria, as a separate molecule and does not necessitate processing to eliminate
contaminants. In the biosynthesis of BC, the glucose chains are supplied inside the
bacteria body and expelled out through minor pores existing on the cell wall.
A 20–100 nm ribbon-shaped nanofibers with micrometer lengths, entangled to form
stable network structures [58, 91–93].

Fig. 5 Schematic diagram of CNF production “tree”. Reprinted from [14], Copyright © Elsevier
Limited
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Another category, amorphous nanocellulose (ANC), can be formed through acid
hydrolysis of regenerated cellulose with subsequent ultrasound disintegration [4,
94, 95]. The obtained particles have spherical to elliptical shapes with diameters
ranging from 80 to 120 nm, depending on the cellulose source, isolation procedure,
and extraction conditions. Because of its amorphous structure, ANC displays
specific characteristics, such as enhanced sorption, high accessibility, increased
functional group content. However, this kind of nanofibers presents poor
mechanical features and is unsuitable for utilization as reinforcing nanofillers.
Hence, the main use of ANC as carries is for bioactive substances and thickening
agent in different aqueous systems.

Cellulose nanoyarn (CNY) remains the less investigated cellulosic nanofibers. It
is commonly produced by electrospinning of a solution containing cellulose or
cellulose derivative [4, 49, 96]. Different parameters, such as the electric field
strength, tip-to-collector distance, solution feed rate are broadly employed to con-
trol the morphological characteristics of the electrospun nanofibers [97]. The
obtained electrospun nanofibers present diameters ranging from 100 to 1000 nm.

Nevertheless, these three categories of cellulose nanofibers are out of this
chapter’s scope.

3 Cellulose Modification

3.1 Acid Hydrolysis

Acid hydrolysis is the traditional method and widely used to manufacture micro-
crystalline cellulose into nano-cellulose as this method can remove the amorphous
region [68]. Ultrasonication is applied after harsh acid treatment to produce cel-
lulose nano whiskers. The ‘harsh’ acid treatment usually referred to sulfuric acid
which is highly acidic compared to hydrochloric acid even though it also works and
the size of nano whisker reduced with the increasing of acidity. This is because
during hydrochloric acid hydrolysis, there is a weaker charge density from the
entire process and it leads to poorer dispersion in an organic solvent [112].
Hydrocholoric acid resulted in the formation of poor nano-cellulose aqueous dis-
persion with the present of hydroxyl and carboxyl group [68]. While in sulfuric acid
treatment, the anionic sulfonate ester group maintain resulted in the production of
high crystallinity of nano whiskers that are easy to disperse in aqueous solvents [68,
112]. Also, during the process, the disordered or paracrystalline regions in cellulose
are hydrolysed while the crystalline regions have higher resistance towards acid
attack and remain intact [29]. Table 4 shows different types of acid used to form
cellulose derivatives from various sources.

Extraction of Cellulose Nanofibers and Their Eco-friendly … 667



Table 4 Different types of acid used to form cellulose derivatives from various sources

Sources Process References

Norway spruce H2SO4 hydrolysis [168]

Sisal fibres 60% H2SO4 hydrolysis, [170]

Pea hull 64% H2SO4 hydrolysis [114]

Filter paper HCl hydrolysis [29]

Filter paper 64–65% H2SO4 hydrolysis [123]

Coconut husks 64% H2SO4 hydrolysis [139]

Coconut husks 64% H2SO4 hydrolysis [170]

Sugarcane bagasse 60% H2SO4 hydrolysis [124]

Ethanol bio-residue H2SO4 hydrolysis [155]

Bamboo fibres 64% H2SO4 hydrolysis [171]

Sisal fibres 64% H2SO4 hydrolysis [171]

Curauá fibres 64% H2SO4 hydrolysis [171]

Eucalyptus fibres 64% H2SO4 hydrolysis [171]

Cotton pulp fibres 64% H2SO4 hydrolysis [172]

Rice straw 64–64% H2SO4 hydrolysis [122]

Rice husks H2SO4 hydrolysis, 64% H2SO4 hydrolysis [126, 138]

Mengkuang leaves 60% H2SO4 hydrolysis [127]

Dried Eucalyptus pulp H2SO4 hydrolysis [146]

Phormium tenax fibres 64% H2SO4 hydrolysis [173]

Raw cotton linter 60% H2SO4 hydrolysis [174]

Soy hulls 64% H2SO4 hydrolysis [141]

Pineapple leaf 64% H2SO4 hydrolysis [175]

Corncob H2SO4 hydrolysis [140]

Filter Paper 85% H3PO4 hydrolysis [176]

Coconut husks 60% H2SO4 hydrolysis [129]

Oil palm empty fruit bunch 64% H2SO4 hydrolysis [120]

Spruce bark 60% H2SO4 hydrolysis [177]

Hardwood pulp H3PW12O40 hydrolysis (phosphotungstic acid) [66]

Sugarcane bagasse 64% H2SO4 hydrolysis [119]

Hardwood pulp 64% H2SO4 hydrolysis [66]

Banana plant H2SO4 hydrolysis [178]

Unriped coconut husks 30% H2SO4 hydrolysis [130]

Posidonia oceanica H2SO4 hydrolysis [179]

Water hyacinth 40% H2SO4 hydrolysis [180]

Oil palm trunk 64% H2SO4 hydrolysis [131]

Recycled newspaper 65% H2SO4 hydrolysis [182]

Arecanut husks CH3COOH hydrolysis [133]

Eucalyptus wood 60% H2SO4 hydrolysis [142]

Groundnut shells 65% H2SO4 hydrolysis [183]

Mulberry pulp 50% H2SO4 hydrolysis [100]
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3.2 Enzyme Hydrolysis

Nano-cellulose can be also produced by enzyme hydrolysis process and the bio-
masses of cellulose materials used for these enzymatic processes up to date were
bacterial cellulose, cotton fibers, and crystalline cellulose powder [69]. According
to Meyabadi et al. [113] and Anderson et al. [68], the evaluation of new and
established methods to produce new products can be obtained through enzyme
application. Enzymatic hydrolysis that produces nano-cellulose was an alternative,
environmentally sustainable, and cheap method that reduced water consumption.
Furthermore, the digestion of enzyme omitted the use of harsh chemicals such as
sulphuric acid which must be washed and properly disposed after traditional pro-
duction of nano-cellulose. The usage of energy is minimized due to less mechanical
processing for fibrillation and lower temperature for heating. The amorphous region
of cellulose fibres was selectively degraded by the enzyme but not the crystalline
region resulted in the presence of unmodified hydroxyl group surface which is
similar to hydrochloric acid digestion in the production of nano-cellulose [68]. In
enzyme, there is a class which called cellulases and the sub-groups are cellobio-
hydrolase and endoglucose. The function of cellulases is acting as a catalyst for the
hydrolysis of cellulose while for cellobiohydrolase and endogluconase are attacked
in the crystalline region of cellulose and catalyzed the hydrolysis of the amorphous
region in cellulose. Thus, the chain length of cellulose will decrease during the
enzymatic hydrolysis in the cellulose [113]. Aspergillus oryzae [69], fungus T.
reesei [125], Cellulose L from Novozyme [113] and Aspergillus niger [68]
enzymes were used because due to low level of b-glucosidase enzyme and this
condition prevent from complete hydrolysis to glucose. Trichoderma Viride G
grows in diverse environments, safe to use as an enzyme to hydrolze nano-cellulose
due to their non-toxic nature and anti-metabolic repression ability [70].

3.3 Ionic Liquid

Another alternative nano-cellulose extraction is using ionic liquids treatment. The
stabilities of ionic liquid in chemical and thermal condition, relatively low melting
point, non-volatile and negligible vapour pressure proved that ionic liquid treatment
has the ability to dissolve cellulose as well as allow envisaging safe and low energy
consumption [72, 73, 75]. Ionic liquid has the potential at the swelling and portrays
as reactants and catalysts which proved during hydrolyzing polysaccharides into
nanofibers in the cellulose [74]. Apart from that, the ionic liquid is an eco-friendly
solvent which can be easily recovered and maintained its activity upon reuse after
the regeneration of cellulose by a simple method such as evaporation, salting out
and reverse osmosis [73, 74]. According to Lazko et al. [72] considering their cost
and energy, the recyclability and reuse of ionic liquid undeniable to be essential for
the conception of eco-friendly and economically save to apply for extraction
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nano-cellulose. The lower amount of sulfonic groups and can be cast in transparent
layered films of slightly lower hydrophilicity shown ionic liquid treatment for
nano-cellulose compared to the traditional method which is by concentrated
sulphuric acid hydrolysis [74]. Ionic liquid that are normally used are
1-butyl-3-methylimidazolium hydrogen sulfate ([BMIM]HSO4) [74] 73], 1-butyl-3-
methylimidazolium chloride ([BMIM]Cl) [72, 75], 1-(4-sulfobutyl)-
3-methylimidazolium hydrogen sulfate ([SBMIM]HSO4) [72], 1-ethyl-3-
methyllimidazolium acetate ([EMIM][OAc]) [115] Tetrabutylammonium acetate
(TBAA) [116]. [BMMIM]Cl treatment on cellulose gives limited impact on the
length of cellulose fiber as it does not support any hydrolytic phenomena. So, this
shows that [BMMIM]Cl reduces destructuring and unfolding of cellulose fibers to
nano-fibrils and it maintains the crystallinity and morphology of nano-cellulose
[75]. Apart from that, Tan et al. [73] revealed that [BMMIM]Cl recovery rate can be
up to 99.5% by evaporating of anti-solvent and this condition showed that ionic
liquid can again be desirable solvent as well as a catalyst with excellent properties.
On the other hand, ([BMIM]HSO4) treatment gives higher yields and high crys-
tallinity of nano-cellulose from microcrystalline cellulose [73, 74].

3.4 Mechanical Treatment

To date, mechanical treatment such as microfluidization, high pressure homoge-
nization, ultrasonication, pulp beating, cryocrushing and ball milling have been
applied for the preparation of nano-cellulose. Those methods are low cost, simple
and environment-friendly can be used as a part of combination of acid hydrolytic,
enzymatic, and oxidative treatments [71, 117]. Ultrasonication is the application of
sound energy towards chemical and physical systems. The acoustic cavitation
which is the formation, growth and collapse of bubbles in a liquid form during the
chemical effects of ultrasonication and the polysaccharide linkages are break down.
Thus, cellulose fibers are being treated and improved on the accessibility and
reactivity of cellulose [117]. High-energy bead milling (HEBM) gives better impact
compared to ball milling and ultrasonication as HEBM can micronize the particles.
Beads are forced to rotate around the mill when centrifugal force is generated in the
mill. The centrifugal force will also goes in the opposite direction and gives
advantage to the transition balls to roll over the opposite walls of the mill when the
reverse rotation of disc is applied. Thus, this condition gives impact on the
micronize the material in between the bead. In addition, HEBM is also cost-saving
method to produce nano-cellulose effectively with great thermal stability in a bigger
yield [71].
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3.5 Subcritical Water

The conventional method such as acid hydrolysis method to produce nano-cellulose
consume a lot of time to wash it. Thus, there is another new method which used
only pressured hot water also known as subcritical water. This new method is new,
greener towards the environment, and less expensive as the consumption of
chemical and electrical energy is theoretically evaluated to produce nano-cellulose
[77]. Hydrolyzation of amorphous and semi-crystalline region of cellulose can be
enhanced by subcritical water method as it is absolutely water which act as the
hydrolysing agent at higher pressurized reactor. At higher pressure in the reactor,
the yield of nano-cellulose will increased linearly [76]. The opening of restrictor
valve of the reactor decreased the pressure and water injection with precision pump
increased the pressure inside it. Those two functions controlled the pressure inside
the reactor effectively [77]. The internal pressure gives huge impact on the feasi-
bility of the steps ad will as the hydrolyzation of cellulose which normally used in
the removal of hemicellulose [76].

3.6 2,2,6,6-Tetramethyl-1-Piperidinyloxy

The 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) radical is a suitable solvent
which is selectively oxidized the primary alcohol groups in aqueous solution [81].
2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) gives positive results in the fabri-
cation of nanofibrils cellulose by stretching the stands of nanosized cellulose that
consists of the amorphous and crystalline region [80].

3.7 Combined Method

Combined method is a mixed method to obtain better cellulose derivatives. Table 5
shows different types of combined method used to form cellulose derivatives from
various sources.

4 Characterization of Cellulose Nanofibers

4.1 Fourier Transform Infrared

The changes in structural and chemical composition after the effect of chemical
treatment is studied using infrared spectroscopy [118, 119].
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Mid-region band between 4000 and 400 cm−1 in the transmittance mode has
been widely used. Microcrystalline cellulose and nanowhisker cellulose have the
almost identical chemical composition in Fourier Transform Infrared (FTIR)
spectra. Absorption of water by cellulose appeared in the peak at 1635–1645 cm−1

while the intermolecular hydrogen attraction at C6 group happened in between 1428
and 1433 cm−1 [120, 121]. There was a broad absorption band between 3000 and
3600 cm−1 which proven the presence of hydroxyl groups (–OH stretching inter-
molecular hydrogen bonds) and absorption at 2900 cm−1 was due to stretching of

Table 5 Different types of combined method used to form cellulose derivatives from various
sources

Source Combined method References

Nordic paper HCl hydrolysis and 2,2,6,6-tetramethylpiperidine-1-oxyl
radical (TEMPO)

[184]

Oil palm empty
fruit bunch

4-Acetamido-TEMPO
(2,2,6,6-tetramethylpiperidin-1-oxyl) and ultrasonication

[103]

Commercial MCC H2SO4 hydrolysis and Subcritical water treatment [185]

Jute Microwave-assisted alkaline peroxide and
ultrasonication

[82]

Cotton linter HCl hydrolysis and Subcritical water treatment [186]

Cotton linter H2SO4 hydrolysis and Enzymatic (Cerrena sp. fungus)
treatment

[186]

Cotton linter H2SO4 hydrolysis and Enzymatic (cellulase from Fungal
Bioproducts, Spain) treatment

[187]

Sugarcane Bagasse Enzymatic (commercial enzyme extract Cellic® CTec2)
treatment, purification, and H2SO4 hydrolysis

[188]

Ciona intestinalis Enzymatic treatment, TEMPO-mediated oxidation and
H2SO4 hydrolysis

[189]

Cotton fabric H2SO4 hydrolysis and ultrasonication [190]

Miscanthus
Giganteus

Acid (HCl and H2SO4) hydrolysis and TEMPO
oxidation

[191]

Cotton linter H3PW12O40 hydrolysis (phosphotungstic acid) and
ultrasonication

[192]

Wood flour Ethanol and peroxide solvothermal and ultrasonication [193]

Filter paper H2SO4 hydrolysis, Ultrasonication, and
Microwave-assisted

[84]

Bamboo pulp sheet FeCl3-catalyzed hydrolysis and ultrasonication [194]

Oil palm empty
fruit bunch

H2SO4 hydrolysis and Ultrasonication [195]

Hardwood paper
pulp

Acid (HCl and HCOOH) hydrolysis [196]

Commercial MCC H2SO4 hydrolysis and Ultrasonication [83]

Old corrugated
container (OCC)

H3PO4 hydrolysis, Enzyamatic treatment, and
ultrasonication

[197]

Commercial MCC HCl hydrolysis under hydrothermal conditions [198]
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–CH group from variation of biomass which were sugarcane bagasse, coconut
husks, rice husks, rice straw, banana peel, cotton fabrics, mengkuang leaves,
hardwood pulp, arecanut husk fibre, oil palm trunk, oil palm empty fruit bunch, pea
hull, and filter paper [66, 114, 119–133].

As an example, in sugarcane bagasse and oil palm empty fruit bunch, there was a
slight difference in the peak at 1105 cm−1 and the band between 1155 and
1167 cm−1 which were corresponded to C–O–C glycosidic ether band and C–C
band gradually disappeared from microcrystalline cellulose to nanowhisker cellu-
lose. The disappearance was due to the reduction in molecular weight during
hydrolysis treatment [120, 124]. Same goes to nanocrystalline cellulose which was
extracted from banana peel which showed that the obvious peak at 1030 cm−1

corresponded to C–O–C pyranose ring skeletal vibration stretching. This resulted in
the presence of xylans which associated with hemicellulose [121]. The polysac-
charide of glycoside bond or crystallinity band of cellulose presence at peak 896 or
897 cm−1 [66, 130, 133].

4.2 X-ray Diffraction Analysis

X-ray diffraction (XRD) is a fascinating instrument which used to examine the
changes of crystallographic structure of the materials after hydrolysis treatment
[128]. On top of that, XRD can provide the in-depth information of the crystalline
solids based on their atomic-scale structure of materials [51].

The crystallinity index is calculated using the formulation reported by Segal
et al. [134]:

CrI %ð Þ ¼ I002� Iamð Þ
I002

� 100

where CrI is percentage crystallinity index, I002 is the maximum intensity of the
peak at 22° which is a crystalline part, and Iam is the intensity of diffraction of the
amorphous part at 18°.

According to Chandrahasa et al. [129], acid hydrolysis treatment produced a
higher degree of crystallinity index and the average size of hydrolyzed fibers will be
almost 25 nm.

Scherrer equation reported by Revol et al. [135] is used to calculate the crys-
tallite size in the following form:

D ¼ kk
ðb cos hÞ

where D is the apparent crystallite size, b is a full-width half maximum of lattice
plane reflection in radian, k is Scherrer constant (0.94), k is X-ray wavelength
(0.15418 nm), and h is corresponding Bragg angle (reflection angle).
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Numerous studies reported that the crystallinity index and the sizes of nano-
whisker or nanocrystalline cellulose showed the highest value compared to
microcrystalline cellulose when tested under XRD with different lignocellulosic
biomass (Table 6). The increase in crystallinity structure in nano-cellulose appeared
after acid treatment because there was hydrolytic cleavage of glycosidic bonds
which lead to rearrangement of molecules in cellulose [51, 137]. Prolonged acid
treatment with the increasing of time period severe enough to destroy not only the
amorphous structure but also some part of the crystalline structure in cellulose. This
resulted in a slight decrease in crystallinity index [139–141].

Table 6 XRD analysis for crystallinity index (CrI) and crystallite size (L) of nano-cellulose from
different biomass

Samples Reflection at 2h (°) CrI (%) L (nm) References

Coconut husks 22–24 76 N/A [129]

Sisal fibres 18, 26 75 N/A [169]

Pineapple leaves 20.4, 22.7 74 N/A [137]

Coconut husks 15.6, 22.7, 34.6 66 N/A [139]

Bioethanol-residue 14.2, 16, 22.1 77 N/A [155]

Cotton fibres 14.7, 16.4, 22.6 86 6.3 [125]

Bamboo fibres 15, 17, 21, 22.6 87 5.7 [171]

Eucalyptus fibres 15, 17, 21, 22.6 89 6.1 [171]

Sisal fibres 15, 17, 21, 22.6 78 5.9 [171]

Curauá fibres 15, 17, 21, 22.6 87 5.0 [171]

Rice straw 14.7, 16.4, 22.6 86 7.4 [122]

Rice husks 16, 22, 35 59 N/A [126]

Mengkuang leaves 22.6 70 N/A [127]

Cotton fabrics 14.9, 16.5, 22.6 84 8.7 [128]

Oil palm empty fruit bunch 22.6, 15.0 88 N/A [120]

Raw cotton linter 17.4, 19.2, 26.5 90 N/A [174]

Soy hulls 17, 21,F 23, 34 74 2.7 [141]

Corncob 17, 21, 23, 34 84 N/A [140]

Sugarcane bagasse 16.5, 22.5, 34.6 73 3.5 [119]

Hardwood pulp 16.4, 22.7, 34.5 85 5.8 [66]

Unriped coconut husks 17, 19, 26, 41 82 5.0 [130]

Oil palm trunk 19, 22 70 N/A [131]

Arecanut husk 15, 22 73 4.3 [133]

Banana peel 16, 22 64 N/A [121]
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4.3 Scanning Electron Microscope

The surface morphology is evaluated by scanning electron microscope (SEM).
According to Luykx et al. [143] and Goldstein et al. [144], SEM contains a
shadow-relief effect of secondary and backscattered electron contrast, produce a
good image and greater view of the three-dimensional structure of the sample. The
hydrolysis treatment has affected the surface morphology in terms of surface
smoothness and the size of cellulose fibers [130, 131]. In Table 7, the majority of
the samples have shortening in fiber and rough surface as this indicates that the
cementing materials around the material of the fibre are partially removed. The
cementing materials are hemicellulose, lignin, wax, and pectin [126, 136].
According to Nascimento et al. [130], bleaching process increased the surface area
of the cellulose fiber.

4.4 Transmission Electron Microscope

Transmission electron microscope (TEM) is a unique and powerful nanoscale
imaging with higher resolution to analyze the structure and size of nano-samples
[131, 145]. The different nano-cellulose samples which stated in Table 8 shows in
either rod liked the shape, needle shape or ribbon shape. Those shape formed is
because of hydrolysis treatment breaks down the linkage that linked along the

Table 7 SEM analysis for surface morphology of nano-cellulose from different biomass

Samples Surface morphology References

Sisal fibres Nano-ordered chain [169]

Filter paper Sphere-shaped structure, shortening of fibres [123]

Pineapple leaf Rough surface, defibrillation of fibres [136]

Sugarcane bagasse Refinement of fibrillar structure [124]

Cotton pulp fibres Rod-like shape, shortening fibres [172]

Rice husk Rough surface, shortening fibres, rolled shape [126, 138]

Rice straw Shortening fibres [122]

Oil palm empty fruit
bunch

Aggregation of fibres structure, rod-like shape,
smooth surface

[120]

Raw cotton linter Curled, soft-flat shape, rough surface with some pits [174]

Soy hulls Micro-sized fibres, irregular shape and size [141]

Corncob Micro-sized fibres, irregular shape and size [140]

Hardwood pulp Porous network structure [66]

Unriped coconut husk Loosely fibres, rough surface [130]

Oil palm trunk Less irregular and impurities [131]

Arecanut husk fibres Defibrillation of fibres, rough surface [133]

Banana peel Reduced and shortening fibres [121]
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microfibrils by amorphous domains. Thus, the amorphous region which portrays as
structural defeats and responsible for the transverse cleavage of microfibrils into
nano-cellulose [139].

4.5 Atomic Force Microscopy

Similar to TEM, atomic force microscopy (AFM) is used to characterize the surface
morphology, topography and measure dimensional image of different nano-samples

Table 8 TEM analysis for surface morphology, length and width of nano-cellulose from different
biomass

Samples Surface morphology Length, L
(nm)

Width, D
(nm)

References

Norway spruce Bundle rod-shaped whisker 200–400 <10 [168]

Pineapple leaves Non-woven ribbon 200–300 5-25 [137]

Coconut husks Rod-liked shape 179 ± 59 5.5 ± 1.4 [139]

Sugarcane
bagasse

Rod-shaped cellulose 170 35 [124]

Bamboo fibres Rod-liked shape with individual
nanowhiskers

100 ± 28 8 ± 3 [171]

Eucalyptus Rod-shaped in bundle form 100 ± 33 7 ± 1 [171]

Sisal fibres Rod-shaped with individual
form

119 ± 45 6 ± 1 [171]

Curauá Rod-like shaped in bundle form 129 ± 32 5 ± 1 [171]

Rice husks Needle-like structure – 10–15 [126]

Rice straw Rod-like crystal structure 50–700 10–65 [122]

Rice husks Needle like structure 100–400 6–14 [138]

Mengkuang
leaves

Rod-liked shape 200 5–25 [127]

Soy hulls Needle-liked nanowhiskers 122.7 ± 39.4 4.43 ± 1.2 [141]

Oil palm empty
fruit bunch

Rod-liked structure >100 <10 [120]

Sugarcane
bagasse

Agglomerated rod-liked
nanocrystals

250–480 20–60 [119]

Hardwood pulp Rod-liked shape 100 15–40 [66]

Unriped
coconut husks

Long, disordered needles like
nanowhisker

178 ± 88 8 ± 3 [130]

Oil palm trunk Individual, needle-liked
nanocrystals in fibre bundles

397.03 7.67 [131]

Arecanut husks Long fibrils 120–150 1–10 [133]

Banana peel Needle-liked and wire
nanofibrils

263.9 ± 7.2 20 ± 5.2 [121]
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which shown in Table 8 [119, 124, 141] AFM provides more precise and accurate
characterization of the thickness of the individual crystallites as well as detailed
structure compared to TEM [141]. Through transverse height profiles, AFM allows
the discernment of individual whiskers of agglomerated structures [140, 141].
Table 9 displays about the AFM analysis for surface morphology, length and width
of nano-cellulose from different biomass.

4.6 Thermal Behaviour

According to Azubuike and Okhamafe [147], thermogravimetric analysis (TGA)
and differential scanning calorimetry (DSC) used to analyze the thermal and
degradation properties of cellulose fibers. Information regarding on the transition
phase, weight loss and decomposition pattern are provided by TGA while infor-
mation on maximum temperature for sample degradation retrieved from DSC.
Measurement of heat capacity needed to increase the temperature and heat energy
consumed by the sample is provided by DSC. Thus, both instruments able to
provide a clarification on the thermal stability and compatibility of the sample.

Table 9 AFM analysis for surface morphology, length and width of nano-cellulose from different
biomass

Samples Surface morphology Length, L (nm) Width, D
(nm)

References

Sisal fibres Nano-ordered chain – 30.9 ± 12.5 [169]

Pineapple
leaves

Few lateral association occur
between adjacent nanofibres

– 5–15 [136]

Sugarcane
bagasse

Reduced in fibres – 70–90 [124]

Bioethanol
residue

Rod-liked shape – 10–20 [155]

Cotton
fibres

Narrow and well separated
distribution of nanofibrils

287.24 ± 79.75 29.69 ± 5.07 [125]

Bamboo
fibres

Rod-liked nanowhiskers – 4.5 ± 0.9 [171]

Eucalyptus Rod-liked nanowhiskers – 4.5 ± 1.0 [171]

Sisal fibres Rod-liked nanowhiskers – 3.3 ± 1.0 [171]

Curauá Rod-liked nanowhiskers – 4.7 ± 1.0 [171]

Rice straws Rod-liked structure 30.7 5.95 [122]

Rice husks Needle-liked structure 100–400 6–14 [138]

Soy hulls Aggregation of nanocrystals – 2.77 ± 0.67 [141]

Corncob Aggregation of needle-liked
nanocrystal

287.3 ± 75.5 4.9 ± 1.34 [140]

Sugarcane
bagasse

Rod-likes crystal fibres 250–480 20–60 [119]
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There are two stages in every TG curves from different biomass which indicates
the weight loss of the sample. The first stage is the water removal within the
cellulose in the region between 60 and 100 °C. The second stage is the degradation
of hemicellulose and lignin in cellulose followed by the char residue formation in
the range of 200–400 °C. Melting point temperature (Tmax) examined by using
DSC and the endothermic peak appeared which is due to volatilization of cellulose
[39]. The results of TGA and DSC are constructed in Table 10. Evolution of the
volatile compounds occurred when cellulose degrades while the degradation of
lignin corresponds to thermal degradation properties [148].

Table 10 Comparison of thermal properties using TGA and DSC from different biomass

Samples TG analysis DSC
analysis
Tmax

(°C)

References

Onset
(°C)

Degradation
temperature
(°C)

Residual
weight
loss at 400
°C (%)

DTG peak
temperature
Tmax (°C)

T10 T15 T20

Sisal fibres 190 200 280 300 30 296 347 [169]

Pea hulls 100 180 – 235 17 299 –

Banana
plant

228 300 319 328 18 – – [114, 118]

Filter paper 290 330 340 349 9 – 330 [123]

Coconut
husks

200 240 281 300 20 160 – [139]

Sugarcane
bagasse

220 250 260 280 17 345 253 [124]

Bio-residue 215 265 275 280 35 283 – [155]

Rice husks 215 220 230 235 38 240 – [126]

Mengkuang
leaves

261 281 310 320 18 370 – [127]

Cotton
fabric

223 256 248 256 26 281 – [128]

Phormium
tenax fibres

238 280 300 320 10 90 – [173]

Oil palm
empty fruit
bunch

270 350 375 390 71 – – [120]

Raw cotton
linter

201 213 230 240 42 219 – [174]

Soy hulls 170 190 210 251 23 294 – [141]

Coconut
husks

211 240 300 310 24 319 – [129]

Sugarcane
bagasse

236 240 260 270 31 250 – [119]

Hardwood
pulp

260 330 340 348 25 – – [66]

(continued)
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5 The Recent Development of Cellulose Nanofibre as Filler
in Polymer Composite

The sustainable development of the renewable polymeric materials has received
great attention in recent years, mainly due to the increasing demand for the envi-
ronmentally friendly materials. Unfortunately, the thermo-mechanical properties of
the natural polymer or commercially available biopolymers are often inferior when
compare with the traditional petroleum-based polymer [149]. For instance, poly-
lactide (PLA) is, a commercially available biopolymer, is brittle and process at low
distortion temperature [150]. Many research has been conducted to improve the
mechanical and overcome the existing shortcoming of biopolymeric materials
applications. Studies reported that the preparation of polymeric composite materials
by combing bio-based polymers with cellulosic materials could be one of the
effective solutions to match or exceed the mechanical and deterioration performance
of polymeric materials with commonly used petroleum-based engineering polymers
[149–151].

CNF is considered as the most promising engineering materials, which has the
potentiality to be used as filler in polymeric composite because of its abidance
availability, low cost, low density, renewability and biodegradability [152].
Cellulosic fibers isolated from various lignocellulosic sources such as jute, kenaf,
hemp, sisal wood, flax were applied utilized as a filler in polymeric composites due
to its distinct attractive properties when compared to the conventional fibers.
Utilization of the CNF in polymeric composite has gained increasing attention for
the last decades because of the application of CNF as filler in composite enhance
mechanical, thermal and biodegradation properties [153, 154]. Although, CNF is
viewed as promising engineering materials in various industrial fields, but the
distinct weakness of CNF impregnated polymeric composites such as high moisture

Table 10 (continued)

Samples TG analysis DSC
analysis
Tmax

(°C)

References

Onset
(°C)

Degradation
temperature
(°C)

Residual
weight
loss at 400
°C (%)

DTG peak
temperature
Tmax (°C)

T10 T15 T20

Unriped
coconut
husks

230 260 270 288 35 310 – [130]

Oil palm
empty fruit
bunch

190 230 260 280 32 310 – [132]

Arecanut
husks

250 309 320 330 20 358 – [133]

Banana peel 261 – – – – – – [121]

Extraction of Cellulose Nanofibers and Their Eco-friendly … 679



absorption, poor wettability lack of good interfacial adhesion, low melting point
and the poor compatibility between CNF and polymer matrix have limited CNF
applications as a filler in polymeric composite [154–156] These drawbacks of CNF
filled polymeric composite has exhilarated researcher to focus on the modification
of CNF surface to enhance the composites physicochemical and thermal properties.
Generally, CNF is hydrophilic in nature, so it urges to enhance surface roughness of
CNF by surface modification for the development of composites with enhanced
properties. Studies reported that the exemplary stiffness and strength of CNF could
be gained with a strong interface from CNF to polymeric matrix by the CNF
medication [156].

The CNF has a tendency to agglomerate with a matrix to form forms larger
particles [154]. Poor dispersion of the CNF as a filler into the polymer matrix affects
the composite’s mechanical properties [157]. Further, the –OH group present on the
surface of CNF form hydrogen bonding with the adjacent –OH groups, results in
agglomeration of the CNF. The presence of abundance –OH groups on the surface
of CNF attracts to scientist and engineers interest to modify the surface of CNF by
targeting the –OH via different chemical modifications, such as Acetylation,
Silylation, carboxylation, esterification and polymer grafting. The purpose of
chemical modification of CNF is to [158]:

i. obtain better CNF dispersion to polymeric matrix by introducing stable elec-
trostatic charges on the surface of CNFs; and

ii. improve the CNF compatibility in conjunction with hydrophobic polymer
matrices in composites.

The major challenge of surface modification of CNF via chemical functional-
ization to maintain the integrity of nanocellulose crystal and avoid any polymorphic
conversion for preserving the original morphology CNF. Thus, the selection of the
chemical functionalization methods is crucial. A brief description of some impotent
chemical functionalization processes is presented below.

Acetylation is chemical functionalization process, which involves the replace-
ment of –OH group on the surface of CNF with an acetyl group (CH3–CO–) to
yield a specific ester. Wherein, acetic anhydride is most commonly utilized as
acetylene agent. Generally, acetylation is a type of chemical modification, which
changes the hydrophilic surface of CNF to more hydrophobic and thereby increase
the CNF compatibility to be used as filler non-polar polymer matrices [158]. Ashori
et al. [151] modified CNF derived from wood and noon-wood plants using acetic
anhydride in presence of pyridine to change the surface properties, minimize the
hydrophilic nature of CNF and enhance compatibility with non-polar polymer
matrices. The study revealed that the acetylation treatment of CNF changes the
surface characteristics, improve the thermal stability and enhance the crystallinity of
cellulose chains [151]. However, the performance of CNF’s surface modification
via acetylation depends on susceptibility and accessibility of –OH groups in the
crystalline and amorphous regions within the cellulose polymer chain [158].
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Silanation is an effective process for the surface modification CNF using a
saline-coupling agent, generally, non-polar organic solvent. The silanation treat-
ment improves the compatibility of CNF by eliminating surface hydroxyl groups
with the non-polar organic solvent [159]. Nonetheless, the silane agent
(Hydrolyzable alkoxy group) undergoes hydrolysis reaction in the presence of
moisture to form silanols. Subsequently, the silanols react with the surface hydroxyl
groups of CNF and forms to a Polysiloxane. The details chemical reaction of
silylation process is presented in Fig. 6 [160]. Therefore, the hydrocarbon chains
forms by the covalent bond of silane protect the fiber swelling by creating a
crosslinked network between the matrix and the fiber [159, 161].

Carboxylation is another effective approach for the cellulosic fiber modification.
In carboxylation process, TEMPO is most commonly utilized as an oxidizing agent
replace surface hydroxyl groups by imparting carboxyl acid groups on the surface
of CNF [162, 163]. This oxidation reaction is often performed in alkaline media in
the presence of NaBr and NaOCl [163]. Figure 7 represents the TEMPO-mediated
oxidation reaction for imparting carboxyl acid groups in place of the surface
hydroxyl groups of CNF [164]. In carboxylation process using the TEMPO-
mediated oxidizing agents involves a topologically confined reaction sequence with
CNF, consequently, it forms to the 2-fold screw axis of the CNF chain. Wherein,
one part of the CNF chain react with the accessible hydroxymethyl groups and the
other part lies within the crystalline particle (Fig. 7). The study reported that the
TEMPO-mediated oxidation maintained the CNF’s initial surface morphology and
morphological integrity and imparted negative charges at the CNF surface and thus
induced electrostatic stabilization [164].

Silanols

(b)

Silanols Polysiloxane

(a)

Fig. 6 a Silane hydrolysis, b Silylation of cellulosic nanofiber [160]
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Polymer grafting into the CNF surface is one of the research areas of devel-
opment in order to fully realize the advantage of a long aliphatic chain of CNF
modification for being utilized as a filler in the polymeric composite. In polymer
grafting, the CNF’s surface modification can be attained by covalently attaching
small polymeric molecules. The main purpose of the polymer grafting is to enhance
the apolar characteristics of the CNF to have better compatibility with hydrophobic
polymer matrices [165]. However, the polymer chain can be covalently bounded on
the surface of CNF either “grafting ono” or “grafting from” approaches [166]. In the
“grafting on” approach, CNF is mixing with a coupling agent or an existing
polymer to assign the polymer on the surface of the CNF so that the polymer and
the CNF grafting one to another one. The main advantage of the “grafting on”
approach is that the molecular weight of the polymer can be determined before
grafting and therefore, the grafting materials properties can be controlled. However,
it is difficult to obtain high grafting from this approach because of the steric
interference and high viscosity of the reaction medium due to the presence of
macromolecular chains [167]. On the other hand, the “grafting from” approach,
consists the cellulosic nanoparticles activation with an initiator agent and a
monomer to induce polymerization of the monomer from the CNF surface.

Fig. 7 TEMPO mediated oxidation for surface modification of CNF. Adapted from Missoum
et al. [164]
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This “grafting from” approach has been reported to be a very effective method to
generate high grafting densities on the CNF surface because of steric hindrance
limitation and lower viscosity. However, this process limits to a low degree of
polymerization because it is unable to determine the molecular weight of the grafted
polymer [164].

6 Concluding Remarks

In this chapter, a comprehensive state-of-art of several aspects of cellulose nano-
fibers and their importance was described. Different approaches including prepa-
ration and modification techniques were discussed in the preparation of cellulose
nanofibers. Several properties of this renewable material such as chemical com-
position, molecular weight, crystallinity, morphology and thermal properties were
also discussed. Owing to its interesting characteristics, various uses continue to be
developed by scientists all around the world. With regards to cellulose nanofiber
composites applications, we only report and discuss several selected examples since
the number of polymers used and their applications in various fields increase
continuously. However, more research should be performed, which focuses on
efficient cellulose nanofiber isolation procedures, treatments, and drying.
Furthermore, to date, the engineering properties and cellulose nanofiber-based
composites performances are still being developed. In order to satisfy the criteria of
employing cellulose nanofiber for widespread use with higher efficiency, more
effort and developments are required to expand the use of cellulose nanofiber for
science and technology.
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Recyclable and Eco-friendly Single
Polymer Composite

Mohd Azmuddin Abdullah, Muhammad Afzaal, Safdar Ali Mirza,
Sakinatu Almustapha and Hanaa Ali Hussein

1 Introduction

Composites based on metal, ceramic and polymer matrices have ubiquitous
applications in aerospace, automotive, electrical appliances, microelectronics,
infrastructure and construction, medical and chemical industries [1–3]. Interest has
shifted towards synthetic and biopolymers and polymer composites as replacements
to conventional composite materials as they are far more economical and easier to
process [3, 4]. To meet the requirements for, The polymeric material properties can
be modified and tuned for specific applications using fillers and fibers [1, 2] for
more well-defined physicochemical properties, enhanced mechanical strength and
stiffness, with low specific gravity but high thermal and chemical resistance [5–7].
The two main constituents of a polymeric composite are the polymer matrix which
is the continuous phase, and the reinforcing material which is the discontinuous or
dispersed phase. The properties are governed by the properties of the matrix and the
reinforcing material such as the aspect ratio, chemical nature, purity, distribution,
orientation and geometry; and the amount and the interfacial adhesion between the
matrix and the reinforcement material [4].
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The global issues of sustainability and climate change, industrial ecology,
eco-efficiency, and green chemistry are the way forward to develop the new route and
next generation of materials, products, and processes [8–10]. The recovery and
recycling of petroleum-based plastics remain insufficient when the global plastics
production has risen from 245 million tonnes in 2008 [11], to 299 million tonnes in
2013 [12]. Yet the knowledge of human and environmental hazards and risks from
the chemicals associated with the diversity of plastic products is limited when most
chemicals in plastic polymers production have their origin from the crude oil. Several
are known to be hazardous which may be released during the production, use, and
disposal of the plastic product [12], with millions of tonnes, end up in the landfills and
oceans. Approximately 10–20 million tonnes of plastic end up in the oceans each
year, and an estimated 5.25 trillion plastic particles weighing a total of 268,940 tons
are currently floating in the world’s oceans with the debris damaging the marine
ecosystems [12]. Natural fibers have therefore attracted greater attention as these
could be obtained from agro-wastes which are abundant, low-cost, low density,
biodegradable, non-abrasive but tunable for high specific properties [3, 10, 11]. The
combination of biofibers such as oil palm, kenaf, hemp, or flax, to produce composite
materials with non-renewable and renewable polymer matrices are competitive with
synthetic composites but may need to address the biofiber—matrix interface and
novel processing routes [10].

The natural fiber—reinforced polypropylene (PP) composites or natural fiber—
polyester composites have attracted attraction as this could remove some portions of
the plastics from the environment [13], but these are not sufficiently eco-friendly
because of the non-biodegradable nature of the polymer matrix and also the pro-
duction of the synthetic polymers (like the PP or polyethylene, PE) are fossil
fuel-based, and non-renewable [10, 14], which has often been singled out as the
major cause of climate change and furthermore subjected to fluctuating prices and
declining reserves. The natural fibers, although can be incinerated, may however
not be compatible with the hydrophobic polymer matrix as they may form aggre-
gates during processing, have poor resistance to moisture and are generally not
mechanically recyclable and reused after the end-of-life [3, 14, 15]. Not all poly-
mers, especially the thermosets, are equally easy to recycle and those composites
having glass or carbon fibers can only be recycled into new fiber reinforced grades
[2]. Thermoplastic composites can be re-melted and cooled to solidify for an infinite
number of cycles but each melting, cooling and re-melting process necessitates high
energy requirements, causing the material to eventually degrade. Composites
recycling is achievable by a single polymer composite (SPC) with specific eco-
nomic and ecological advantages [1, 16, 17]. SPC consists of mono-component
systems or single polymer, or a minimum of different, compatible polymers [2].
This is possible by making use of the noticeable difference in melting temperature
between the matrix and the reinforcement material [15]. The high-density poly-
ethylene (HDPE—crystallized conventionally) matrix and the HDPE reinforcement
(containing aligned and extended molecular chains) is an example of the SPC based
on the mono-component system [15]. Also, using the natural fibers with polymers
based on renewable resources, or the green bio-composites solve many
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environmental issues to be solved, by embedding the biofibers with biopolymers
such as cellulosic plastics, polylactides (PLA), starch plastics, polyhydroxyalka-
noates (bacterial polyesters), and soy-based plastics [10]. This review article
highlights the fundamental aspects of the polymer and the fibers, the production
methods, different components of the SPC and the fabrication methods, and the
issues and challenges in the manufacturing and the applications. The term
“eco-friendly SPCs” is extended to include those chemical-based, recyclable SPCs
and the natural-fibre based SPCs.

2 Recyclable Single Polymer Composite

2.1 Basic Polymer Chemistry

Polymers are macromolecules joined with each other by covalent bonding along the
backbone chain and lead to properties, such as the ability to form fibers and elas-
tomers, which is not achievable with the small molecules [18]. Polymeric materials
and new polymers are being discovered with unique sets of properties including
from a single atom, such as sulfur, or from different building blocks arranged in a
specific sequence as in proteins or nucleic acids [19]. The long chains are flexible,
joined together by primary covalent bonding forces, and each chain can have side
groups, branches, and copolymeric chains or blocks, through crosslinks between
chains, or by van der Waals and hydrogen bonds. The linear polymers are partially
crystalline or semicrystalline, composed of disordered non-crystalline (amorphous)
regions and ordered crystalline regions, with the combination of folded and extended
chains. Linear polymers are much easier to crystallize than the branched or
cross-linked polymers [20]. Copolymerization, in which two or more homopolymers
(one type of repeating unit throughout its structure) are chemically combined, dis-
rupts the regularity of polymer chains, thus forming the non-crystalline structure.
The arrangements of the side groups (X) can be in the form of atactic, isotactic, and
syndiotactic (Fig. 1) [21]. The isotactic polymer is in which the pendant groups are
all on the same side of the polymer backbone, as in isotactic PP. In the syndiotactic
arrangement, the pendant groups are regularly spaced like the methyl groups in PP,
or the HDPE (a linear polymer produced by the polymerization of ethylene in the
presence of Ziegler-Natta or Phillips catalysts). The atactic arrangement is in which
the side groups are randomly distributed and not packed well on each side of the
chain and is normally amorphous as in the atactic PP [21]. The polymer crystallizes
easily if the side groups are small like the PE (X = H) and the isotactic and syn-
diotactic arrangements are crystalline at ordinary temperatures, or even when the
side groups are large because the chains are linear and are either in alternating
positions or on one side of the main chain [20]. In the case of polyvinyl chloride
(PVC) (X = Cl) and polystyrene (PS) (X = C6H5), the side groups are large and are
randomly distributed along the chains (atactic) and therefore form a non-crystalline
structure [20].
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The differences between all polymers including plastics, fibers, and elastomers or
rubbers, are determined primarily by the intermolecular forces between the mole-
cules and the intramolecular forces, and by the functional groups present [21].
The polymer properties are therefore controlled among others by the covalent and
non-covalent intra-chain forces. Atoms in individual polymer molecules are joined
to each other by strong covalent bonds with the bond energies in the order of
80–90 kcal/mol (320–370 kJ/mol) for the carbon-carbon bonds [21]. Hydrogen
bonding between a positively charged hydrogen with an electronegative element
nitrogen [OH���N], oxygen [OH���O, NH���O], or fluorine [OH���F] are the strongest
non-covalent forces, followed by the dipole-dipole interaction, the magnitude of
which depends on the electro-negativity difference of the two atoms involved in the
polar bond, and the Van der Waals forces, the small attractive forces and the weakest
interchain interactions between all atoms, whether with or without dipole moment,
but remain important as they hold non-polar liquids and solids together [20, 21].
The thermoplastic material such as PE, PP, nylon, acetal resin, polycarbonate and
polyethylene terephthalate (PET), either linear or branched structure, can be heated
up, dissolved in a suitable solvent, and re-processed or remoulded when it softens or
melts [22, 23]. Thermoplastics have relatively low tensile moduli, low densities
and transparent which are ideal for consumer and medical products [22].

(a) Isotactic PP

(b) Syndiotactic PP

(c) Atactic PP

Fig. 1 Skeletal formulas of
a isotactic, b syndiotactic,
and c atactic (random) PP.
(Adapted from [21])
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The cross-linked polymers such as phenolic resins, polyesters, and epoxy resins are
thermosets, widely used in composite materials, and reinforced with stiff fibres such
as fibreglass and aramids. Crosslinking stabilizes the thermoset matrix resulting in
the physical properties similar to steel, but with lower densities and suffer less from
fatigue and therefore ideal for lightweight structures and for safety-critical parts
under regular stress [22]. Elastomers have low moduli and exhibit reversible
extension when strained, valuable properties for vibration absorption and damping.
Elastomers can be thermoplastic elastomers, vulcanized thermoplastic or crosslinked
(as in the case of rubber tyres), and rubbers [melt-processable, natural and synthetic
such as nitrile rubber, polychloroprene, polybutadiene, styrene-butadiene and
fluorinated rubbers (Viton)] [22, 23].

2.2 Structural Modification

The basic building blocks of polymers are repeating monomer units, normally in
covalently linked chains. By having high numbers of functional/hydrophilic groups,
high surface/volume ratio, and mechanical stresses, but low molecular weight/
crystallization and low or no cross-links, hydrolysis of polymers can be increased.
Polymers can be formed by the addition polymerization or free radical addition, the
condensation polymerization or step reaction polymerization, and the ring-opening/
cyclic polymerization. Addition polymerization is rapid, with the initiated species
continue to propagate until termination. It yields linear polymers and achieved by
rearranging the bonds within each monomer which should have at least one double
bond, for each monomer to share at least two covalent electrons with other
monomers. A free radical such as benzoyl peroxide (H5C6COO–OOCC6H5), or the
cations, anions, and coordination (stereospecific) catalysts are initiators that break
the double bond which can be activated by heat, ultraviolet light, and other
chemicals. During propagation, the free radicals or initiators react with the
monomers, and then with another monomer and continue on until termination stage
where two free radicals are combined through transfer, or by disproportionate
processes. Some monomers can use two or more of the initiation processes while
others may use only one process [20, 21]. Addition polymers including vinyl,
aldehyde, and acetylene polymers are prepared via addition polymerization reaction
such as polyethers, poly(vinyl ether)s, polystyrene derivatives, polyolefins, poly-
methacrylate, polymethacryloylamine, and polyacethylene and [24–29]. To stiffen
and retain their shape, and also make them insoluble in solvents, crosslinking agents
which contain two or more double bonds per molecule can be used to produce
cross-linked linear chain polymers [20].

The condensation polymerization involves two different monomer units, each
containing two functional groups joining together to form a larger molecule by the
elimination of a small molecule such as water [20]. While an addition polymer has
the same atoms as the monomer in its repeat unit and the atoms in the polymer
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backbone are usually carbon atoms, the condensation polymers contain fewer atoms
within the polymer repeat unit than the reactants because of the formation of
byproducts during the polymerization process, and the polymer backbone usually
contains atoms of more than one element [21]. Condensation polymerization has
received considerable attention for the preparation of polymeric materials as these
are used in a vast array of applications including the synthesis of chiral polymers
[24, 30]. Nature uses chirality as one of the key structural factors to perform
functions such as molecular recognition and catalytic activities. Optically active
polymers often play important roles as key fundamental materials for well-defined
polymers with specific secondary and/or tertiary structures aimed at the application
in optoelectronic devices and chiral recognition materials including asymmetric
catalyst, chiral stationary phase in HPLC, enantioselective permeation membrane,
chiral adsorbent for separation of racemates and in liquid crystals [24]. The opti-
cally active polymers based on condensation polymers are prepared by a poly-
condensation reaction of chiral monomers, which is more versatile, inexpensive
though generally poor in control than addition polymerization. Cross-linked gels
possessing chiral cavities are prepared and their chiral recognition ability estab-
lished. The synthesis of the gels is based on the molecular imprinting technique.
Two distinctive methods have been developed, that is polymerizing a monomer
having a removable chiral template moiety with a cross-linking agent and removing
the template groups from the products; and polymerizing the monomer with the
crosslinking agent in the presence of a non-polymerizable template molecule before
removing the template [24, 31]. One major drawback of condensation polymer-
ization is the tendency for the reaction to cease before the chains grow to a sufficient
length due to the decreased mobility of the chains and reactant chemical species as
polymerization progresses, resulting in short chains. It is possible in the case of
nylon, that the chains are polymerized to a sufficiently large extent before this
occurs resulting in the nylon physical properties preserved [20].

Polylactic glycolic acid polymers can be obtained either by condensation from
lactic acid, glycolic acid, and light condensates or by ring-opening polymerization
(ROP) of the related cyclic dimers, namely, lactide and glycolide. The ROP route
allows for a much higher control of the polymerization and remains by far the most
widely usedmethod for the synthesis of well-definedmaterials [32]. Thismay involve
different strategies following the nature of their ancillary ligands such as the
Coordination—Insertion Anionic Polymerization, Nucleophilic or Cationic
Polymerization, with different catalysts or enzymes and stereoregulation of
Lactide ROP [32]. For the cyclic polymerization, a variety of precisely controlled,
branched and single-cyclic (ring) and multi-cyclic topologies can be realized through
a bimolecular process, a unimolecular process with asymmetric telechelic, a uni-
molecular process with symmetric telechelic, a ring-expansion polymerization pro-
cess and an electrostatic self-assembly and covalent fixation (ESA-CF) process [33].
Conventional synthetic protocol for ring polymers has been an end-to-end linking
reaction using a linear polymer precursor having reactive groups, telechelic, and an
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equimolar amount of a bifunctional coupling reagent [34–36]. The combination of the
classical ring-expansion polymerization process, in which the initiator fragment is
included within the ring polymer structure, with the end-to-end polymer cyclization
process could provide a new effective means for large size ring polymers. The new
ring-expansion polymerization processes make use of a metathesis catalyst having
cyclic ligand, an N-heterocyclic carbene initiator, a cyclic stannate and subsequent
intramolecular cross-linking. For the effective synthesis of not only cyclic but also
functionalized cyclic and multicyclic polymers, the ESA-CF process has been
introduced, where linear or star telechelic polymers having cyclic ammonium salt
groups accompanying small or polymeric plurifunctional carboxylate counter-anions
are employed as key precursors [33].

Table 1 summarizes the four most important commodity thermoplastic polymers
—PP, PE, polystyrene (PS) and polyvinyl chloride (PVC); two thermosetting
polymers—polyurethanes, and unsaturated polyesters; and two elastomers—rubber
and acrylonitrile-butadiene-styrene (ABS); their route of polymerization and char-
acteristics [20, 21]. The reaction temperature, pressure, and time in the presence of a
catalyst(s) control the degree of polymerization, while the chemical composition
and the arrangement of chains affect the physical properties such that the polymers
can be tailored and tuned to meet the end user. Amorphous polymers undergo
substantial changes in properties as a function of temperature. The temperature at
which the transition from the glassy region where the polymer is relatively stiff to
the rubbery region where it is very compliant is termed the glass transition tem-
perature, Tg. It is the temperature at which there is a discontinuity in slope in the
profile of volume change versus temperature. The melting point, Tm, is the tem-
perature range where the total or whole polymer chain mobility occurs and the Tm is
called a first-order transition temperature while the Tg is sometimes called a
second-order transition temperature. The former is usually 33–100% greater than
the latter and the symmetrical polymers like HDPE exhibit the greatest difference
between Tm and Tg [21]. Increasing the size of the side groups in the linear poly-
mers such as PE and cross-linking of the main chains will decrease the Tm due to
the imperfect molecular packing from the steric hindrance of the side chains,
resulting in a decreased mobility and reduced crystallization rate. For nylon poly-
mer, the NH groups make hydrogen bonds with the C=O groups of another chain
and each bond worth only about 15–20 kJ/mole, as compared to 300–400 kJ/mole
for a covalent bond. Nevertheless, a lot of interchain hydrogen bonds add up to
make the nylon polymer becoming rather stiff with a Tg of 57 °C [20]. The high
melting point of nylon-66 (Tm = 265 °C) is, therefore, a result of the combined Van
der Waals, dipole-dipole, and hydrogen bonding forces between the polyamide
chains. The corresponding polyester, which cannot make hydrogen bonds, has a Tg
of −40 °C [20, 21]. The dipole-dipole interactions typically only about 5 kJ/mole,
which is weaker than the hydrogen bonds, can again add up so that the PVC has a
Tg of 81 °C, whereas that of polyethylene is −125 °C. [20].
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2.3 Production of Polymeric Fibers

Synthesis of SPC involves two phases—the production of polymeric fibers, and the
fabrication of the fibers with the matrix. Table 2 summarizes the different tech-
niques used for the production of different polymeric fibres and the fabrication of
recyclable SPCs. In the production phase, the fibers are produced from the poly-
meric raw material by the spinning technique which is based upon the extrusion
principle where the liquefied/molten form of the material is forced through a die to
acquire desired cross sections. The different types of spinning techniques are the
dry, wet, gel, melt or electrospinning method. The wet spinning technique is the
oldest production method, where the polymer is dissolved in a non-volatile solvent
and the fibers are extruded through a spinneret placed in a liquid filled coagulation
container which contains a non-solvent for the polymer but can dissolve out the
solvent used for the polymer dissolution. Once the polymer solvent and the
non-solvent coagulate together, the polymer fibers are precipitated out. The polymer
solvent can be recovered later which can be costly. The major drawback is that
direct extrusion through a liquid phase results in larger drag force/friction which
slows down the process and increasing the extrusion speed weakens the fibers by
causing micro-level cavities throughout the filament. Unlike the wet method, dry
spinning utilizes evaporation to extrude the fibers. The polymer is dissolved in a
solvent for extrusion after which the fibers are exposed to hot air to make the
solvent evaporate and to solidify the fibers. No chemical reaction or dilution
involved and the evaporating solvent can be recovered via condensation without
any interference to the extruded fibers [37–40].

The gel spinning/dry-wet spinning method is used when the polymeric fibers
with high strength or special properties are required such as the ultra-high-
molecular-weight polyethylene (UHMWPE) fibers [41]. The polymer chains, due to
the close contact with each other, develop intra- and interchain linkages in a liquid
crystal form, resulting in a high tensile strength fiber. After extrusion, the polymeric
fibers obtained in highly oriented form with liquid crystals aligned along the length/
long axis of the fibers, are immediately exposed to air and then subjected to a liquid
bath for further cooling, hence the name the “dry-wet spinning”. It can be further

Table 2 Different techniques used for the production of different polymeric fibres and the
fabrication of recyclable SPCs [37, 39]

Fabrication method Polymeric materials

Wet spinning Rayon, spandex, aramid and acrylic

Dry spinning Spandex, vinyon, modacrylic, triacetate, acrylic and acetate

Gel spinning Aramid and polyethylene; UHMWPE

Melt-spinning technique Nylon, polyester, sulfar, PP, PET, PLA and PA6

Electrospinning PE, PP, PET, PMMA and PLA

Hot compaction PP, nylon 6, 6, PE, PMMA and crystalline polymer fibers

Film stacking method Homocomposites of PP, PE, UHMWPE, iPP

Recyclable and Eco-friendly Single Polymer Composite 703



modified into “dry-jet wet spinning” method where the polymer solution is extruded
and then exposed to pressurized hot air. After heat treatment, a coagulation bath is
done which is followed by further heat and drawing treatments, all under
nitrogenous environment to prevent the oxidization of the extruded fibers [41–43].

Melt spinning is the most commonly used commercial process for the production
of synthetic polymeric fibers and have been reported for PP, polyamides 6, and PET
fibers [2], PLA [17] and isotactic PP (iPP) fibers [15, 44]. It involves direct melting
of the polymeric granules and the flow of the melted polymer to the spin head,
controlled through a metering pump. The polymer melt is extruded through small
orifices in the spinneret and drawn into thin fibers by a uniaxial drawing process.
The spinneret is submerged in the liquid coagulation bath and the emerging fila-
ments are coagulated in a precipitating bath or a series of baths of increasing
precipitant concentration or exposed to air as a cooling down step. To prevent
irregularity in diameter or cross-section of the fibers, the molten polymer is passed
through a filter which filters out un-melted granules. Fibers of different cross-
sections can be tuned as per their applications such as round, pentagonal, trilobal,
octagonal or hexagonal [39, 40, 45, 46]. Electrospinning method uses electrical
charges where the extrusion material is in the form of a charged polymer solution or
a polymer melt. The charged solution/melt is ejected through a nozzle onto an
oppositely charged substrate (a charged metal target). In the case of polymer
solution, the fibers can be spun into nonwoven structures which are porous where
solvent is evaporated via hot air, and in the case of polymer melt, there is no drying
step to ensure purity and mainly non-porous, with the diameter of sub-micron level
or nanoscale and high surface areas [39, 47]. PE, PP, PET, poly (methyl
methacrylate) (PMMA) and poly(lactic acid) (PLA) are among the polymer
materials that have been successfully electrospun into fibers of different diameters
[15, 48–55].

2.4 Fabrication of the Polymeric Fibres with the Matrix

The main challenge in producing an SPC is in combining the fiber and the matrix
into one composite, as both may have the same chemical structure and hence the
melting temperature [15]. The molecular orientation may change during spinning
and drawing and from the heating and cooling processes which makes it difficult to
retain the properties of the oriented polymer molecules in the final composite for
enhanced mechanical properties [56]. High mechanical properties of the SPCs also
require the development of high strength polymeric fibers which are recyclable,
economical, have low density, and good interfacial bonding [57]. The fabrication
phase involves melt or powder impregnation, hot compaction, overheating, film
stacking or co-extrusion method [15, 39]. Impregnation method is a traditional
method, initially developed for the fabrication of PE and PP homo composites [58,
59]. There are two types, depending on the physical state of the impregnation
material, the powder impregnation and melt (solution) impregnation method. In
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melt impregnation method, the fibers are impregnated with molten polymer either
cross-head extruder which provides molten polymer in a die for the fibers to pass or
a molten resin bath where the fibers are passed through to increase the permeability
of the polymer contained in the tow. In the dry-powder impregnation method, the
fibers such as the glass fibers are exposed to a dry a bed of loosely packed ther-
moplastic powder which is processed by heating to sinter the powder particles onto
the fibers. Electrostatic attraction causes the powder particles to stick onto the fiber
surface resulting in macroscopic impregnation where the fiber clusters are coated
with the powder particles rather than the individual fibers [15, 39]. Impregnation is
slow and not economical and more suitable for the polymers of low molecular
weight. The impregnation material can be highly viscous and must fully wet the
fibers, which may cause thermal degradation and loss of mechanical properties of
the reinforcement material/fibers. The forces applied to the die pressure of the
crosshead extruder and the partial dissolving or melting during impregnation may
cause damage to the fibers’ integrity [56, 60].

Hot compaction subjects the polymer fibers to a temperature range high enough
to melt down the outer surface of the fiber bundle. The molten surface, upon
cooling, becomes the binding phase serving as the matrix of the composite. The
semi-crystalline polymers’ broad melting temperature range is manipulated via
prefabrication under the effect of constraints. The oriented polymer fibers are
compacted to an oriented polymer sheet under suitable conditions of temperature
and pressure. The major concern of this process is that the temperature should be
almost 5 °C below the Tm and any overheating may result in relaxation and a loss of
the fiber orientation [15]. The hot compaction method has been used to prepare the
SPCs from PP [61, 62], PE [63], poly(ethylene naphthalate) (PEN) [64], and
PMMA [65]. In the overheating method, the polymer fibers are embedded in a
molten polymer matrix of the same grade, overheated considerably above their Tm
whilst being constrained to prevent shrinkage and the loss of mechanical properties.
The constraining of the fiber shifts the melting temperature to higher values to
provide larger temperature window for the SPCs processing of the SPCs [2, 15].

In the film stacking technique, the reinforcement fibers are sandwiched between
the films of the matrix and the composite material is produced by hot pressing. The
matrix films ensure a wide temperature processing window for hot pressing, free-
dom to select the material with no expensive pre-production [15]. It has been
applied for PP [66], PE [67], PEN [68], UHMWPE [69], PLA [17], and iPP fibers
[44]. In co-extrusion technique, a multilayer web can be produced without the need
for initial production of individual webs and a separate combining step. The melted
polymers are fed together carefully to produce a layered melt, which is then pro-
cessed in conventional ways to produce a plastic film or sheet [70]. Two different
types of polymer tapes such as the random PP copolymer/PP homopolymer, each at
a different melting temperature, are cold drawn to increase the mechanical prop-
erties and the reinforcement tapes are consolidated. Once oriented, the polymer
tapes can be constrained by the molding pressure during consolidation to increase
the melting temperature of the oriented core material, and further extend the pro-
cessing window of about 20–40 °C, a high volume fraction of reinforcement (90%)
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and an excellent bonding between the tapes due to the co-extrusion process [15].
All-PP tapes (PP homopolymer—core; random PP copolymer—skin) fabricated by
coextrusion into tapes of different melting temperatures are superior to glass
mat-reinforced thermoplastics or natural fiber mat-reinforced in terms of good
mechanical properties with low density [60].

In any composite, the stress absorbed by the matrix (the weaker phase due to the
weaker inter-chain interaction) is transferred to the reinforcement phase (the
stronger phase) through an interphase [71]. For this reason, polymeric fibers with
high performance are very important in SPC development as these high-
performance polymer fibers can be designed to give SPC high mechanical fea-
tures. To ensure efficient transfer of load from the matrix to the fibers, overlapping
of the polymer chains is required and for this, polymers of high molecular weight
with extended chains are preferred [2]. Other than strength and stiffness, the low
processing cost, ease of production and recycling to meet the environmental
requirements, low densities and the naturally strong interfacial bonding between the
molecules of the same polymer with less requirement for surface treatments, are
among major factors to be considered in the SPC development [3]. Although
produced from a single type of polymer or polymers related to a single family of
polymers, an SPC is still a two-phase system. Taking advantage of the high stiffness
and strength, the reinforcement phase is the anisotropic semicrystalline forms of the
polymers, and the matrix is either amorphous or semicrystalline but isotropic form
of the same polymer [71]. Carbon and glass fibers are the common reinforcement
material used in the composite materials to strengthen and enhance the efficiency of
the polymer matrix. However, carbon fibre especially is wasteful to produce and
both are difficult to recycle, mechanically and thermally, and for ultimate disposal,
making them not environmentally-friendly [15, 60, 72]. Furthermore, the density of
the polymer fibers such as PE, PP, All-PP tapes and UHMWPE is less than that of
the glass and carbon fibers, and their high mechanical properties induced during
drawing are major advantages in applications where a high strength-to-weight ratio
is required [15]. Since the development of the first SPC based on PE [1], different
matrix-fiber combinations based on PE, PET, PMMA, PLA, PEN, nylon and
polyester have been reported (Table 3) [15].

The major advantage of SPCs over heterogeneous composites is the chemical
compatibility for improved interfacial bonding and recyclability. PE can be clas-
sified into different categories which do not depend entirely on its density and
branching, and those main forms of PE divided based on density and branching
which include HDPE, High molecular weight HDPE (HMW HDPE),
UHMW-HDPE, linear low-density polyethylene (LLDPE), and very low-density
polyethylene (VLDPE). The most used PE grades are HDPE, low-density poly-
ethylene (LDPE) and medium-density polyethylene (MDPE) [73]. During fabri-
cation, the main hurdle to overcome is the small difference in Tm between the fiber
and the matrix. The Tm for HDPE matrix and fibers are 132 and 139 °C, respec-
tively [74], and for UHMWPE are in the range of 5–9 °C [75]. Under normal
processing conditions of the SPCs, the PE fibers annealed at the temperature close
to its Tm will have a much-reduced modulus towards that of the bulk HDPE [74].
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To enlarge the process window, the incorporation of polymers with the same
chemical composition but different chemical structures have been explored such as
the HDPE matrix reinforced by UHMWPE fibers [76, 77], and LDPE matrix
reinforced by HDPE fibers [74] or UHMWPE fibers [77]. These composites have
the manufacturability enhanced but with reduced interfacial adhesion than the
original HDPE homocomposite [74, 78], a result of different molecular weight and
chain configurations particularly the length of branched chains of HDPE, LDPE,
and UHMWPE which affects the compatibility and miscibility [79]. The level of
short chain branching (SCB) in LDPE has a strong influence on its miscibility with
linear HDPE [79]. The difference between the Tm of high-performance PE fibre and
LDPE matrix and the high chemical compatibility of the two components permit the
use of the fibre in a composite fabrication [78]. The chemically-treated PE fibres
surface substituting for the glass fibres in the PE matrix has markedly increased the
adhesion but the thermal processing conditions of the composite material and the
surface treatment cause a reduction in the mechanical property of the PE fibre [78].
With greater concern over climate change and sustainable development goals, the
shift is now geared towards the development of SPCs from renewable and
bioresources.

3 Eco-friendly Single Polymer Composites

Continuous and rapid exhaustion of natural and non-renewable resources has made
it imperative for the utilization of sustainable and eco-friendly material. Regulatory
and environmental authorities are making it compulsory for the manufacturers to
review their processes and the impact of their products on the environment.

Table 3 Matrix-fiber combinations for SPCs development (Adapted from [15])

Matrix Fiber

HDPE HDPE

HDPE UHMWPE

UHMWPE UHMWPE

LDPE UHMWPE

PP PP

PPE random copolymer PP

PET PET

PMMA PMMA

PLA PLA

Poly(ethylene naphthalate) Poly(ethylene naphthalate)

Nylon 6,6 Nylon 6,6

Vectran M Vectran HS

HDPE High density polyethylene, UHMWPE Ultra-high molecular weight polyethylene, LDPE
Low density poly-ethylene, PP Polypropylene, PLA Polylactide, PET Polyethylene terephthalate,
PMMA Polymethyl methacrylate and PPE Propylene ethylene
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In SPCs, the use of biopolymer matrix re-enforced with the same polymer in the
reinforcement phase is the way forward for the sustainable approach as both the
matrix and the fibers are from renewable resources. Despite this, the biopolymer is
not the polymer of choice for SPC production due to its instability against
mechanical recycling and thermal degradation during recycling process [60, 80].
Biodegradable polymers can be categorized into natural polymers (e.g. cellulose,
alginate, starch), synthetic polymers [e.g. PLA, polycaprolactone, polyvinyl alcohol
(PVA)], and microbial polymers [e.g. polyhydroxybutyrate (PHB) and polyhy-
droxybutyrate valerate (PHBV)] (Fig. 2) [81]. The two commonly reported
biodegradable SPCs—PLA and PVA, are highlighted.

3.1 PLA-Based

3.1.1 PLA Synthesis

PLA is a thermoplastic, high-strength, high-modulus polymer, belonging to the
family of aliphatic polyesters, and is commonly made from a-hydroxy acids which
include polyglycolic acid or polymandelic acid. The basic building block for PLA is
lactic acid (2-hydroxy propionic acid) which is the simplest hydroxy acid with an
asymmetric carbon atom and exists in two optically active configurations. The L(+)-
isomer which is produced in humans and other mammals, and both the D(−)- and
L(+)-enantiomers which are produced in the bacterial systems [82]. The basic
building block for PLA is lactic acid (2-hydroxy propionic acid) which is the sim-
plest hydroxy acid with an asymmetric carbon atom and exists in two optically active
configurations—the L(+)-isomer which is produced in humans and other mammals,
and both the D(−)- and L(+)-enantiomers which are produced in the bacterial systems
[82]. The commercial batch fermentation may take 3–6 days at 5–10% sugar con-
centrations with the production rate of 2 g L–1 h–1. The standard fermentation
conditions are relatively low to neutral pH, temperatures around 40 °C, and low
oxygen concentrations and the sugars such as glucose, maltose, and dextrose can be
obtained from corn or potato starch, or sucrose from cane or beet sugar, or lactose
from the cheese whey. The supplements may include corn steep liquor, yeast extract,
cotton seed flour, or soy flour, to provide proteins, B-vitamins, amino acids and
nucleotides [83–86]. The strains that produce the L(+)-isomer are Lactobacilli

Fig. 2 Structure of a PLA, b PVA, c PHB. (Adapted from wikipedia)
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amylophilus, L. bavaricus, L. casei, L. maltaromicus, and L. salivarius and the
strains that produce the D(−)-isomer or the mixtures of both are L. delbrueckii,
L. jensenii, or L. acidophilus, with 90% yield (1.8 mol Lactic acid mol−1 glucose)
[82, 85, 87]. Calcium hydroxide or calcium carbonate is used to neutralize the
fermentation acid and give soluble calcium lactate broth which is filtered, evapo-
rated, recrystallized, and acidified with sulphuric acid to yield the crude lactic acid.
Higher purity is obtained by distillation of the acid as the methyl or ethyl ester,
followed by hydrolysis back to the acid [83, 86, 84, 85] (Fig. 3).

The synthesis of lactic acid into high-molecular-weight PLA can follow two
different routes of polymerization (Fig. 4). The lactic acid undergoes condensation
polymerization to yield a low-molecular-weight, brittle, which can be made useful
for applications if the molecular weight is increased through the use of
esterification-promoting adjuvants such as bis(trichloromethyl) carbonate, dicyclo-
hexylcarbodiimide, and carbonyl diimidazole; and chain-extending agents such as
isocyanates, acid chlorides, anhydrides, epoxides, thiirane, and oxazoline [82, 87,
88]. Another route is via the ring-opening polymerization (ROP) of the lactide to
yield high molecular weight PLA (Mw = 100,000). Lactide, the cyclic dimer of
lactic acid is obtained by the depolymerization of low-molecular-weight PLA under
reduced pressure to give a mixture of three stereoisomers (L, L)-lactide, (D, D)-lactide
and meso(D, L)-lactide, the composition of which depends on the lactic acid isomer
feedstock, temperature and catalyst [87]. Without racemization reactions, poly-
merization of (L, L)-lactide (LLA) and its enantiomer (D, D)-lactide (D-LA) give

Fig. 3 Production steps for PLA. (Adapted from [153])
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isotactic semicrystalline polymers. The polymerization of meso (D, L)-lactide, or a
racemic mixture of 50% of D-LA and 50% of L-LA gives an amorphous polymer,
while the polymerization of optically pure monomers (L-LA or D-LA) gives a
semi-crystalline polymeric material [89]. The synthesis of PLA from the lactide ring
can take place via cationic ROP or anionic ROP and the D-lactide and L-lactide
enantiomers can form a 1:1 racemic stereo complex (D, L-lactide), which melts at
126–127 °C [87, 90]. The cationic initiators to polymerize lactide in cationic ROP
are trifluoromethane-sulfonic acid (triflic acid) and methyl trifluoromethane-sulfonic
acid (methyl triflate) [91–93]. The polymerization proceeds via triflate ester
end-groups at 100 °C to yield an optically active polymer without racemization. The
propagation begins with the cleavage of the positively charged lactide ring at the

Fig. 4 Synthesis methods for high Mw PLA. (Adapted from [82])
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alkyl-oxygen bond by an SN2 attack of the triflate anion. In another SN2 type of
attack, the triflate end-group reacts with the second molecule of the lactide to yield a
positively charged lactide that is opened, and then the triflate anion again opens the
charged lactide, and the polymerization proceeds [94].

The anionic lactide polymerizations proceed through the nucleophilic reaction of
the anion with the carbonyl and the subsequent cleavage of the acyl-oxygen to
produce an alkoxide end-group that continues to propagate [87]. For a large-scale
commercial application, the use of bulk melt polymerizations with lower levels of
non-toxic catalysts metal carboxylates oxides, and alkoxides are preferred. The
high-molecular-weight PLA is easily polymerized in the presence of tin(II) and zinc
to produce pure polymers due to their covalent metal-oxygen bonds and free p or
d orbitals [95, 96] and the best results are achieved with tin oxide and octoate at
120–150 °C with 90% conversions and less than 1% racemization [97]. The tin(II)
bis-2-ethyl hexanoic acid (tin or stannous octoate) is the catalyst of choice in the
PLA synthesis mainly due to the FDA approval and high catalytic activity with low
toxicity, and its solubility in many lactones with the ability to give high
molecular-weight polymers with low racemization [82, 92, 98]. The commercial
route is where the lactic acid and the catalyst are azeotropically dehydrated in a
refluxing, high-boiling, aprotic solvent under reduced pressures to obtain much
higher molecular weight PLA (Mw > 300,000) [99–102]. The azeotropic conden-
sation polymerization utilizes reduced pressure distillation of lactic acid for 2–3 h at
130 °C to remove the majority of the condensation water and produces
high-molecular-weight polymer without the use of esterification-promoting adju-
vants or chain extending agents. The catalyst and diphenyl ether are added, a tube
packed with 3-A˚ molecular sieves attached to the reaction vessel and the refluxing
solvent returned to the vessel via the molecular sieves for an additional 30–40 h at
130 °C. The polymer can finally be isolated as is or dissolved and precipitated for
further purification [99–104]. Though producing high molecular weight polymer,
the technique may result in high catalyst impurities which can cause problems such
as unwanted degradation, uncontrolled hydrolysis rates, toxicity and differing
slow-release properties. The catalyst level should, therefore, be reduced to 10 ppm
or less, deactivated or filtered out after the reaction [82, 87, 105].

Newly developed PLA synthesis techniques based on polycondensation and
ROP on the basis of industrial technique modifications and advanced laboratory
research including the various solvents, heating programs, reaction and catalyst
systems have been reported. The four synthesis methods are direct polycondensa-
tion (DP), azeotropic polycondensation (AP), solid state polymerization (SSP) and
ROP (Fig. 5). In the case of PLA, polycondensation of lactic acid connects car-
boxyl and hydroxyl groups to produce water by-product simultaneously. Due to the
difficulty in removing the byproducts from the highly viscous reaction mixture, the
polymer produced through DP is usually <50,000 g∙mol−1 and low quality [106].
However, with the newly developed using more efficient catalyst, solvent system,
temperature, pressure, and duration have improved the polymer processing and
properties, PLA with Mw of 90,000 g∙mol−1 is achievable even without any cata-
lyst, initiator or solvent. However, this may require a long heating time (>100 h at
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200°C) resulting in high energy consumption [107]. Improved heating with
microwave-assisted synthesis is more efficient with PLA (Mw 16,000 g∙mol−1)
produced within 30 min using the enhanced catalytic effect of binary SnCl2 or
p-TsOH catalyst [108].

For AP where the water is removed efficiently by the azeotropic solvents, the
appropriate solvent is critical to the performance and polymer properties. The
equilibrium between the monomer and the polymer is manipulated in the organic
solvent to produce relatively high Mw polymer in one step at the temperature lower
than the polymer Tm, to avoid any impurities caused by the depolymerisation and
racemization [109]. Besides azeotropic solvents, a Soxhlet extractor with molecular
sieve (3 Å) inside simultaneously removes trace water from the refluxed solvent to
produce 33,000 g∙mol−1 Mw polymer [110]. The SSP consists of the melt state to
produce oligomer at high temperature (150–200 °C) and the solid state to further
increase the Mw between the Tg and the Tm. In the second step before heating, the
prepolymer of relatively low Mw is pulverized into semi-crystalline powder, chip,
pellet or fiber of diameter less than 150 µm, and thoroughly dried for highly effi-
cient and homogeneous heat transfer and distribution resulting in high molecular
weight and improved polymer properties and purity [111]. The heating program
starts at 130 °C and rises to 160 °C stepwise as the polymer Tm increases, resulting
in PLA with Mw of 202,000 g mol−1 without any catalyst and solvent used [111].
A starting mixture of L-PLA and D-PLA at 1:1 ratio in solid-state polycondensation
could improve the polymer Tm from 160–170 °C to over 200 °C, suggesting
reinforced thermal stability [112].

PLA leading producers, such as Cargill Dow (USA) and Shimadzu (Japan)
applies ROP as the propagation process of the intermediate lactide [113–115] where
the terminal end of the polymer classifies the mechanism into anionic ROP, cationic
ROP and radical ROP [116]. Controlling the purity of lactide and synthesis con-
ditions, without chain coupling agent or azeotropic system, could lead to a polymer

Fig. 5 Routes of PLA synthesis from lactic acid. (Adapted from [106])
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with specific and desirable properties such as refractive index and a wider range of
molecular weight, making ROP of lactide the route to the synthesis of high
molecular weight PLA [117]. A twin-screwed extruder conducts the reactive
extrusion, improving the conversion yield to 99% and shortening the duration time
to only 7 min, significantly improving the efficiency [118]. More hydroxyl groups
as co-initiators could lead to higher Mw (>400,000 g mol−1) and faster polymer-
ization (<5 h), without affecting the polymer thermal properties, with Mw of
160,000 g mol−1 at 200 °C for 1 h without solvent as co-initiator [119]. Solvent-
free polymerization could actually achieve higher molecular weight PLA with
higher efficiency [120]. PLA with high Mw (100,000 g mol−1) is attained at 140 °C
for 10 h, but a longer period of preparation may be required at extremely low
pressure (0.001 kPa) and dry condition [121]. The metal-free organocatalyst has
also attracted increasing interest in polymerization where guanidine and amidine
organocatalyst have proven highly effective towards ROP of cyclic esters such as
lactide [122, 123]. The organocatalyst 1,5,7-Triazabicyclo[4.4.0]dec-5-ene
(TBD) shortens the ROP reaction time of with high conversion yield of 95–99%
[122]. Potent organocatalysts could contribute towards reaction efficiency
improvement, ROP under atmospheric pressure at room temperature and preventing
residual organometallic catalyst contamination, but the resultant polymer may be of
lower Mw (10,000–50,000 g mol−1) and some may possess acute toxicity and high
cost [123]. There is a need to develop a safe operating procedure and environmental
assessment, proper catalyst recovery method and the economic flexibility for
industrial application [106].

3.1.2 PLA SPCs

PLAs are biodegradable and compostable and degraded by simple hydrolysis of the
ester bond without the need for enzymes but the rate of degradation is dependent on
the size and shape of the article, the isomer ratio, and the temperature of hydrolysis.
The current market and applications of PLA are 70% in the industrial packaging
sector or the biocompatible/bioabsorbable medical device market [87, 124].
Polycondensation may produce PLA of low Mw using basic equipment and process,
while ROP produces a wider range of Mw by controlling the purity of lactide and its
polymerization, but the selection of the specific method should be based on its
intended final application. Low Mw PLA, for example, may be suitable for drug
release materials [106], so that it could be tuned for controlled-release and high Mw

PLA for packaging and textile products [106]. High-molecular-weight PLA is
colourless, glossy, stiff with properties similar to PS. The Tg of PLA is about 55 °C
and the Tm is 175 °C, and the processing temperatures should be in the excess of
185–190 °C [125]. PLA degrades at temperatures above 200 °C, and can be caused
by hydrolysis, lactide reformation, oxidative main chain scission, and inter- or
intramolecular transesterification reactions, depending on time, temperature, low-
Mw impurities, and the catalyst concentration. Catalysts and oligomers though
decrease the degradation temperature may actually increase the degradation rate of
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PLA, cause viscosity and rheological changes, fuming during processing, and poor
mechanical properties [82, 126].

Several approaches such as copolymerization (block and stereoblock copoly-
mers), microstructure and architecture control, and stereocomplexation, have been
developed for designing new PLA-based polymers with a broad range of properties
and improved processability [125]. Multiblock copolymers with alternating “soft”
and “hard” segments, synthesized over a broad range of chemical compositions,
show properties ranging from hard plastics to elastomers. Stereoblock copolymers
with alternating amorphous and semicrystalline PLA blocks combine the advan-
tages of PLA homopolymers (crystallinity) and random copolymers (processabil-
ity). Independent control of polymer architecture and microstructure allows for the
synthesis of star polymers with various arm morphologies. The stereocomplex
formation between L-PLA and D-PLA, combining in situ polymerization with
stereocomplexation takes advantage of the chirality of the lactide monomer,
retention of configuration during polymerization, living nature of the lactide ROP in
the presence of active hydrogen groups such as OH and NH2, and control of the
level of transesterification reactions [125]. PLA homopolymers have a very narrow
processing window and the most widely used method for improving PLA pro-
cessability is based on Tm depression by random incorporation of small amount of
D-lactide to the L-lactide to obtain PDLLA, but this could lead to a significant
decrease in crystallinity and crystallization rates [125]. The mixture (50/50) of
preformed chains of P(L, L)LA and P(D, D)LA gives a stereocomplex with
physicochemical and structural properties different from the corresponding PLA
with the Tm of 230 °C, almost 50–60 °C higher than the PLA homopolymers [127,
128]. However, processing at these temperatures may lead to thermal degradation
and the loss of Mw.

Compared to the bulk material, drawn fibers can exhibit a shift of the Tm and an
increased enthalpy of melting. If the same grade of polymer is used for the matrix
and the reinforcement, the shift in the Tm of the drawn fiber is not always sufficient
enough for the production of SPCs. The concept of “overheating” is one of the
methods in the manufacturing of SPCs. Both post-drawing temperature and the
ultimate draw ratio have a significant influence on the degree of overheating.
The enthalpy of a polymer is determined by the interaction forces between the
molecular chains, while the entropy is determined by the conformation possibilities
of a molecular chain. Controlled changing of either enthalpy or entropy, or both,
would alter the crystalline Tm. Another way is by changing the conformation of the
molecular chains and constraining the chains upon heating would shift the Tm
towards higher temperatures. For the production of single fiber model composites,
both ends of the polymer fibers are fixed on glass slides in order to prevent
relaxation during heating. Pellets from the same polymer grade are isothermally hot
pressed and the resulting thin films are placed on the same glass slide as the fiber.
These stacked samples are heated in a hot-stage, melting only the matrix material
but not the constrained fiber. The samples are then either air-cooled or isothermally
crystallized in a hot-stage [2]. The overheating behavior of constrained fibers has
resulted in the Tm shifts of about 10 °C [129–132]. Overheating of different
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polymers is due to the decreased conformational entropy of constrained amorphous
phase upon melting which may depend on the crystallinity level, the crystal size,
and the kinetics of crystal melting and on the scan rate. A shift higher than 20 °C of
the Tm has been shown with highly extended iPP (draw ratios > 14) and the 10 °C
overheating observed in the ultra-drawn PE upon constraining mainly due to the
change in chain mobility for PE in the hexagonal phase. iPP, and UHMWPE are
apolar polymers where the interchain interactions are relatively weak which leads to
a high degree of drawability [2]. The polar polymers (e.g. PET, PA) on the other
hand have relative strong interchain interactions and are therefore less drawable.
These are exhibited in PET and PA6 which show the draw ratios of only 4 with the
temperature shifts of about 10 °C for the constrained fibers as compared to the
unconstrained fibers [2]. To achieve the wide processing window, the drawing
temperature should be optimized to avoid relaxation processes in the amorphous
phase while at the same time induce orientation and improvement of the crystal size
and perfection. The draw ratio should be above 7 to have chain unfolding and
perfectly oriented especially for drawable polymers, and the chain mobility should
be relative low for effective constraining. For high performance fibers and effective
constraining, highly extended chains are therefore of considerable importance [2].

PLA SPCs have been prepared using PLLA fibers as reinforcement and poly
(D,L-lactic acid) (PDLLA) as matrix and the PLLA SPCs prepared by partially
fusing together softened PLLA fibers in the pressurized cylindrical mold [133].
PLA SPCs prepared using the same method makes use of PLA fiber for both the
matrix and reinforcement such that the melt processing window is very narrow
[134, 135]. The preparation of a poly(lactic acid) SPC consisting of amorphous
sheets as matrix and highly crystalline fibres, yarns and fabrics have been made on
the basis of PLA’s slowly crystallizing characteristics. The crystallinity of the PLA
sheets and fibers used are about 5 and 40%, respectively, and the Tg and Tm of the
PLAs used for the sheets and the fabric are approximately 60 and 167 °C,
respectively. The amorphous PLA sheets and the crystalline PLA fibers/fabrics are
laminated and compression-molded to form an SPC at a processing temperature
substantially lower than the PLA’s Tm. The processing temperature plays a profound
role in affecting the fiber–matrix bonding properties where an increase in the
processing temperature results in drastic improvement in the interfacial bonding at
around 135 °C, indicating the lower boundary of the process window. The
compression-molded SPC exhibits enhanced mechanical properties with the tearing
strength of the fabric-reinforced SPC almost an order higher than the non-reinforced
PLA. The SPC with 25 wt% yarns achieves a significant improvement with
Young’s modulus of 3.7 GPa and the tensile strength of 58.6 MPa [17]. The
amorphous PLA could be used as a matrix material but there are two competing
processes for amorphous PLA, fusing and crystallizing, exist during heating.
During PLA SPCs preparation, the fusion should be promoted while the crystal-
lization in the matrix should be restricted. The amorphous PLA must therefore be
rapidly heated to a suitable temperature between Tg and Tm so that it does not have
time to crystallize. However, the PLA SPCs with large thickness may require a long
time for thermal energy transfer from the SPC surface to its center [136] and
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therefore may not be cost-effective. Highly oriented PLA tapes as the reinforcement
and isotropic PLA film as matrix have also been explored to prepare the PLA SPCs.
The highly oriented PLA tapes are pre-tensioned during hot-pressing to restrict the
relaxation of the molecular chain so that the Tm of the PLA tape shifts to a higher
temperature [137]. This widens the melt processing window of the PLA SPCs but it
is difficult to prepare PLA SPCs by the normal hot-pressing device as this requires
an additional constraining device [136].

Heat-bondable PLA core-shell fibre is a patented technology whereby the over-
lapping fibre-shells can be fused at a temperature significantly lower than the Tm of
fibre-cores [138]. Mats of core-shell fibres of semi-crystalline poly(L-lactic acid)
(core) and amorphous poly(D,L-lactic acid) (shell) produced through coaxial elec-
trospinning have been used to prepare fibre reinforced SPC yarns and films [139].
The internal molecular arrangement (fine structure) within the fibres and the
potential to enhance the crystallinity of the core and the heat-bond neighbouring
fibres within the thermal operating window, between where the shell components
fused and the Tm of the core components are established. Annealing/heat-pressing
the core-shell fibres has been found to fuse the shells while enhancing the crys-
tallinity of the cores. Heat-pressing plied fibre mats into a film has resulted in
enhanced crystallinity (53%). significantly larger than the PLLA yarn (27%)
although the mass component of the PLLA in the film is only 44% of that of the pure
PLLA yarn. Thermal treatments therefore increase the crystallinity and the
mechanical strength of the composite yarns. These core-shell fibres allow for con-
tinuous fibre reinforcement of biodegradable materials and offer a simple route to
disperse nano-fibres homogeneously in a transparent matrix resin (as compared to
the solvent casting impregnation methods) [139, 140]. Polylactide (PLA) SPCs have
also been prepared using PLA nonwovens made of core-sheath PLA fibers as raw
materials by hot-pressing. The core and sheath materials are poly(L-lactide) (PLLA)
and PLA with D-lactide of about 10 mol% (PLA90), respectively. The melt pro-
cessing window of PLA SPCs reaches more than 40 °C. The effects of hot-pressing
temperature on the crystallinity, the crystal size distribution, the lamellar thickness
and the mechanical property of PLA SPCs are more significant than the hot-pressing
pressure treatment. The high mechanical properties of PLA SPCs are attributable to
the strong interfacial adhesion between matrix and reinforcement. The tensile
strength (rb), elongation at break (eb), the work of rupture (W) and impact strength
(acU) of the SPCs prepared at 130–160 °C are 47–65 MPa, 15–32%, 9–22 J, and
14.9–67.2 kJ m−2, respectively, while those of pure PLAs prepared at 180 °C, are
only 19 MPa, 1.8%, 0.15 J, and 2.8 kJ m−2, respectively. The increase in
hot-pressing temperature also reduces the rb, W and acU [136].

3.2 PVA-Based

Poly(vinyl alcohol) (PVOH) is the only known water-soluble, carbon-carbon
backbone polymer that is biodegradable under both aerobic and anaerobic
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conditions, applicable in a wide range of applications such as films, fibres, adhe-
sives, textile sizing, emulsifiers, paper coating [141–143]. The hydroxyl groups in
its main backbone provide for the strong intra- and intermolecular hydrogen bonds,
conferring high tensile strength, excellent adhesive properties, abrasion resistance,
chemical resistance and gas barrier properties [144]. PVOH can be prepared by
using natural gas as raw materials, and produced on an industrial scale by
hydrolysis (methanolysis) of poly(vinyl acetate) through a one-pot reaction, to
obtain PVOH of various grades depending upon the degree of hydrolysis [145].
Commercial production of PVOH fibres is carried out by wet spinning or dry
spinning, where PVOH chips are dissolved in hot water and the solution is extruded
through a spinneret. The extrudates are then coagulated to form continuous fila-
ments and heat treated to gain adequate mechanical properties. The water resistance
of the fibres can be improved by a heat treatment followed by acetalization and the
thermal stability can be enhanced by plasticizers such as glycerol, ethylene glycol,
amine alcohols and polyvalent hydroxyl compounds [146]. PVOH possesses
excellent mechanical properties because of the high crystallinity with high tensile
strength and a greater modulus of elasticity than the regular concrete, where the
PVOH fibres develop a chemical bond with the cement during hydration and
curing. Hence, PVOH fibres are effective in controlling the shrinkage and the
fatigue cracking of the concretes [147], with wide-ranging industrial applications
including as reinforcement in rubber hosing and geogrid, and in paper and
non-woven applications [141].

The PVOH-based SPCs have been prepared through a melt compounding pro-
cess. The PVOH chips are utilized as the matrix evaluated against three types of
commercial PVOH Kuralon® fibres (WN2, WN4, WN8) as the reinforcement. The
fibres are provided in the form of staples and differ in their Tm and tensile prop-
erties. PVOH fibres are dried at 60 °C for 6 h before being compounded with
PVOH chips in a Thermo Haake internal mixer operating at 180 °C for 6 min.
These provide good dispersion of the fibres whilst avoiding thermal degradation of
the matrix. Square sheets of the composite samples with a mean thickness of about
1 mm are prepared by compression moulding the resulting materials at 180 °C for
5 min in a Carver laboratory press under a pressure of about 1 MPa. Samples are
sealed in vacuum plastic bags under vacuum to prevent moisture absorption [141].
Based on the cryo-fractured surface morphology, the reinforcement structure and
shape is maintained only when high fibres Tm are used. The introduction of PVOH
fibres increases proportionally the stiffness, the yield properties and the Vicat
softening temperature of the neat PVOH matrix with marked improvements of the
viscoelastic properties of the composites. The storage modulus and the Tg of the
PVOH-SPC increases with respect to the neat matrix but with progressive reduction
of the elongation at break of the filled samples and strong reduction of the creep
compliance values at all the tested temperatures [141].
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4 Conclusion and Future Outlook

SPC preparation, morphology, and mechanical behavior based on semicrystalline
polymers, amorphous—amorphous or amorphous—semicrystalline systems have
been greatly developed in the past 40 years [15, 148]. The ‘toolbox’ to create SPCs
include resolving the issues of matrix and reinforcement (the Mw and nucleation),
tacticity (polymorphism, melting, crystallization, chain branching, copolymers,
overheating), and interfacial bonding and adhesion [149]. SPCs have exhibited high
levels of mechanical properties at lower densities and efficient thermal recyclability.
Depending on the reinforcing component dimensions, SPC can be produced as
micro- or nanocomposites. The same materials used in the SPCs matrix and the
reinforcements results in enhanced interfacial adhesion and confers the composite
fully recyclable by reprocessing. However, this has also led to the major issue in
SPCs synthesis and fabrication which is the narrow temperature range of processing
that even the slightest overheating of the fibrous material could irreversibly degrade
its reinforcing properties. This can be resolved by employing the techniques of
copolymerization and polymorphism of matrix and the reinforcement fibers can be
improved by using nano-fillers of high aspect ratios. The SPCs are typically prepared
by melt-processing techniques through the hot compaction, wherein the polymer
fibers are consolidated by applying heat and pressure. A partial melting of the outer
surface of the fibers allows for the matrix formation whilst the inner part remains
unmelted, and highly oriented to act as reinforcement [150]. The concept of over-
heating of constrained fibers could resolve the problem associated with hot com-
paction. The key for cost-effective preparation of SPCs with optimum impregnation
of the reinforcements by the matrix material of the same chemical composition can
be the significant decrease of the viscosity of the matrix. This is possible when the
thermoplastic matrix is obtained in situ, through polymerization of low-viscosity
monomers or oligomers in the presence of the reinforcements such as the ROP [19],

Table 4 Ranking of different polymers based on Green design and Life-cycle assessment [154]

Material Green design rank LCA rank

PLA (NatureWorks) 1 6

PHA (Utilizing Stover) 2 4

PHA (General) 2 8

PLA (General) 4 9

High Density Polyethylene 5 2

Polyethylene Terephthalate 6 10

Low Density Polyethylene 7 3

Bio-polyethylene Terephthalate 8 12

Polypropylene 9 1

General Purpose Polystyrene 10 5

Polyvinyl chloride 11 7

Polycarbonate 12 11
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where the ring-shaped monomer molecules are opened and transformed into high
Mw polymers without release and accumulation of by-products [150]. Complex
structures of SPCs also can be developed for more versatile applications in different
fields such as for fire retardant or injection moldable grades [149, 151]. Table 4
shows that PLA attains the top spot in terms of green design ranking suggesting the
bright future lies in the development of bio-based SPCs.
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1 Introduction

Polymer matrices such as rubber, plastic, acrylic, ethylene are commonly available
in the market. These materials have advantages due to their lightweight, straight-
forward processing, and low cost [1], with outstanding corrosion stability and
ductility. The major disadvantages of the polymer components are the low thermal
and environmental stability (against UV), low acid resistance, and conductivity [2].
To overcome the problems, the polymer matrices are reinforced with fillers (par-
ticles, fibers, or platelets, synthetic or natural, organic or inorganic) at macro, micro,
or nanoscale [3–5]. The resultant composite materials have characteristics different
from the individual constituent. The composites consisting of two or more con-
stituents may have significantly different physical or chemical properties, but the
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constituent components remain separate and distinct within the finished structure.
The characteristics of the filler and the host material will determine the perfor-
mance, although, with time, this may still deteriorate upon exposure to UV, high
temperature, pH, and humidity [6].

In the petroleum industry, epoxy resins are derived products possessing superior
properties, dimensional stability, and good wettability with matrices for composite
fillers and structural adhesives [7]. The industries based on epoxies in 2010 have
reported 2 million tonnes of production with an annual turnover of USD20 billion
[8]. Approximately 90% of epoxies are produced from diglycidal ether of bisphenol
A (DGEBA) [8] which is an endocrine disruptor in humans and causing morbidity,
decreased fertility, and cancer [9]. Polymer composites have therefore gained
prominence in sciences, technology and engineering essentially to address the issue
of global sustainability and as a replacement to the conventional materials such as
the epoxies, metals, and ceramics. Engineered composite materials can be found as
plywood and polymer matrix composites, ceramic matrix composites, metal matrix
composites and smart composite materials which require greater strength to weight
ratio and cost-effectiveness. The implications are seen in industries from con-
struction, automobiles, and furniture, to common applications such as the landfill
liner which uses waste clay from boron production, wood fillers in the thermo-
plastic matrix, and thermal insulation of paper cups, to the more sophisticated
applications in aerospace, microelectronics, biomedicals and pharmaceuticals [10].

Fibre-reinforced polymers (FRPs) possess strong ecological appeal, low cost,
and higher specific mechanical properties. The polymer matrix has been reinforced
with synthetic or artificial fibers to improve the performance of the final products
[11]. Renewable and sustainable materials from the industrial and agricultural
residues and energy crops especially have bright future as reinforcement material to
improve specific properties in composite or nanocomposites. The agro-based
materials are attractive for sustainable technologies and safe production, whilst
fulfilling the energy needs of the industries [12]. The total world biomass pro-
duction of the lignocellulosic material is estimated at 10 Mg per hectare per year
[13], and the total cellulose production reaches 1011–1012 tonnes per year [14], with
the annual consumption of 7.5 � 1010 tonnes [15]. In the light of indiscriminate
dumping of residual plastics which has caused serious global environmental
problems, and the free availability of biomass wastes from agricultural sectors, the
development of biocomposite material based on agro-residues with synthetic
polymer will pave the way for enhanced waste recycling and the conversion into
value-added products [16].

This review article discusses the characteristics and fabrication of nano-fillers
with a special focus on cellulose, chitosan, and magnetic nanocomposites, the
composites development and the preparation of nanofibers with renewable poly-
mers. The applications in drug delivery, tissue engineering, biosensor and electrical
insulation, and the catalysis and environmental remediation are highlighted.
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2 Characteristics and Fabrication of Nano-fillers

The range of the host materials used in nanohybrids include the organic polymers,
silica or even liquid media. A standardization committee, ISO TC229
“Nanotechnologies” in 2005 in a joint group with IEC 113 “Nanotechnology
Standardization for Electrical and Electronic Products and Systems” has defined
nanocomposites as those containing fillers with at least one dimension of size less
than 100 nm (ISO/TS27687:2008, ISO/TS11360:2010, ISO/TS88004:2011, ISO/
TS 80004-2:2015) [17]. The properties (such as mechanical, electrical, optical or
thermal) of a new generation of materials can be controlled with the nano-fillers
which depend upon the chemical composition, shape, size, dispersion and orien-
tation of the nanofillers. Nanocomposites are multi-phasic materials where the
matrix material incorporates units with one, two or three dimension and may
contain the nanofillers up to 10% of the total mass of the matrix. The fillers and the
matrix are mixed at a moderate temperature, followed by the fabrication into the
desired shape, but the functionalized fillers may result in better incorporation into
the composites [18]. The advantages are the integration of several component
materials and their properties in a single material. The combined properties of the
matrix material and the nanosized filler yield novel functional materials, which can
be tailor-made for specific applications [19, 20].

The nanofillers can be divided into the one-dimensional nanoplate,
two-dimensional nanofibres and three-dimensional nanoparticles (Fig. 1). The
nanoplate nanofillers have a thickness in the nanometer scale, though the lateral
dimension could be several hundred nanometers to microns in the range [21].
Smectite clay minerals, particularly montmorillonites (MMTs) and graphene are
examples of one-dimensional nanofillers. To improve the silicate compatibility with
the polymer chains, organophilic modification of the internal and external cations of
the clay minerals can be carried out. Graphene is a one-atom-thick planar, single
sheet of sp2-bonded carbon atoms, synthesized from graphite by micromechanical
cleavage [22–24], and its one-atom thickness is advantageous for ultrafast com-
putational and sensor applications [25]. The nanofiber nanofillers have diameters in
the nanometer scale such as the carbon nanofibers (CNFs) and nanotubes (CNTs),
metallic nano-rods, and whiskers. The CNFs and CNTs are the most widely used

Fig. 1 Shapes of nanofillers used in the nanocomposites (adapted from [17])
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nanofiber nanofillers in the polymer nanocomposites [26]. The CNTs, available in
single wall or multi walls, with the lengths of tens of microns and the diversity in
the synthesis routes and fabrication, may result in a different structure, diameter,
aspect ratio, crystallinity, purity, and entanglement. The extraordinary properties of
the CNTs such as density less than 2 g cm−3 with axial stiffness in the order of
1 TPa and the strength of 50 GPa [22], render the CNTs to be versatile. The
nanoparticles (NPs) have the three dimensions at the nanometer scale such as the
carbon black, silica, or quantum dots. The trend now is to individually disperse,
control and modify the structure for enhanced properties of the composites [22].

Single biopolymer such as starch materials has poor mechanical properties and
high water permeation which can be improved by reinforcing with the fibers, flakes,
platelets, and particles [27–30], or the polymer matrix blending with other polymers
[31]. Apart from the properties of the components, the bonding and the interfacial
adhesion between the matrix and the filler also influence the final composite
properties. With the nanofillers, the ratio between the area of the interface and the
volume of the reinforcement is much higher than when the micro-sized or con-
ventional reinforcements are used. NPs addition, therefore, reduces the retrogra-
dation of the polymer matrix [32–34], as the large surface area per unit volume and
the high aspect ratio of the nanofillers transfer their properties to the polymer
matrix. A high fraction of the atoms in nanometric fillers is at the surface which
enhances reactivity. With good dispersion, the interface region is maximized to
allow the conformation of the interfacial percolation network, resulting in improved
nanocomposite properties [35]. When the light reflection coefficient of the nano-
filler is similar to the matrix, there will be optimal effect in terms of transparency,
whereas the composites becoming opaque due to the light scattering effect of the
microfillers. Nanofillers also improve the mechanical properties [29–31], as well as
the electrical [36, 37] and thermal properties [36–39].

Different types of lignocellulosic fibers have been blended with biopolymers and
synthetic polymers [40]. Compression and injection moulding for composites and
material processing have been reported for various types of fibers and biopolymers
(Table 1) [17, 41]. Compression moulding is widely used in the bakery industry,
before being developed later as the processing methods in the plastics industry
especially in the manufacturing of thermoset plastic parts, although also applicable
to thermoplastics composite with unidirectional tapes, woven fabrics, randomly
orientated fiber mat or chopped strand [42]. The raw materials, in the form of
granules, putty-like masses, or preforms, are first placed in a heated mould cavity,
and the pressure applied to force the material to fill up the cavity. A hydraulic ram
produces sufficient force during the moulding process, and the heat and pressure are
maintained until the plastic material is cured [42]. The compression moulding is
low costs and low wastes, fast setup time, capable of large size parts whilst allowing
intricate parts and good surface finish. Though producing fewer knit lines and less
fibre-length degradation than the injection moulding, the production speed of
compression moulding is lesser than the latter, and limited largely to the flat or
moderately curved parts with no undercuts, and furthermore with less-than-ideal
product consistency [42].
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Table 1 Fabrication methods for lignocelluloses and biopolymers [41, 48]

Lignocelluloses/biopolymer Fabrication methods

Long fibers Jute yarn Pultrusion and compression
moldingFlax and sisal

Lyocell

Kapok

Unidirectional/
multidirectional flax

Short fibers Cellulose filament
yarn

Fabricated by single/twin screw
extruder and injection molding

Jute yarn

Flax yarn

Cellulose fiber Fabricated hyduralic/
compression moldingSisal fiber

Kenaf fibers

Flax fibers Twin screw extruder/internal
mixture and injection moldingJute fibers

Vetiver grass

Bamboo fibers

Particulate fibers Cellulose pulp,
Sisal, Coir, Luff
sponge

Screw extruder/internal mixture
and compression molding

Cellulose whiskers

Soft wood, Avicel
fiber, Alfa

Pine saw dust

Wood fiber

Hemp fiber

Saw dust

Luffa fiber

Paper slug

Rice husk, wood
powder

Screw extruder/internal mixing
and injection molding

Lignocel fiber

Hard wood dust

Liquefied wood mill

Hemp

Pine soft wood fiber

Wheat straw

Biopolymers from microorganisms PLA
Polyhydroxy
alkanoates (PHB)
Polyhydroxy fatty
acids (PHF)

Extrusion
Injection molding
Injection molding

(continued)
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Conventional injection moulding process based on ceramic involves feedstock
preparation, injection moulding, debinding process and sintering. In the case of
composite granulate used as the feedstock, the key issues will be the particle sizes
in microns, submicron or nano region, size distribution, shape and specific surface
area and purity [43]. An optimum feedstock/thermoplastic binder content is mixed
homogeneously to form a moderate viscosity mixture, free from agglomerates, with
sufficient fluidity [44]. Injection moulding is used to mould the feedstock under
concurrent heating and pressurization, with constant monitoring to minimize
defects. This is followed by binding, where the soluble and insoluble components
of the binder are removed, before sintering [43]. The use of conventional injection
moulding machines on renewable and biopolymers is not easy due to a large
number of products from compounds of the most varied shapes and variants. Flax
fibers for example exhibit comparable elongation at break (3.3%) to the E-glass
(3.4%), despite having a lower density of 1530 kg m−3, E-modulus of
58 ± 15 GPa and tensile strength of 1339 ± 486 MPa, than the E-glass (2550, 71
and 3400, respectively). However, the flax/lactic acid resins (70:30) fabricated by
the compression moulding show higher tensile strength of 62 MPa and tensile
modulus of 9 GPa, as compared to the flax/PLA fabricated by the injection
moulding (40–55 and 3–6, respectively) [45–47]. The injection moulding system,
especially the plasticizing unit, must be adjusted to ensure correct feeding char-
acteristics. The special requirements are to allow gentle plastification through the
customized design, using coated systems to counter abrasion and chemical resis-
tance, and high injection rates or pressures with adequate venting [48]. In the
injection moulding process, maximum possible accuracy and precision of material,
machine, and the mould must be streamlined to produce very small components
especially in the field of miniaturisation such as the minimal connectors for auto-
mobile engineering, ball bearing retainers in nano-mechanics or micropipettes in
medical technology or biotechnology. This may necessitate appropriate know-how
in the field of tool engineering with customized systems based on the standard
platform to handle shot weights of a few grams, and component weights of a few
tenths or even a few centigrams [48].

Table 1 (continued)

Lignocelluloses/biopolymer Fabrication methods

Biopolymers from renewable
resources, biodegradable, of plant
origin

Starch-based
Cellulose-based
Lignin-based

Extrusion and injection molding
Injection molding
Injection molding

Biopolymers from renewable
resources, biodegradable, of animal
origin

Chitin and chitosan Dry molding

Biopolymers, biodegradable, of fossil
origin

Polyester
Ethanol (poly vinyl
alcohol)

Extrusion
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3 Green Nanocomposites

Nanofillers or nanomaterials are mainly classified into organic nanofillers which
include cellulose, chitosan, organic clays, fullerenes or CNTs; and the inorganic
nanofillers which include magnetic NPs, metals-based NPs or inorganic clays.
Renewable polymers such as starch, cellulose, and chitin are biocompatible,
environmentally-friendly and biodegradable. The preparation of sustainable poly-
mer nanocomposites reinforced with cellulose, chitin, and starch is discussed in the
next section.

3.1 Cellulose Nanocomposites

Cellulose (C6H10O5)n is a predominant constituent of lignocellulosic material
(30%) and the most abundant biopolymer resource, employed for millennia in a
wide variety of pre-industrial and industrial processes [12, 49]. It is a linear chain of
a hundred to a thousand 1-4-b-d-anhydroglucose units, forming the structural
component in prokaryotic and eukaryotic organisms including the green plants and
several forms of algae, [12, 50]. Other natural substances in the plant fibers such as
lignin, waxes, hemicelluloses and pectin are also found in large quantity [51–53].
Some bacterial species such as Gluconacetobacter xylinum, Sarcina, Pseudomonas,
Aerobacter, Alcaligenes, Acetobacter, Rhizobium, Achromobacter and Zoogloea
produce or secrete bacterial cellulose (BC) to make biofilms. Algal species such as
Pyrrophyta, Chrysophycease, Xanthophyceae, Phaeophyta, and the Chlorophyta
have also been reported to produce cellulose [54]. Cellulose can be synthesized
in vitro by using specific cellulose activator and the synthesized microfibril particles
and the subfibrils are arranged and assembled [55]. Cellulose shows the phe-
nomenon of allotropy where the allomorphs have the same chemical substances but
more than one crystalline form (Table 2). The crystalline structures of native cel-
lulose I have two phases [56], where the Cellulose phases Iɑ for bacteria or algae
have triclinic geometry, the tunicates or animal Iɑ and Ib cellulose have monoclinic
chains and the high plant possesses both forms of cellulose [56]. Cellulose I can be
transformed into Cellulose IIII by refluxing with an ammonical solution in

Table 2 Cellulose
allomorphs with crystal
geometry [56]

Cellulose allomorph Crystal geometry

Alpha cellulose (Iɑ) Triclinic, one parallel chain

Beta cellulose (Ib) Monoclinic, two parallel chains

Cellulose II Monoclinic, two antiparallel chains

Cellulose IIII One monoclinic, parallel chain

Cellulose IIIII Two monoclinic, antiparallel chains

Cellulose IVI Two orthorhombic, parallel chains

Cellulose IVII Two orthorhombic, antiparallel chains
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ethylenediamine, and Cellulose IIII can be converted into Cellulose IVI via glycerol
refluxing or from the hydrolysis of Cellulose Iɑ. Cellulose II can be produced by
reacting with NaOH, resulting in the monoclinic structure [56]. Prokaryotic,
Eubacteria, and Sarcina synthesize Cellulose II, but the purple bacteria
Acetobacter, Rhizobium and Agrobacterium synthesize only Cellulose I [55, 56].

The unique properties of cellulose include biodegradability, capacity for broad
chemical modification, and the formation of versatile semicrystalline morphologies
[57, 58]. Microcrystalline cellulose (MCC) can be prepared from various plant
fibers [59–61]. Green isolation of cellulose from oil palm empty fruit bunches
(OPEFB) have been reported using autoclave-based and ultrasonication pretreat-
ments to replace non-green chlorite method [16, 62]. The ultrasonic treatment yields
49% cellulose with 91.3% ɑ-cellulose content and 68.7% crystallinity, while the
autoclave treatment produces 64% cellulose, with 93.7% ɑ-cellulose content and
70% crystallinity. The cellulose/PP composite fabrications with 25% cellulose
loading via the injection-moulding technique attains a high tensile strength of
27 MPa, without any addition of coupling agents, with high thermal stability and
low water and diesel sorption [16]. High crystallinity index of 87% cellulose I MCC
from OPEFB has been achieved through the use of elaborate serial bleaching of
oxygen-ozone and H2O2, followed by acid hydrolysis [63]. Generally, an acid
hydrolysis process is used to make aqueous suspensions of nano-crystallites [64].
The crystalline rod-like cellulose nanocrystals (CNC) [65, 66], can be isolated from
delaminated cellulosic fibers or MCC using controlled sulfuric acid treatment to
remove the amorphous material. The esterification of hydroxyl groups by sulphate
ions yields a negatively charged surface to form a stable colloidal dispersion of
CNC, with diameter and length less than 100 nm [67–71]. As the CNCs tend to
form aggregation and agglomeration [72] the mechanical or ultrasonification
treatment allows uniform aggregate dispersion for a more stable colloidal suspen-
sion [69, 73]. Two methods—acid hydrolysis and chemical-swelling method, have
been compared to produce CNC from the MCC extracted from OPEFB pulp. The
swelling treatment where the MCCs are swelled and partly separated to whiskers by
chemical and ultrasonification treatments [74, 75] results in typical cellulose I
structure, similar to the MCC, with no cellulose II. The acid hydrolysis treatment
using 64% H2SO4 (96% purity) and strong agitation exhibits the coexistence of
cellulose I and cellulose II allomorphs [71], similar to that reported for the CNC
isolated from waste sugarcane bagasse [76].

The higher or lower crystallinity will determine the intended use of final com-
posite products. The crystal size and shape are influenced by the cellulose source,
the plant species and age, the local growth conditions (climate, soil) and the acid
hydrolysis conditions [66, 77]. The crystallinity of CNC from acid hydrolysis of
OPEFB-MCC at 84%, for example, is lower than the MCC (87%) and the CNC
from the swelling-treatment (88%) [71]. The reduced crystallinity from acid
hydrolysis may have been a result of the esterification of the cellulose chains [71,
78], or also possibly due to the higher surface amorphous ratio of CNC [79]. With
this high aspect ratio, lightweight and better thermal properties than the MCC, the
CNCs are more cost-effective and suitable as reinforcing agents in the
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bio-renewable composite preparation [71]. The tensile strength of the CNC can be
processed into the highest attainable composite strengths, far more than the
high-volume content reinforcements [67, 80]. The CNCs from the bacterial cellu-
lose fibrils are suitable as fillers for a transparent polymer composite due to their
smaller lateral dimensions than the wavelength of the visible light [81]. The
nanocomposite films of isotactic PP reinforced with CNCs dispersed with surfactant
also exhibit far superior properties than the clean matrix or the composites con-
taining other fillers [82].

3.2 Chitosan Nanocomposites

Chitosan (Cs) is the second most abundant biomaterial after cellulose. It is a nat-
urally occurring amino polysaccharide, derived as a deacetylated form of chitin.
The chemical structure of chitin and Cs is shown in Fig. 2 [83]. The primary amine
group in Cs confers uniques properties such as the cationic nature, anti-microbial
activity, biocompatibility, and biodegradability, which are favourable in the
biomedical application for controlled drug release [84]. The X-ray results of chitin
and Cs show nearly similar diffraction pattern between shrimp shell (a-chitin) and
anhydrous squid pen (b-chitin). The crystallographic parameters of ‘a’ and ‘b’
chitin exhibit two antiparallel molecules per unit cell in a-chitin, but only one

Fig. 2 Chemical structure of a chitin, and b chitosan (adapted from [84])
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parallel arrangement in b-chitin. Despite this difference, it appears that N-acetyl
glycosyl moiety is the independent crystallographic unit in both allomorphs [85,
86]. However, a-chitin samples suggest that the lobster-tendon chitin is observed at
‘hkl’ value of [001] [87], which is absent in the more crystalline sagitta chitin [88–
90]. Further studies are needed to analyze the a-chitin crystal structure while the
anhydrous b-chitin appears to be well defined and established [91, 92].

The incorporation of even 5–10% (w/w) of nanofillers into the Cs matrix could
already improve the properties as compared to the 40–50% classical fillers in the
conventional composites. The Cs composition in the composites can also be kept
high for enhanced bioactivity and biocompatibility, thermal stability and trans-
parency [93]. Electrospinning of Cs into nano-fibrous materials has been reported
[94–98]. The high viscosity of Cs limits its spinnability and the application of an
alkali treatment could hydrolyze the Cs chains and reduce its molecular weight
(MW). Further treatment with aqueous 70–90% acetic acid for 48 h produces
optimum nanofibers with moisture regain 74% greater than the treated and
untreated chitosan powder. However, the diameter of 140 nm obtained, strongly
affected by the electrospinning conditions and the solvent concentration [98], may
be slightly higher than the 100 nm limit set for nanofiber [17]. Pure Cs nanofibers
have been successfully produced, after the optimization of the electrospinning
process parameters, from the blends of Cs and poly (ethylene oxide)
(PEO) solubilized in the acetic acid. The Cs nanofibers exhibit better structural
stability for at least six months in aqueous solutions (phosphate buffer (PBS) or
water) [96]. Depending on the geometry and aspect ratio (particle length to
thickness ratio), the Cs nanofillers can be fabricated into layer (nanoplate), rod-like
(nanofiber) and spherical (nanoparticle) structure. The aspect ratio is the key factor
in the enhancement of composite properties (Fig. 3) [99].

3.3 Magnetic Nanocomposites

Various types of magnetic particles have been combined with different materials
such as gels, liquid crystals, renewable polymers, silica, carbon or metal-organic
frameworks to develop novel nanocomposites. Magnetic polymer nanocomposites
(MPNC) have the inorganic magnetic nanoparticles, fibers or lamellae embedded or
dispersed in an organic polymer [100] which respond to external static or alter-
nating magnetic field. The organic-inorganic synergies in MNPC possess new
properties that will not be possible with single organic or individual inorganic
components. The magnetic carbon nanocomposites (MCNC) use carbon as the
hosting matrix, taking advantage of unique mechanical, physical and chemical
properties of carbon, and diverse morphologies such as activated carbon, fullerene
(C60), CNFs, CNTs, expanded graphite, and graphene. Static or alternating mag-
netic fields as external stimulus offer relatively large penetration depth to induce
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magneto-mechanical forces, to change the shape or to move the host materials
[20, 101]. These unique magnetic properties offer perspectives for fundamental
understanding and applications in medical therapy and diagnosis, separations,
actuation, or catalysis [101]. The common method of magnetic NPs synthesis is the
co-precipitation of Fe2+ and Fe3+ ions by a base, to yield NPs of broad size dis-
tribution. To produce highly monodisperse magnetic NPs and the MPNCs with
good particle distribution, thermal decomposition of metal precursors such as metal
carbonyls (Co2(CO)8, Fe(CO)5, Ni(CO)4) and metal oleates, should be carried out
in the presence of polymers. For dispersion in PP matrix, a specific amount of metal
precursor such as the liquid of Fe(CO)5 is injected into the dissolved PP solution,
turning the transparent mixture into yellow, before gradually changing to black to
indicate the NPs formation. Upon heating, Fe(CO)5 is decomposed into Fe2(CO)9
and Fe3(CO)12 and the Fe3(CO)12 is then decomposed to finally form the metallic
NPs [102, 103]. For raw OPEFB, cellulose and kapok fibers as base materials in the
synthesis of magnetic biosorbents (MBSs), the fibers are first homogenized to the
fine sizes of 0.005–0.02 mm, before mixing with the Fe2O3 NPs in deionized water,
sonicated and shaken on an orbital shaker for the cycle of 3 times and the MBSs
recovered using a permanent magnet (4000 G) [104].

Fig. 3 Chitosan nanocomposite containing different types of nanofillers (adapted from [99])
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4 Applications

4.1 Nano-drug Delivery

Nanomedicines confer several advantages in precision and targeted medicine such as
concentrating the quantity and enhancing the absorption of chemotherapeutic agents at
the specific site and tissue, increasing the retention time whilst reducing premature
degradation for intracellular penetration, and improving the interaction with the bio-
logical environment tominimize their systemic distribution and reduce the adverse side
effects [105–107]. Nano-vehicles/carriers including the nano-spheres/nanoshells,
polymeric micelles, liposomes, polymer conjugates, dendrimers, and nucleic
acid-basedNPs have been the focus in the drugdelivery system (DDS).The challenge is
in ensuring that the encapsulating agent should not be immunogenic or at least not show
any adverse immune response or react towards circulating proteins andmolecules in the
body. The DDS should exhibit solubility, stability in vivo, and bio-distribution, long
circulation in the blood, passive or active targeting to the pathological or diseased sites,
and responsive to the changes in the environmental conditions [105, 108]. Polymeric
nano-DDS have shown potential as therapeutic carriers with remarkable results shown
inpreclinical studies especially for targeteddelivery to tumour cells [109, 110].Ligation
of the anticancer drug to a biocompatible polymer such as hyaluronic acid (HA) could
enhance drug target and controlled release [111–114].HA is themain component of the
extracellular matrix and ligand for CD44 and Receptor for Hyaluronan-Mediated
Motility (RHAMM) which are over-expressed in a variety of tumour cell surfaces.
HA-Cisplatin (Pt) NPs, formed through anionic polymer–metal complexation between
Pt and HA, have shown no significant difference between Pt and HA-Pt cytotoxicity
in vitro [108, 109]. The challenge, however, is that the hydrophobic drugs may be
released too slowly from the DDS. To increase efficiency and efficacy, the water uptake
into theNPsmust be enhanced to speed up the releasewhilst at the same time sustain the
release profile [115].

Nanofibers possess high surface to volume ratio and porosity to accommodate drug
loading capacity, mass transfer and attachment to targeted cells [116]. Surface func-
tionalization furthermay provide an avenue for the design ofmore precise drug and gene
delivery [117]. However, to achieve this, the processing variables during fabrication of
the nanofibersmust be controlled precisely [118, 119].Due to the unique size-dependent
optical, electronic, magnetic and structural properties, NPs formulation with the thera-
peutic agents are being considered for target specific diagnostic applications based on
imaging, diagnostics and targeted therapy to improve the anti-cancer therapeutics [120,
121]. The cellulose-based materials for example not only are biodegradable, and bio-
compatible, with no or low toxicity [122] but also can self-assemble or be designed into
organized structures with specific properties and functions. Stimuli-responsive self-
assembled cellulose materials based on temperature-, pH-, light- and redox-trigger have
been developed [123]. A thermo-responsive hydroxylpropyl cellulose DDS has been
found to be able to self-assemble into nano-particulate systems for curcumin encapsu-
lation with satisfactory loading. The discharge of curcumin is totally dependant on the
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temperature in the physiologically relevant range [124]. A nano-gel obtained by
the self-assembly of low-density lipoproteins (LDL) and sodium carboxymethyl cellu-
lose (CMC) has demonstrated that the doxorubicin (DOX) release is pH-dependent, and
the DOX-loaded LDL/CMC nanogels reduce endocytosis in HepG2 cells (Fig. 4) [125]
has also drawnmuch attentiondue to the unique structurewhich leads to its application in
anti-cancer drug delivery. Biodegradable CMC/Graphene oxide (GO) nanocomposite
hydrogel beads, prepared via physical crosslinking with FeCl3�6H2O for controlled
release of DOX, also exhibit faster release rate in an acidic mediumwhich is attributable
to the instability of hydrogen bonding betweenGOandDOX[126]. The graft copolymer
hydroxypropyl methylcellulose grafted with aminated-glycidyl methacrylate-grafted
cellulose-grafted polymethacrylic acid-succinyl cyclodextrin (Cell-g-(GMA/en)-
PMA-SeCD) has not shown any cytotoxicity but the anticancer drug 5-fluorouracil
(5-FU)-DDSexhibits significant cytotoxicity, only to a lesser extent than thenaked5-FU.
The study suggests the potential of Cell-g-(GMA/en)-PMA-SCD for drug loading and
sustained release of 5-FU [127].

Fig. 4 a Illustration of the synthesis and structures of LDL/CMC nanogels, DOX loading, and
pH-dependent drug release; b schematic diagram showing the proposed model for intracellular
delivery processing of DOX-loaded LDL/CMC nanogels in tumor cells [125]
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In an investigation on the potential use for live tumor cell imaging, the
MCC-based nano-carriers developed by the self-assembly of MCC-graft-poly
(p-dioxanone) copolymers (Cell-g-PPDO) in aqueous solution with fluorescent
conjugated polymers (FCPs) loading have exhibited significantly stronger fluores-
cence in the cytoplasm of the cells treated with FCPs-loaded micelles than those
treated with just FCPs in water. The FCPs-loaded micelles also exhibit lower
cytotoxicity in the cell culture with improved intracellular uptake efficiency [128].
With applications in various industries such as food, biotechnology, agriculture and
environmental protection [129–132], the nano-biocomposite based on Cs nanofillers
are another promising materials for biomedical and pharmaceutical applications.
Furthermore, the properties such as non-toxicity, biocompatibility, specificity and
biodegradability of the Cs nanofillers are important to improve the biological
properties of the target system or base-materials [133]. Hydroxyapatite-Cs (HAp-Cs)
nanocomposite loaded with celecoxib for colon cancer therapy achieves high drug
association efficiencies and sustained release profiles, but the serious side effects
may hamper its application in cancer therapy [134]. Electrospinning has been used as
the fabrication method for a hybrid fiber of Cs and phospholipids for transdermal
drug delivery where the fibers show biocompatibility and stability [135]. The poly
(lactide-co-glycolide)/poly(ethylene glycol)-g-chitosan (PLGA/PEG-g-Cs) electro-
spun membranes also exhibit high surface area with high release rate of ibuprofen
[136]. Table 3 highlights the different nanofillers in the chitosan matrix, the drugs
used for the release study, the nanocomposite types and their applications.

4.2 Tissue Engineering

In tissue engineering, the newly developed material provides scaffold for the tissue
growth. The scaffold must have significant mechanical properties to bear the
stresses and load, along with appropriate pore size, biocompatibility and
biodegradability. BCs have high porosity which can be beneficial for medical
application such as the mesoporous dressing to keep the wound moist for quick
healing. G. xylinum secretes abundant 3D network of biocompatible fibrils which
can be used to develop a scaffold for cells fabrication for artificial skin, artificial
blood vessels and micro-vessels or wound dressing, or as template for cartilage
regeneration. BC scaffold provides attachment as collagen type II substrate, and
mechanical support for multiplication and differentiation of chondrocytes for the
normal cartilage growth [56]. The properties and functionalities can be improved
with the addition of NPs, nanotubes or nanofillers such as the nanocomposites
BC/collagen, BC/gelatin, BC/Fibroin, BC/Chitosan [137]. Important factors to be
optimized for reinforced bone scaffolds and composite dressings for dermal wounds
are the surface area, porosity, density, rigidity and the morphology as thin mats or
non-wovens, Pertinent among these are the safe and eco-friendly disassembly of
base-materials as alternatives to acid hydrolysis, and to give higher yields and
scaling-up possibilities [138]. In the electrospinning fabrication of Cs-based
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nanofibers, the spinnability and morphology are strongly dependant on the solution
viscosity (in this case Cs, PEO and Triton-X) and the Cs-to-PEO ratio. The
nanofibers can be designed into structures that promote the attachment of human
osteoblasts and chondrocytes whilst maintaining the characteristic cell morphology
and viability in tissue engineering and remodelling [94]. The PEO yields in the
blend influence the degree of swelling and hydrophilicity of the films and the
nanofibers. Better dispersion of the Cs in the presence of PEO will improve the
mechanical properties of the composite which is when the electrospinning is per-
formed at the optimal Cs/PEO weight ratio [139]. The composites of Cs, gelatin and
polyurethane have been proposed for cardiac valves and for nerve conduits based
on the fibers manufactured from the electrospun self-assembled particles. Gel
drying with supercritical CO2 leads to the structures similar to the extracellular
matrix, which are of interest in orthopaedics [138].

4.3 Biosensor, Electrical Conductive Polymer and Insulator

Cellulose/HAp composites are effective for the removal of heavy metal ions from
aqueous solution, taking advantage of the ion-exchange and sorption properties of
the HAp with the highly accessible hydrophilic groups of the cellulose [140].
Chemically-modified carbon electrode (Cellulose-HAp-CME) composite has been
successfully developed for trace Pb(II) ions detection in the physiologically relevant
range of 10–60 ppb in digested and undigested blood serum (Fig. 5). This may be
of great benefits for rapid environmental and clinical analyses of heavy metal ions
[141]. A novel fluorescent amphiphilic cellulose nano-aggregates sensing system
designed to detect the explosives in aqueous solution has shown the sensitivity
significantly enhanced by up to 50-times, suggesting that the cellulose-based
nano-aggregates maximize the interaction between the sensing material and the
analyte [142]. A material based on cellulose acetate (CA) modified with the room
temperature ionic liquid 1-butyl-3-methylimidazolium basified (trifluoro-methylsulfonyl)
(BMI�N(Tf)2) biosensor shows a wide linear range of 34.8–370.3 lM and the detection
limit of 5.5 lM for the methyldopa determination in pharmaceutical samples under
optimized conditions [143].

The use of CNC fillers in the bulk cellulose improves the dielectric constant
which is useful in energy storage applications [144]. Figure 6 illustrates the inter-
action between the CNC and the cellulose matrix and the dielectric property of
cellulose and the cellulose/CNC hydrogels. The enhanced dielectric constant is
attributed to the interfacial polarization effects occurring in the vicinity of the
hydroxyl groups present on the CNC surface [144]. To observe a change in the
dielectric properties, a polymer-filler interfacial interaction is necessary, according to
the Maxwell-Wagner-Sillars (MWS) process. The large surface area of the CNCs in
the cellulose reinforced matrix provides for strong interactions with the hydroxyl and
carboxylic acid groups on the cellulose [145–147]. Cellulosic nanomaterials have
been explored for the generation of electrically conductive materials and flexible
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films using polyaniline and cellulose nanofibers [148], polypyrrole and bacterial
cellulose [149], single-walled CNTs with 2,2,6,6-tetramethylpiperidine-1-oxyl
(TEMPO)-oxidized cellulose nanofibers [150], graphene and cellulose nanofibers
[151, 152], graphene and CNCs [153], and CNCs modified with terpyridine moieties
and crosslinked with Fe(II) [154]. Wood nanofibrillated cellulose (NFC) and algal
Cladophora cellulose have potentials for electrical insulator applications [155]. The
tand plots at different relative humidities (RHs) (Fig. 7) suggest that both samples
exhibit a loss factor peak, where the peak is shifted to higher frequencies with
increasing relative humidity (RH). These CNCs with sufficient loss factor values
may be applicable in the formation of percolative composites with high dielectric
constant and high dielectric loss factor for microwave receptor applications [155].

4.4 Catalysis and Environmental Remediation

There has been an increasing use of engineered magnetic nanoparticles as green
catalysts and for remediation and water treatments. The cellulose-based core/shell
composite with the core as catalyst solid particles have been applied for the synthesis

Fig. 5 Stripping voltammograms of Cellulose-HAp-CME for Pb(II) detection in undigested blood
serum at pH 2, deposition potential: −1.2 V, deposition time: 240 s, frequency: 25 Hz, amplitude:
0.020 V, step potential: 0.005 V and rotation speed: 700 rpm [141]
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Fig. 6 a Chemical interaction between CNC and cellulose, and b dielectric property of cellulose
and cellulose/CNC hydrogels [144]
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of benzodiazepines [156] and multicomponent syntheses of polysubstituted tetrahy-
dropyridines and dihydropyrimidinones [157]. A magnetic cellulose/Ag nanobio-
composite (NBC) catalyst prepared to synthesize chromene-linked nicotinonitriles
shows remarkable magnetic property, and can easily be separated out from the
reaction mixture without considerable loss of catalytic activity [158]. Another
efficient and recyclable magnetic cellulose/Ag NBC catalyst with the sizes of about
20–25 nm size has been developed for the synthesis of tetrazolo[1,5-ɑ]pyrimidines
[159]. In environmental applications, magnetic NPs focusing on zero-valent iron
(ZVI), magnetite (Fe3O4) and maghemite (c-Fe2O3) have reported the contaminant
removal mechanisms where the factors affecting the efficiency include the ability for
the contaminant desorption, and the recovery of the magnetic NPs (MNPs). The
aggregation of MNPs, the methods to enhance the stability and the toxicological
effects are important to be addressed for sustainable application [160]. Apart from
reusability, the advantages ofMNPs include high adsorption capacities and efficiency
due to the high number of active surface sites large surface area-to-volume ratio, and
low intraparticle diffusion rate [161–163]. Surface functionalized MNPs and the
composite with core-shell nanostructures can make the application more economical
and effective [164]. Agro-based magnetic biosorbents (AMBs), such as from Ceiba
pentandra (Raw kapok fibres, RKF), OPEFB and celluloses (CEL), are applicable for
field application not only due to the simple operation and reusability for wastewater
treatment, but also because of the high capacity and selectivity from the different
functional groups in the structure [104, 164, 165]. The AMBs exhibit dispersion of
magnetic NPs (Fig. 8) where the regeneration is successfully performed for 5
adsorption/desorption cycles. The highest Pb(II) removal efficiency of 99.4% and
49 mg/g adsorption capacity is achievedwith the kapokAMBs and the AMBs overall
exhibit 10.3% higher efficiency than the raw sorbents [104].

Fig. 7 Loss factor (tand) versus frequency for a Cladophora cellulose and b NFC, at different
RHs [155]
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Fig. 8 TEM images of a raw OPEFB; b Fe2O3@EFB; c cellulose; d Fe2O3@ CEL; e RKF; and
f Fe2O3@RKF nanocomposites [104]
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5 Conclusion and Future Outlook

Global sustainable development necessitates relooking at the whole range of input
and output processes in the product manufacturing to ensure effective utilization of
resources, use of eco-friendly and cleaner processes, with optimal reaction effi-
ciency, minimal toxic reagents, or zero-wastes. Product development based on
composite materials has the advantages in the integration of different component
materials and their properties in a single material. The combined properties of the
matrix material and the filler will result in novel functional materials, which can be
tailor-made for specific applications. Composite materials based on cellulose, chi-
tosan and magnetic nanofillers have far-reaching impacts in meeting the sustainable
development goals. The unique properties of cellulose and chitosan nanofillers such
as non-toxicity, biodegradability, and biocompatibility have a special place in the
area of biomedical, pharmaceutical and environmental applications. The capacity
for broad chemical modification and the formation of versatile semicrystalline fiber
morphologies confer improved and enhanced optical, mechanical, electrical and
thermal properties to the base material matrix. The magnetic nanocomposite offers
unique magnetic properties for fundamental understanding and applications in
medical therapy and diagnosis, separations, actuation, or catalysis, with a high
number of active surface sites, and reusability for environmental remediation. The
fabrication aspect should address the issue of maximum possible accuracy and
precision of the material, machine and the mould that must be streamlined for
miniaturisation of the end-products, with higher yields and scaling-up possibilities.
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Smart Materials, Magnetic Graphene
Oxide-Based Nanocomposites
for Sustainable Water Purification

Janardhan Reddy Koduru, Rama Rao Karri and N. M. Mubarak

1 Introduction

Water pollution is a global environmental concern [61–64, 75]. Heavy metals are
one of the primary contaminants in the aqueous environment. Continuous exposure
to heavy metals leads to high-risk health problems for humans. Heavy metals are
naturally occurring throughout the Earth’s crust [2]. Anthropogenic activities,
including mining operations, industry, and the use of metals and metal-containing
compounds for the domestic and agricultural purpose, are the main sources of water
pollution [83]. Hence, water is one of the major routes through which heavy metals
and radionuclides may enter the human body [22]. Figure 1 shows the possible
sources of water pollution. The real application of frequently used conventional
wastewater purification techniques is limited to the removal of heavy metals at trace
levels [22]. However, the low installation cost and easy operation of adsorption
technique make it one of the preferred methods for water purification [26, 40,
25, 27]. Moreover, the use of activated carbon in the adsorption process is effective,
but the use of it in a real application is limited, due to the complex installation
process, coupled with the high-cost operation [41]. Hence, these drawbacks have
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necessitated the search for an alternative material that can be renewable and
economic for water purification. The various potential applications of GO-based
nanocomposites have been reported by different research groups [37]. Both the
chemical stability of magnetic GO-based nanocomposites and literature survey,
induce us to write a book chapter on magnetic GO (MGO’s) based nanocomposites
for the removal of heavy metals and radionuclides from water, with the purpose of
reducing their environmental impact.

The numerous merits of graphene, which include high specific surface area, and
thermal conductivity, high optical transmittance, and large Young’s modulus have
led to researchers paying great attention to it [78]. Similar to graphene,
graphene-based material or graphene oxide (GO) shows the above significant
properties. “However, GO is more easily dispersed than graphene, due to the
presence epoxy, hydroxyl, and carboxyl functional groups, thus making its pro-
cessing, synthesis, and application more convenient” (Fig. 2) [11]. Due to its
imperishable hydrophilicity, GO found to be an efficient adsorbent and hence found
many applications, including water purification [11]. Sreeprasad et al. [77] and
Maaz et al. [47] have reported that nickel ferrite-GO composite is a better reaction
media than iron ferrites, because of having higher catalytic and electron transfer
efficiency through the Ni2+ in the nickel ferrite. Moreover, previous reports have
proved the amazing removal response of magnetic nanoparticles/graphene or GO
composites for pollutants like chromium [17, 67], copper [20], arsenic [105],
cadmium [14], lead [100], and cobalt and an organic dye. Recently, Ligamdinne

Fig. 1 Schematic of the sources of water pollution
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et al. reported (Fig. 3) the removal of Co(II), Pb(II), Cr(III), As(III) and As(V), and
radionuclides, U(VI) and Th(IV) from water, using the synthesis of “inverse spinel
nickel ferrite incorporated-graphene oxide” based nanocomposites [35, 36, 39, 40].
The reported results demonstrated that the magnetic GO-based nanocomposites are
promising, economic, could be separated by the external magnetic field.

Graphene can be extracted from graphite and it is merely a sheet of graphite [65].
It is defined as a single layer of sp2 bonded carbon atoms in hexagonal lattice
arrangement [97]. At the same time, graphene possesses few promising properties
such as good electronic properties caused by the bonding and anti-bonding of the pi
orbitals. Furthermore, graphene is clarified to be the strongest substance in terms of
mechanical strength since it possesses high tensile strength and it is light in weight.
For instance, it is more than 40 times stronger than diamond and more than 300
times stronger than A36 structural steel, at 130 GPa [81]. Meanwhile, for the
optical properties, high absorption of white light up to 2.3% is capable to be
observed from graphene.

Besides the impressive properties, appropriate method to produce graphene must
be taken into consideration. There are two different type of methods to produce
graphene which are exfoliation methods and direct growth of graphene layer [30].
Methods to generate graphene include “Scotch Tape Method”, dispersion of gra-
phite, exfoliation of graphite oxide, epitaxial growth and lastly CVD [23].
However, improved Hummers method which falls under the method of dispersion
of graphite is used since it is an improved method which reduces the toxic gas
emission and at the same time enhances the reaction performance [50].

Fig. 2 Graphical representation of graphene oxide (GO) produced from graphite
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Generally, graphene generated via improved Hummers method are prepared to
be further functionalized as chemical functionalization of graphene can be one of
the best approaches for cadmium removal [101]. However, before functionalization
takes place, the GO can be further transformed into GNs via acid treatment.
Functionalization can be defined as the route where the addition of new properties,
purposes, structures, or abilities to a substance via the alteration of the material in
the aspect of surface chemistry. It is acknowledged that this is an essential method
utilized throughout different fields such as biological engineering, chemistry, nan-
otechnology, materials science and the likes [93]. Functionalization can be done
through the attachment of particles or nanoparticles to the surface of a substance,
either via a chemical bond or via adsorption. For instance, the functionalized gra-
phene can be produced via noncovalent and covalent alteration techniques. Both
techniques share a similar process which is a superficial alteration of GO followed
by reduction.

However, functionalization via ionic liquids (ILs) [48, 59] is known as a better
covalent bonding technique [69]. The term of IL can be explained as poor coor-
dination of the ions can be found in the salt below 100 °C or at room temperature.
Ions in IL avoid the creation of a stable crystal lattice by having at least an ion
which the charge is undergone delocalization and an organic component. Properties
which include solubility of starting materials and other solvents, melting point, and
viscosity are dependent on the counter ion and organic component [66]. For

Fig. 3 Graphical representation of a nano-magnetic GONF composite preparation, b Pb(II) and
Cr(III) adsorption onto GONF (reproduced from [39] with permission)
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instance, implementation of ILs for synthetic difficulties is common and hence ILs
can be known as “designer solvents”. Furthermore, one of the promising advan-
tages of IL is the zero presence of volatility. This condition has resulted in the
solvents to have less toxicity compared to low-boiling-point solvents. For instance,
by covalent bonding approach, GO obtained via modified Hummers method can be
further functionalized via IL such as BF4 [Bmim] with magnetic Fe3O4 nanopar-
ticles to form core-shell structured Fe3O4@GO nanospheres to perform optimal
extraction of cadmium [1].

2 Properties of Graphene

2.1 Electrical and Electronic Properties

The revolution of graphene can be initiated with the electronic and electrical
properties of graphene [51]. Electrical conductivities of graphene, modified gra-
phene and modified graphene/iron pentacarbonyl porous films with composites of
chitosan (5, 10, 15, and 30 wt%) are shown in Fig. 4a. It is noted from these
graphene derivatives that as the chitosan composite wt% is increased, it lowered
the electrical conductivity. The number of layers existing in the graphene is the
major factor to affect the properties. Hence, different materials are illustrated for
monolayer, bilayer, and tri-layer of graphene. Former studies on graphene have
proven that probability of altering charge carriers from holes to electron has led to
the possible application in transistors [52]. However, merely monolayer graphene
is valid for the electron-hole dependence. Yet, the dependence will get poorer with
the disturbance of electrical field transmission by other layers once the number of
layers is experiencing increment. The tremendously high mobility of electron at

Fig. 4 a Electrical conductivities of graphene and its derivative films; b hysteresis loops of
m-G/IP porous films [G—graphene; m-G—modified graphene, and m-G/IP modified graphene/
iron pentacarbonyl porous films; m-GO-X, m-GO/IPX are composites of chitosan (5, 10, 15, and
30 wt%) with m-G and m-G/IP] (reproduced from [42] with permission from Elsevier)
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different temperatures and exposure to magnetic fields result in the existence of
quantum Hall effect in graphene for the hole and electron carriers [102]. For
instance, mechanically generated graphene is found to exceed 2000 cm2/V s at
room temperature. Furthermore, in graphene, it only happens at only half integers
of quantum Hall effect instead of happening in the classic integer which is at 4 e2/h
where the electron charge represents e while Planck’s constant represents h. This
circumstance results from the special band structure of graphene. Besides, utilized
substrate and temperature are the major components to affect the performance of
electron mobility within graphene. For instance, staggering mobility of suspended
and annealed graphene onto Si/SiO2 can reach more than 200,000 cm2/V s which
is considered as the highest recorded value among all the semiconductor sub-
stances [7].

2.2 Magnetic Properties

Magnetic properties of graphene might be affected by the presence of different types
of defects [68]. The defects consist of topological defects, point defects, and
extended defects. For instance, topological defects can be caused from the shapes
such as heptagons and pentagons while the point defects are like adatoms,
vacancies and the likes. However, extended defects include edges, voids, and
cracks. Besides, defective parts like wrinkles, corrugations, and ripples can be
found on the graphene surface. The defective lattice of the graphene such as voids
and cracks will result in developing the local magnetic moments and forming
interactions between the moments such as ferromagnetic [87]. The connection
between the magnetic moments is ferromagnetic or antiferromagnetic if there is a
detection of one Bohr magneton of magnetic moment formed by the vacancy or
hydrogen chemisorption defects [95]. However, for the disorderly arranged gra-
phene, induction of ferromagnetism can merely be done by monoatomic defects
[94]. Furthermore, magnetism can be generated from adatoms, vacancies, and
substitutional atoms [85]. In addition, induction of magnetic moment can be done
by adding the monovalent and divalent adatom on graphene. The hysteresis loops
of m-G/IP porous films with different chitosan composites (5, 10, and 15 wt%) is
shown in Fig. 4b. Few studies also demonstrate that magnetism in graphene can be
generated by zigzag edges and von Hove singularities [29]. Numerous experiments
and methods have been tested regarding the magnetic properties and one of the
studies states that reduced graphene oxide by using hydrazine continued by thermal
treatment can form ferromagnetism in graphene [89]. Furthermore, exfoliation of
graphite via ultrasonic technology in organic solvents can generate the magnetic
properties in graphene nanocrystals with a minimum number of defects but no
detection of ferromagnetism is observed at the temperature below than 2 K [72]. On
the other hand, the presence of ferromagnetism can result from the high concen-
tration of defects and it can be found mostly in the partly hydrogenated epitaxial
graphene [91].
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2.3 Chemical Properties

Pristine graphene sheets are regularly not reactive. Hence, graphene sheets should
undergo superficial functionalization to activate its reactivity. This condition has
illustrated that the domination of the surface is significant on the graphene chem-
istry while the graphene nanoribbons are dominated by the edges. Graphene
reactivity also depends much on the thickness. As an example, monolayer graphene
is found to have higher reactivity such as 10 times more than that of bilayer or
multilayer graphene [73]. This statement is proved by utilizing the Raman spec-
troscopy in the peak measurement of relative disorder. Comparison of bulk gra-
phene with graphene edges in terms of reactivity via spectroscopy examination is
taken place and the discovery is that at least two times higher reactivity is found in
the edges than that one of bulk monolayer graphene sheet [57].

2.4 Mechanical Properties

Performance and stability of the practical applications will be inevitably affected by
the externally applied stress and unnecessary strain. The crystal-like graphene
which covers an interatomic distance will eventually be affected by the externally
applied stresses and hence it leads to the redistributed local charge. Indirectly,
electronic transport will be varied significantly because of the developing band gap
discovered in electronic structure. Anticipations from researchers can be witnessed
once graphene is proven to have better performance than CNT in terms of its high
stiffness and strength [12]. Hence, atomic force microscope has been utilized to
make elastic properties measurement of the single layer graphene. As a result,
1 ± 0.1 TPa of Young’s modulus and 130 ± 10 GPa of inherent strength are
obtained [5]. Besides, measurement of strain with the applied tension and com-
pression loads to the single layer graphene via Raman spectroscopy is recorded at
the value of 1.3% for the strain and 0.7% for the compression and tension corre-
spondingly [84]. There is a different degree of Young’s modulus and fracture
strength for a different layer of graphene. For instance, 1.02, 1.04 and 0.98 TPa of
Young’s modulus and 130, 126 and 101 GPa of fracture strength are owned by the
single layer, bilayer, and tri-layer graphene correspondingly [31]. Therefore, it is
obvious that increment of the layers will directly cause the increment in sliding
tendency but weaken the properties. Furthermore, measurement of the alteration in
2D peaks and G with the presence of external stress can be made via Raman
spectroscopy to record the measurement of the strains within the graphene sheets
due to compression and tension. Potential to alter the band gap has been discovered
by the introduction of measured strains because electric band structure can be varied
by strain. Implementation of hydrogen plasma to carry out the reduction of gra-
phene oxide has successfully led to the production of modified graphene with
Young’s modulus of 0.25 TPa [18]. Besides, the fracture toughness of pure
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graphene is recorded at 4 MPa since the potential formation of agglomerates and
brittle nature due to imperfect graphene are present [99]. In short, reduction of the
properties is highly depending on the increment of graphene nanosheet layers.

2.5 Thermal Properties

Phonon transport is the significant variable to affect the performance of graphene in
terms of thermal conductivity [106]. Phonon transport can be explained as the
ballistic and diffusive conduction at low and high temperature correspondingly.
Yet, transport of electronic thermal can be ignorable since the non-doped graphene
possesses carrier density which is low. The inherent thermal conduction of gra-
phene can reach to approximately the range from 2000 to 6000 W/mK for the
graphene sheets to undergo suspension at room temperature [3]. However, the value
of 600 W/mK is recorded for the graphene which is undergoing suspension via
silicon dioxide substrate [71]. On the other hand, localization and phonon scattering
can take place due to the graphene defects which include isotopic doping [24], edge
scattering and sample production deposits [56]. Thus, the guaranteed high quality of
graphene sheets generated via micromechanical cleavage approach results in better
thermal conduction. Besides, the thermal conductivity of the mechanically exfoli-
ated graphene was recorded within the range of 4800–5300 W/mK [4]. The thermal
conductivity is clearly outstanding than that of multi-wall, natural diamond and
single wall CNTs which are 3000, 2200 and 3500 W/mK respectively [57]. This
has proven that the outstanding thermal conductivity of graphene is most likely to
replace the usage of copper.

3 Preparation Methods of MGO Nanocomposites

Most of the MGO nanocomposites are synthesized using the hydrothermal method.
Although the hydrothermal process is generally carried out at high temperatures,
this technique is an eco-friendly and economically feasible method [19]. Based on
the synthetic approaches of MGOs, this hydrothermal method is performed in the
presence of organic molecules as precursors and in the presence of alkaline media.
The hydrothermal method used to perform at a temperature between 160 and
180 °C in a Teflon-line autoclave [80], is also known as the solvothermal method.
Cheng et al. [10] reported: “one-step fabrication of magnetic GO composite gel” for
the efficient adsorption removal of dye. The preparation of GO magnetic gel
involved the hydrothermal method in the presence of alkaline (NH3–H2O) and
polymer (polyvinyl alcohol). The gel exhibited both enhanced adsorption removal
capacity towards cationic and anionic dyes, and magnetic separation capability,
compared with the bare GO [86]. Generally, the ultra-sonochemical method is used
to prevent re-aggregation, and improve the dispersion and reduction of the size of
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the material. It was used mostly before or after the synthesis of MGOs by the
hydrothermal method. The main principle of the solvochemical method is the
generation of ultrasound using a titanium horn that can serve to reduce the Van der
Waals forces in the GO by ultra-sound irradiation of liquid [55]. Szabo et al.
successfully prepared MGOs by sonication of a mixture of magnetic nanoparticles
and GO solution [82].

Lately, microwave synthesis has become of great significance in the preparation
of inorganic nanomaterials. In the synthesis of inorganic nanomaterials, compared
to conventional heating technique, the microwave synthesis technique consumes
less energy, environmentally friendly, and provides a homogeneous heating process
for speedy reaction [74]. It can also offer rapid and selective heating of the reactant
to a high temperature that leads to the production of “self-generated pressure in the
sealed reaction vessel” [82]. Some of the previous works used the microwave
synthesis method for the preparation of MGOs, including Mn3O4-rGO nanocom-
posites [74], and GO-NiO�4ZnO�4CoO�2Fe2O4 nanocomposites [45].

4 Structural Characterization and Properties of MGOs

The formation and structural functionalities of the prepared GO’s and MGOs can be
characterized using spectroscopic techniques that include XRD, XPS and FT-IR,
and RS. The surface morphology, size, porosity, and dimensions of the prepared
GO’s and MGOs were evaluated using microscopic techniques, including AFM,
TEM, and SEM. The surface area and surface primary adsorption characteristics
were evaluated using BET theory analysis. Magnetic property measurements of
GO’s and MGOs were performed using a magnetometer. The SEM images of GO
film, modified GO film, graphene porous film, and modified graphene porous film
are shown in Fig. 5 [42]. The microstructure evolution of the unmodified GO films
before (Fig. 5a) and after (Fig. 5c, e) the hydrazine-induced foaming process.
Clearly, the GO film with highly-oriented GO sheets is converted to porous gra-
phene film with random porous structures due to the excessive expansion derived
from the weak interlayer interactions (Fig. 5c, e). The CS modified graphene (m-G)
porous film (Fig. 5d, f) has distinct and continuous porous structures inherited from
its precursor (Fig. 5b), which contrasts sharply the random structures of its
unmodified counterpart (Fig. 5c, e). Additionally, some small pores are observed in
the porous graphene film (Fig. 5f), which are beneficial for further decreasing the
density of the porous film while retaining its reasonable strength.

XRD studies are mainly used to identify the formation, structure, and crystalline
nature of MGOs. The XRD 2h strong peak in the range 8°–12° indicates the
formation of GO. By the magnetization, the crystalline property of GO is decreased
by the increase of the mesoporous carbonaceous nature with alteration of the
original position of the GO peak [47]. The XRD diffraction peaks are also used to
identify the ferrite in MGOs. By decreasing the size of MGOs with increasing
porosity, the positions of diffraction peaks shift to lower 2h range [70].
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RS is an important technique to qualitatively identify the MGOs. As is known, the
graphitic materials show two prominent Raman peaks around 1350 and 1600 cm−1

called the D and G bands. Here, the G band corresponds to the stretching vibrations
of carbons at sp2 hybridization, whereas the D band represents the vibrations of
carbons at sp3 hybridization, which can break the symmetry and selection rule [36].
By the magnetization of GO, these D and G bonds alter their positions, based on their
principal interactions. But, in the case of nickel ferrite-rGO (rGONF), both the sp2

domain (D) and sp3 domain (G) carbons are shifted to lower range at *1303–
1591 cm−1, which indicates that both D and G band carbons are involved in the
formation of reduced GO-based magnetic nanocomposite. The XPS is used to

Fig. 5 SEM images of a GO film, b modified GO film, c, e graphene porous film, and d,
f modified graphene porous film (reproduced from [42] with permission from Elsevier)
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qualitative and quantitative identify the chemical composition of MGOs. The
bonding energy peaks of 700–730 eV indicate the Fe peaks of magnetic materials.

The microscopic techniques, including SEM, TEM, and AFM, are used to
measure the size of nanocomposites, MGOs, and their surface morphology, which
is an important factor to know for the adsorption process. Their porous structure
and surface area can be further evaluated by using (N2) adsorption-desorption
isotherms through BET analysis. The magnetic nature of MGOs is identified using
the magnetic measurement system (MPMS). When the size of MGOs decreases to
the nanoscale, it shows superparamagnetic nature. Lingamdinne et al. [36] con-
firmed the superparamagnetic property of magnetic nanocomposite by MT curves
obtained at 1000 Oe magnetic field. They also observed the increase of super-
paramagnetic property by the reduction of nanocomposite [16]. The XPS, SEM,
FT-IR of the Co(II)-GO were shown in Fig. 6.

5 Applications to Sustainable Water Purification

Graphene oxide is easily dispersed in water due to the plentiful hydrophilic (car-
boxylic, epoxide, and hydroxyl groups) groups on its surface. List of various GO
based nanomaterials utilized for removal of heavy metal ions removal is given in

Fig. 6 XPS, SEM, FT-IR results of the Co(II)-loaded GO (reproduced from [40] with permission)

Smart Materials, Magnetic Graphene Oxide-Based Nanocomposites … 769



Table 1. Due to the hydrophilic nature of GO, it adsorbs the pollutants to stable
complexes, causing difficulties for the separation and recovery of GO [96]. To
overcome these difficulties of separation, magnetic functionalization of GO is an
alternative solution [104]. Due to the magnetic particle has unique properties, they
have been widely applied to the removal of various pollutants. Some researchers
have developed magnetic graphene oxide composites for efficient applications,
including water treatment, energy storage, and drug delivery [11]. Here, we review
some research reports, and briefly critique the use of MGO based nanocomposites
for the adsorption of heavy metals and radionuclides.

5.1 Heavy Metals Removal

Exposure to heavy metals can present serious health risks to human beings. For the
purification of water, adsorption is an effective, economic, and easy operation
technique, compared to conventional methods [54]. But it is limited, due to the
difficulties in the filtration and regeneration of adsorbents. The use of magnetic
materials for water purification can overcome the above difficulties, including the
filtration and regeneration of adsorbents; therefore, many researchers have devel-
oped and widely used magnetic materials for the treatment of pollutants [60].
However, the nano metal ferrites show poor stability [47]. To overcome these
difficulties, hybrid materials have been synthesized through magnetic ferrites and
GO by the hydrothermal method. Due to the presence of epoxy, carboxylic, and
hydroxyl functions at GO, they can enhance the adsorption of heavy metals [33].
The specific adsorption mechanisms of graphene oxide-based nanomaterials for
metal ions removal are given in Table 2.

Chandra et al. [8] thru a chemical reaction developed 10 nm average size
superparamagnetic magnetite reduced graphene oxide (M-RGO) composites. The
M-RGO showed higher adsorption capacity over 99.9% for removal of both ionic
states of Arsenic. Zhang et al. employed ferric hydroxide-GO composite for the
magnificent adsorption of arsenate from water [98]. Here, high arsenate adsorption
removal was observed over a pH range of 4–9 and reduced the arsenate concen-
tration of contaminated water from 20 to 0.5 ppm. Water-soluble “magnetic gra-
phene oxide nanocomposite” has been produced via a “copper catalyzed
azide-alkyne cycloaddition”, and was utilized for the adsorption removal of Pb
(II), Cd(II), and Cu(II), from aqueous solutions [100]. The results found that the
nanocomposite has the higher surface area and extraordinary removal capacity for
heavy metals.

RGO–MnO2 composites showed excellent Hg(II) uptake capacity [77]. The
composite shows enhanced adsorption removal capacity compared to its base
material. Liu et al. [43] employed an MGO for the successful removal of Co(II).
The adsorption Co(II) on MGO was the rate-limiting kinetics, with “inner-sphere
surface complexation” at low pH values. Meanwhile, at higher pH values, the
removal mechanism of Co(II) was associated with inner-sphere surface
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Table 1 List of various graphene oxide based nanomaterials utilized for removal of heavy metal
ions removal

Metal
ion

Adsorbent Max.
adsorption
capacity
(mg/g)

Conditions Model
(adsorption
isotherm;
kinetics)

Remarks

Cd GO 1792.60 303 K; pH
4.0

Langmuir and
Freundlich;
pseudo
second-order

• The equilibrium contact time is
120 min

• The graphene oxide is
generated by using amorphous
graphite

PAMAMs/
GO

253.81 298 K; pH
5.0

Langmuir;
pseudo
second-order

• The adsorption process
achieves equilibrium within
60 min

• The adsorbent dosage is 0.1 g

Few-layered
GO
nanosheets

106.30 303 K; pH
6.0

Langmuir • The dosage of adsorbent is
0.1 g/L

• The adsorption capacity is
strongly based on pH and
humic acid

GO/cellulose
membranes

26.8 298 K; pH
4.5

Langmuir;
pseudo
second-order

• Good adsorption and no
precipitation of metal
hydroxides

• It can be reused up to ten
cycles

Pb Few-layered
GO

842.00 293 K; pH
6.0

Langmuir • pH value strongly affects the
adsorption capacity

• The adsorption capacity is
strongly independent of ionic
strength

Graphene
nanosheet

476.19 298 K; pH
6.2

Langmuir • The equilibrium contact time is
35 min

• The dosage of adsorbent is
40 mg/L

Ag/GO 312.57 298 K; pH
5.3

Langmuir;
pseudo
second-order

• 0.05 mg of adsorbents used
showed the maximum
adsorption performance

• The equilibrium time for the
lead adsorption is 50 min

Cu Chitosan/
SH/GO

425.00 293 K; pH
5.0

Freundlich;
pseudo
second-order

• The dosage of adsorbents is
0.2 mg/mL

• The adsorption efficiency is
strongly dependent on pH,
temperature and adsorbent
dosage

TiO2/GO 45.20 293 K; pH
6.0

Langmuir • The adsorption capacity is
strongly based on the pH value

GO aerogels 19.65 298 K; pH
6.2

Langmuir;
pseudo
second-order

• The dosage of adsorbents is
0.6 g/L

• It involves ion exchange
mechanism

(continued)
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Table 1 (continued)

Metal
ion

Adsorbent Max.
adsorption
capacity
(mg/g)

Conditions Model
(adsorption
isotherm;
kinetics)

Remarks

Cr Chitosan/GO 310.40 318 K; pH
3.0

Redlich–
Peterson/double
exponential

• The adsorbent dosage is
0.5 g/L

• Both internal and external
diffusion take place effectively
in the adsorption process

Fe3O4/GO 32.33 293 K; pH
4.5

Langmuir;
pseudo
second-order

• pH value and ionic strength are
the crucial factors to affect the
adsorption capacities

• The adsorbent dosage is
0.2 g/L

Adapted from [34] with permission from Elsevier

Table 2 Specific adsorption mechanisms of graphene oxide-based nanomaterials for metal ions
removal

Graphene
oxide-based
nanomaterials

Adsorption
mechanisms
included for metal
ions removal

Advantages Drawbacks

Graphene oxide (GO) • Electrostatic
interactions

• Ion exchange

• Good dispersion
in water

• Great colloidal
constancy

• Contains rich
oxygenated
functional groups

• A restricted number of sorption sites

Reduced graphene
oxide (rGO)

• Electrostatic
interactions

• Lewis-base–acid
mechanism

• Restoration of sp2

domains
• Better
electron-transport
properties

• Less oxygen-containing functional
groups

• Weaker colloidal stability

Magnetic graphene
oxide
nanocomposites

• Electrostatic
interactions with
graphene oxide

• Interactions with
the particles
surface

• Magnetic
properties of the
nanoparticles

• Bigger surface
area compared to
the pure GO

• Increased number
of binding sites
compared to pure
GO

• Ease the recovery
process from
solutions

• Co-reduction of GO during the
combination of the particles
weakens the colloidal stability

Graphene oxide
materials
functionalized with
organic molecules

• Electrostatic
interactions

• Complexation
with organic
molecules

• Bigger surface
area compared to
pure GO

• Great colloidal
stability

• The greater
number of
functional groups
(–NH2, –OH)

• Large variations of the stability of
the loaded molecules depending on
the alteration approach physically or
chemically

Reproduced from [34] with permission from Elsevier
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complexation and precipitation. Co(II)-loaded MGO can be rapidly separated and
recovered from aqueous solution by external magnetic field [43]. Liu et al. [44]
reported a facile self-assembly of magnetic particles with GO through electrostatic
interaction in the presence of 3-aminopropyltrimethoxysilane. The prepared porous
MGO not only conventionally separated by a magnetic field but also enhanced the
adsorption capacity of GO for Cr(VI) removal. They also concluded that the pre-
pared MGO shows higher adsorption capacity than that of GO and Fe3O4. Bhunia
et al. [6] developed a heterogeneous matrix of iron/iron oxide dispersed on RGO
(RGO-FeO)/Fe3O4) that can be used for the effective adsorption of heavy metal
ions, including Cr(VI), Hg(II), Pb(II), Cd(II), and As(III). Recently, Lingamdinne
et al. employed porous inverse spinel composite (MGO) and porous inverse RMGO
nanocomposites using nickel ferrite and GO, and applied them for the removal of
Arsenic [38], Pb(II) and Cr(III) [35 36 37 39 40 41]. They also reported the
as-prepared nanocomposites to show considerably enhanced adsorption capacity for
Pb(II), Cr(III), As(III), and As(V), compared to that of GO. They stated that the
adsorption efficiency of rMGO for As(III) and As(V) is 106.40 and 65.78 mg/g
respectively was greater than that of MGO [38]. The adsorption process was
thermodynamically favourable for the adsorption of Pb(II) and Cr(III) onto the
nanocomposites and was spontaneous endothermic. But the As(III) and As(V)
removal was enhanced with increased temperature up to 300 K, while it started
decreasing with further increase of the temperature above 300 K. The unavailability
of metal ions undergoing degradation process via bioprocesses and reactions
chemically has led to the wider exposure to adsorption process and hence it is now
considered as the most promising method to remove heavy metal ions [53].

Copper (II) ions can be removed effectively via the interaction between copper
(II) ions and oxygen groups on GO which are positively charged and negatively
charged respectively [92]. Besides, Pb(II), U(VI) and Co(II) ions can be adsorbed
via the usage of GO as well [46]. For instance, powder X-ray diffraction (XRD),
scanning electron microscopy (SEM), infrared spectroscopy (FT-IR) and X-ray
photoelectron spectroscopy (XPS) are utilized to determine the adsorption char-
acterization of GO towards copper, lead, zinc and cadmium. As a result, the largest
adsorption capacities at pH 5 have been recorded as 294, 345, 530, 1119 mg/g for
Cu(II), Zn(II), Cd(II) and Pb(II) respectively [76]. In addition, the adsorption
capacities mentioned previously can be done in a wide range of pH values which
are 3–7 for both Cu(II) and Pb(II), 4–8 for Cd(II) and 5–8 for Zn(II) [76]. It is
studied that the removal of heavy metal ions via GO can be explained as the
adsorption process is restricted chemically due to the participation of superficial
complexity of metal ions with the presence of oxygen in the functional groups
which lies on the surface of GO. As an example, cellulose hydrogel/GO possesses
adsorption capacity of approximately 94 mg/g [9].

Furthermore, with the presence of metal oxides on GO and GNs, they are
considered as high-performance adsorbents in the past [21]. For instance, the fab-
rication of GO–TiO2 is implemented to remove Pb(II), Zn (II) and Cd(II) ions.
Hence, the adsorption capacities of the GO–TiO2 on the Pb(II), Zn (II) and Cd(II)
ions at pH value of 5 are recorded at 65.8, 88.9 and 72.8 mg/g respectively [32].
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The covalent bond which is securing the rGO and TiO2 in the GO–TiO2 has
resulted in the poor electron-hole recombination and hence great amount of Cr(VI)
can be reduced. Although different types of magnetic graphene composites have
been utilized, to eradicate the separation difficulties, a combination of GO or GNs
with magnetic materials is a good choice. The significant of the combination is to
minimize the agglomeration and restacking of graphene sheets and at the same time
increasing the surface area and adsorption efficiency [79].

Moreover, removal of cadmium ions and copper ions from wastewater can be
done via fabrication of GNs through the method of modified Hummers [103]. For
instance, at the condition of pH 6.0 ± 0.1 and temperature around 303 K, it is
recorded that highest adsorption capacities of Co(II) and Cd(II) can be achieved
with the value of 68.2 and 106.3 mg/g respectively. This has proven that the
adsorption of heavy metal ions through GNs is depending on the ionic strength and
pH. However, adsorption of chromium (VI) ions and chromium (III) ions can be
done at the low range of pH levels but the adsorptions of copper (II) ions, lead
(II) ions, and gold (III) ions are most likely to be occurring at higher range of pH
levels [15].

Other than that, MMSP-GO to adsorb heavy metal ions such as Cd (II) and
Pb(II) is worth studied as well. Once the synthesis of magnetic mesoporous silica
comes with the functionalization with polyethyleneimine molecules, the conjuga-
tion of a great number of amine groups with carboxyl groups on the GO sheets
could increase the affinity between the pollutants and mesoporous silica. Significant
and effective data has been recorded for the MMSP-GO composites regarding its
maximum adsorption capacities for Pb(II) and Cd(II) which are 333 and 167 mg/g
respectively [90].

5.2 Organic Pollutants Removal

Presently, many process industries, including the paper, textile, paint, plastic, and
leather industries, use pigments and dyes to colour their products, and excess of
these colours end up in the discharge, which ultimately ends up as industrial
effluent. These dyes are organic compounds, and the presence of dyes in an aquatic
environment not only affects the aesthetics, it also inhibits the penetration of sun-
light, and thus reduces photosynthesis for waterborne plants. Overall, the presence
of dyes poses the threat of toxic materials, which are resistant to a chemical reaction
in wastewaters, and which leads to cancer, mutagenesis, and other severe problems
in human and aquatic creatures. The complicated chemical structures of dyes make
these materials highly resistant to biodegradation [49]. Therefore, these dyes have
to be removed efficiently before the effluent is discharged to the nearby aquatic
environment.

In the last couple of years, magnetic nanoparticles have been extensively applied
for the removal of toxic metal ions and organic pollutants. This is due to the
features, like low toxicity, high chemical stability, and good magnetic properties.
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Adsorbents based on magnetic nanoparticles are used in the removal of toxic dyes
and heavy metals from aqueous solutions with precision and high accuracy [88].
However, the bare magnetic nanoparticles can easily be oxidized in atmospheric
conditions. Therefore, to remedy these effects and increase the life of nanoparticles,
researchers explored ways to coat or functionalize the magnetic nanoparticles and
enhance the functional groups. In recent years, usage of GO-based magnetic
nanoparticles as an adsorbent has increased. Association of graphene has resulted in
high removal capacity of pollutants. Chandra et al. [8] reported that compared to
free nanoparticles, RGO and GO embedded materials have shown higher binding
capacity. Deng et al. [13] synthesized MGO and used it to investigate the simul-
taneous removal of Cd(II) and ionic dyes like orange gelb (OG) and methylene blue
(MB). The maximum adsorption capacities reported for the removal of MB using
graphene nanosheet/magnetite, magnetic rectorite/iron oxide, and multi-walled
carbon nanotubes/Fe2O3, were 43.82, 31.18, and 42.30 mg/g, respectively. They
also reported that the maximum sorption capacities of MGO (64.23 mg/g for MB,
and 20.85 mg/g for OG) were much higher than those of “exfoliated graphene
oxide” (17.3 mg/g for MB, and 5.98 for OG) used as adsorbent [58]. The maximum
adsorption capacities reported for removal of dyes using bare iron oxide
nanoparticles were 2.78 and 15.62 mg/g for MB and OG, respectively. Khurana
et al. [28] investigated the “Eriochrome Black T” (EBT) adsorption from textile
wastewater using MGO in a batch process. In this study, for the removal of
toxic textile azo dye EBT, they synthesized MGO that was impregnated with
a-Fe2O3. The maximum adsorption capacity for dye removal was reported to be
210.53 mg/g.

6 Conclusion and Future Perspective

This chapter indicates that adsorption using MGOs is becoming an alternative
option to replace the conventional adsorbents used for water purification. It also
shows that these MGO composites have comparable or even greater adsorption and
regeneration capacity, compared to the available adsorbents and activated carbons.
Moreover, the adsorbents coming out at long last with high adsorption efficiency for
the handling of wastewater containing metal pollutants (heavy metals and
radionuclides) and organic pollutants could be successfully implemented as bene-
ficial to society.

The synthesis of graphene has been widely done by the latest and greatest
method which is improved Hummers method. However, the experimental proce-
dures to complete the fabrication of the graphene is time-consuming although the
experimental complexity is considerably low. Therefore, replacement or removal of
certain chemicals is required to be further discovered and studied to shorten the
fabrication period and result in a better fabrication method.

The synthesis of graphene has been generally done by the enhanced Hummers
technique. Applications are hindered due to the time-consuming methods for
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fabricating the Graphene. Accordingly, appropriate techniques need to be discov-
ered to reduce the fabrication period and thus enhance the performance of graphene
obtained by these fabrications method. Another major hurdle in these applications is
the scalability of these methods. Most of the recently reported studies are limited to
lab scale experiments. Therefore, studies should also focus on the scalability of
these applications from lab scale experiments into commercial industrial scale
applications. It should also be noted that, industries which produce effluents and
wastewater at a larger scale will consume higher quantities of GO’s and MGO’s,
thus increasing the cost of operation to many folds. Therefore, the commercialized
MGOS should be prepared in such a way that they can be re-used or regenerate with
low operating cost.
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1 Introduction

The human race is witnessing lots of remarkable advancement in the field of
Science and Engineering. Nanotechnology is one of that remarkable advancement
accomplished by mankind. According to Dr. Richard Smalley (Late),
“Nanotechnology is the art and science of building stuff that does stuff at the scale
of nanometer”. In general, nanotechnology is specifically an engineering of
human-made structures starting from a range of 1–100 lm [1]. It is an interdisci-
plinary field that comprises biomedical engineering, chemical engineering, chem-
istry, physics, and material and particle science. At present more than 600 products
available in the market globally which uses nanomaterials for their products [2].
Furthermore, United States National Institute of Health has referred the assistance
of nanotechnology for systems like diagnosis, treatment, monitoring, and control of
biological as nanomedicine [3]. Nanotechnology is continuously promoting posi-
tive impacts on healthcare and making life more convenient than ever imagined
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before. In addition, nanomaterials are significantly getting attention for the appli-
cations related to bone engineering as it holds properties that have the strength
similar to natural bone. However, construction of artificial bone with uniqueness,
identical properties likewise natural bone is a strenuous task. Therefore, most of the
researchers rely on nanotechnology and nanomaterials when it comes to con-
structing artificial bone.

Carbon nanomaterial is one of the remarkable outcomes from nanotechnology.
Carbon-based nanomaterial considered more accentuated and promising when it
comes to the application based on the bio-medical field. Carbon nanomaterials are
categorized as low-dimensional materials, having sp2 and sp3 carbon atoms
arranged into a continuous network [4]. Since the discovery of the first well-known
carbon nanomaterial i.e. fullerene, have significantly aroused the interest around the
globe. Carbon nanomaterial holds tunable physical, chemical, electrical, optical,
thermal, and mechanical properties, and its related composite provides remarkable
usage in sensors, biomedicine, electrodes, electrocatalysis, energy storage as well as
conversion. One of the main features of carbon nanomaterial i.e. biocompatibility
[5] increased its demand in the field of bio-medical. Carbon nanomaterials are one
of the highlighted topics when it comes to the modern medical field. Out of all
carbon-based nanomaterials, carbon nanotubes (CNTs) are considered more suit-
able and promising for applications related to bio-medical e.g. nano-electronic
bio-sensing [6], drug delivery [7], and bone tissue engineering [8].

Carbon nanomaterials are dimensionally categorized as fullerene (0-D), carbon
nanotubes (1-D) and graphene (2-D). The origin of carbon nanotubes is from the
synthetic carbon allotropes and categorized as sp2 hybridized network of carbon
atoms. At first, Sumio Iijima discovered the CNTs structure as helical microtubules
of graphitic carbon in the year 1991 through an arc discharge process that was
initially designed for fullerene production [9]. Since the discovery, significant
researches took place on this extraordinary nanomaterial. Theoretically, carbon
nanotubes synthesized by rolling the sheets of graphene with connecting hexagonal
rings seamlessly. Vapour phase growth, corona-discharge, catalyst-supported
growth, hydrocarbons pyrolysis and laser ablation are the conventional tech-
niques for carbon nanotubes synthesis [10]. At present, plasma-enhanced chemical
vapour deposition and chemical vapour deposition are the most recent synthesis
methods for carbon nanotubes [11] (Fig. 1).

Carbon nanotubes are categorized generally as single-walled carbon nanotubes
(SWNTs), multi-walled carbon nanotubes (MWNTs) and double-walled carbon
nanotubes (DWNTs) [12]. Major making of MWNTs and DWNTs were testified
via arc discharge process. And SWNTs synthesis was primarily described inde-
pendently by Iijima and Ichihashi (Tokyo, Japan), and Bethune’s IBM group
(California, USA) in the year 1993 [13]. Furthermore, compared to all other
inorganic nanoparticles in which heavy toxic metals are present, for example,
quantum dots (Qds); CNTs are mainly composed of pure atoms of carbon that are
relatively non-toxic [14]. Thus, carbon nanotubes direct use is restricted due to its
biological toxicity in application related to bio-medical. The toxicity of carbon
nanotubes are affected due to the metal impurities; shape, structure and length of the
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tubes; layers thickness; aggregation degree; etc. Moreover, key factors for the
toxicity of nanotubes include metal catalyst residual; length and hydrophobic sur-
face of carbon nanotubes [15]. The metals catalyst (Fe, Ni etc.) containments in
nanotubes support free radical generation in cells and are introduced through the
process of synthesis and purification which lead to cytotoxicity [16]. In addition,
experimental results as evidence clearly show that shorter length of nanotubes, i.e.
less than 200 nm, compared to normal length (up to tens of micrometres) is more
suitable to enter the cells [14].

Furthermore, synthesized carbon nanotubes hold hydrophobic surface, and are
insoluble in many aqueous solutions. Due to the strong hydrophobic interactions,
carbon nanotubes stick together and form as bundles that later make it difficult to
apart. The formation of bundles trend makes the processability of carbon nanotubes
complicated as well extremely difficult their integration into aqueous based bio-
logical media, which considered essential for the applications based on bio-medical
[17]. Biological behaviours of the tubes precisely based on the surface chemistry.
Furthermore, the experimental study proved that raw carbon nanotubes avoid the
growth of ovary cells in Chinese hamster [14]. Table 1; listed the theoretical and
experimentally calculated properties of carbon nanotubes.

Biomedical refers to the living system; therefore, modification of carbon-based
nanomaterial is an important step, like biocompatibility and bioactivity, can be
enhanced with chemically modified carbon nanotubes [18]. The modification of
carbon nanomaterial includes surface modification as well as chemical alteration

Fig. 1 Properties and biomedical applications of carbon nanotubes

Functionalized Carbon Nanomaterial for Artificial Bone … 785



steps. Furthermore, stable dispersion helpful for biomedical use, for example,
functionalized graphene make it easier for chemotherapeutics and image agent
delivery [19]. At present, a countless number of natural and synthetic biopolymers
and bio-ceramics are being used for designing artificial bone prosthetic but their
usage remained until laboratory. Therefore, designing an artificial bone prosthetic
that holds similar properties to that of human bones is a challenging task for the
researchers. Furthermore, researchers keeping in mind of getting the radical benefit
of nano-technology, nano-materials scaffolds and cell-based biomaterials for con-
structing artificial bone [20].

2 Bone Structure and Mechanics

Bone is the primary component of the skeletal structure and varies from the con-
vective tissues due to the properties of rigidity and hardness. These properties help
the skeleton to keep the shape of the body, cover the main organs, as well as transfer
force of muscular contraction at the time of movement [21]. Bones are actually made
of the fibrous protein collagen and soak with calcium phosphate like mineral [22].
The content of mineral serves as a reservoir for ions, more generally calcium as
human body stored approximately 99% of calcium, which helps in circulating
extracellular fluid composition [21]. In addition, bone contains water too, and it is
very vital according to mechanical perspective. The organic matrix of the bone
composed of collagen and non-collagenous proteins, 90 and 10% respectively [23].
In fact, the collagen proteins especially form-I act as storage for hydroxyapatite, and
the mineral phase helps to generate the rigidity of the skeletal structure. However,
according to mechanical perspective, bone is considered as an aeolotropic and
non-homogeneous material. Furthermore, spongy and cortical bones can be assumed
as an orthotropic having 9 and 5 independent material constants, respectively. Bone

Table 1 Properties of carbon nanotubes (CNTs)

Parameters Carbon Nanotubes References

Lattice structure Nanotubes: ropes, tubes organized in the triangular lattice
by parameters of a = 1.7 nm, tube-tube = 0.314

[78]

Elastic modulus SWNTs and MWNTs *1 and 1.28 terapascal (TPa),
respectively

[79]

Maximum
tensile strength

100 gigapascal (GPa), approximately [79]

Specific gravity 0.8–1.8 gcc−1 (theoretical) [78]

Thermal
expansion

Insignificant (theoretical) [78]

Thermal
conductivity

2000 W/m/K [79]

Oxidation in air Greater than 700 °C [78]
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is possibly imagined as a linear elastic material with significant viscoelastic effects,
in terms of the physiological range of loading [24]. Bone is stronger in compression
and retaining higher Young’s moduli of elasticity [25].

State to the term composite and structure of the bone; it proves that bone is a
composite material. Moreover, considering bone as bio-composite, the hierarchical
structure is seen at various level. For example, at microstructural level, cortical bone
shows osteon (large hollow fibers with an outer diameter of 200–250 lm) fibers
which are made up of concentric lamellae and pores. The fibers are comprised of
hydroxyapatite mineral and collagen at nano level [26].

Bone is an internal part of the body and is surrounded by cells entire life.
Because of having no-expendable nature, the process of resorption and formation
for every bone take place at the surface compared to soft biological tissue which can
have growth at both interstitials as well as oppositional. Bone is holding varies
values of porosity and it mainly depends on bones macrostructure as it has a porous
structure. However at the level of macroscopic, cortical and cancellous are two
types of bone structure. Cortical bone (compact) covers 80% of the mass in a
mature human and is mainly in charge of the protective function of the skeleton
[27]. Osteon is a large hollow cylinder and a primary structural unit of compact
bone. However, the spongy bone which is a network of narrow rods and plates of
calcified bone tissue. This calcified bone tissue is known as trabeculae, covered by
the bone marrow. The function of bone marrow is to provide nutrients and discard
disposal for the bone cells.

In comparison with cortical bone, the content of mineralization in spongy bone
is less. However, experimental studies as evidence show that spongy bone is sig-
nificantly active in remodelling compared to cortical bone [28]. Furthermore, the
primary cellular elements of the bone are osteoclast, osteoblast, osteocytes and bone
lining [29]. Osteoblasts and osteoclasts origin are different for nurturing and cate-
gorize as temporary cells because of short life length [30].

3 History of Artificial Organ

An artificial organ is a human developed device that is an alternative to natural
organ and holding bit identical but not exactly similar properties. The function of
developing such devices is to make the life of patient’s as convenient as possible.
Referred to artificial organ definition, the device is not required to attach to any
sources like filling or chemical processing units. Any kind of stationary resources,
chemical refilling, exchanging of fillers, attached to the device will not categorize
under the artificial organ. For example, dialysis machine, an extraordinary tech-
nology to support kidney patient’s life is not an artificial organ. However, devel-
oping and installing an artificial organ is significantly expensive, and required years
of experimental researches compared to the natural organ. The experiments for
artificial organs mostly conduct on animals or people who are close to death. As a
matter of fact, the word artificial organ rarely heard because mostly it refers to as the
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replacement of human or animal bones and/or joints. At present, an immense
number of artificial organs has been implanted with a high range of success. Some
of the remarkable studies on different types of artificial organs have been done by
scientist all around the world which include brain pacemakers, cardia, corporta
cavernosa, ear (cochlear implant), eye (visual prosthetic), heart, limbs, liver, lungs,
bladder, ovaries and many more [31].

The first-ever bone defect treatment was trephined prehistoric skull. However, in
the year 1668, a Dutch surgeon Job van Meek’ren named himself first for operating
a successful bone defect treatment. He used a dog skull to fill the defect of a
soldier’s cranium which was taken off after 2 years on soldier’s wish. Furthermore,
in the scientific era, the interest on osteogenesis and bone transplantation was begun
in the year 1739 by Du Hammel. But significant numbers of patients with auto-
genous bone transplantation were already recorded 200 years earlier [32]. Some of
the successful artificial organ transplantation is listed below (cited from 33):

• In the year 1857, Eduard Zirm conducted first successful cornea transplantation
(Czech Republic).

• In the year 1954, Joseph Murray operated first successful kidney transplantation
(Boston, Massachusetts).

• In the year 1966, Richard Lillehei and William Kelly named themselves first for
successful pancreas transplant (Minneapolis, USA).

• In the year 1967, Christiaan Barnard operated first heart transplant successfully
(Cape Town, SA).

Moreover, bone transplant referred to fix fractures and joints and to treat skeletal
defects. However, there are possible side effects for the transplantation of autoge-
nous bone material like the surgical cut on the skin, low strength bone of donors,
and inclined postoperative morbidity. As a matter of fact, not only the amount of
autogenous bone is limited but also bone graft has insignificant properties too, like
mechanical, biological and physiological [32]. The bone transplants or implants are
classified into four classes as:

• Autograft: Engraftment of organs within one individual [33].
• Isograft: Transplantation of organs between genetically similar individuals [34].
• Allograft: Engraftment of organs of genetical individuals of the same species

[35]
• Xenograft: Engraftment of organs of individuals of dissimilar species [36].

For bone treatment, two well-known procedures are autograft and allografts in
the field of orthopaedic. Due to the limited donors, disease transfer (hepatitis),
structural problems, pain etc. [37], autograft and allograft methods are no longer
preferred and replaced by artificial bone replacement. Table 2; illustrate the tensile
strength, elastic modulus, and ultimate strain of the human bone tissue.

As a matter of fact, strength itself not considered enough for artificial bones to
fully integrate with natural bones. In order to compete with natural bone, there are
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certain characteristics that an artificial bone requires which include good handling,
suitable mechanical capability and excellent bio-degradability and bone- regener-
ation [38].

3.1 Artificial Bone Materials

Biomaterials mainly used to construct devices that are associated with the biological
system to co-exist for long-lasting use with limited chance of failures. In 1981,
Williams express biomaterials as “non-viable materials with the application of
making medical devices, intended to associate with the biological system” [39]. For
the past few years, the demand for biomaterials has rapidly increased. In the USA,
biomaterial industry is generating more than $300 billion annually, and it kept
inclining [40]. For many years’ medical specialists have been working on finding a
substitute for the treatment related to bones like bone repair or replacements. In
past, a substance like leather, metals (gold, silver and platinum), bones from other
species for direct transplant had utilized for bone repairing treatment. However,
alternative materials for bones are categorized as natural and artificial (chemical
composition) depending on the source of origin. Natural materials have some
remarkable advantages, and due to that popularly used. Additionally, chitosan,
collagen, fibrin, and chitin are named as natural materials [39]. And artificial
materials are further divided into metal, ceramic, polymer, composites and bio-
logical origin substances [40]. Based on host reaction, biomaterials classified as:

• Bio-tolerant: It is in the body, and mainly surrounded by the fibrous membrane,
for example, bone cement.

• Bio-inert: These biomaterials are not associated or interact when exposing to
biological tissues, for example, titanium oxide.

• Bio-active: These biomaterials integrate with the bone, for example,
hydroxyapatite.

• Bio-resorbable: These biomaterials indulge in the bone, for example, calcium.

Furthermore, features such as biocompatibility, elasticity, toughness, corrosion,
fatigue resistance and allergic diathesis are vital in bone surgery [41].

Table 2 Human bone mechanical properties

Tissue Tensile strength
(MPa)

Elastic modulus
(GPa)

Ultimate
strain (%)

References

Cortical bone
(longitudinally)

130 12.0 3 [80]

Cortical bone
(transverse)

60 13.4 1 [80]

Cancellous bone 2 0.39 2.5 [80]
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4 Carbon Nanomaterials

Carbon nanomaterial is one of the remarkable outcomes from nanotechnology.
Carbon nanomaterials are categorized as low-dimensional materials, having sp2 and
sp3 carbon atoms arranged into a continuous network [4]. Since the discovery of the
first well-known carbon nanomaterial in the year 1985 by Sean O’Brien, Richard
Smalley, Robert Curl, Harry Kroto, and James Heath, i.e. fullerene, have signifi-
cantly aroused the public’s interest. Carbon nanomaterial tunable physical, chem-
ical, electrical, optical, thermal, and mechanical properties and its related composite
provide remarkable usage in sensors, biomedicine, electrodes, electrocatalysis,
energy storage as well as conversion. One of the main feature of carbon nanoma-
terial i.e. biocompatibility [5] that increased its demand in the field of bio-medical.
Out of all carbon-based nanomaterials, carbon nanotubes (CNT) consider more
suitable and promising for applications related to bio-medical e.g. nano-electronic
bio-sensing [6], drug delivery [7], and bone tissue engineering [8].

5 Carbon Nanotubes

1991, an exciting year for carbon science as Sumio Iijima of Nippon Electric
Company (NEC) discovered a thin material identical as needle under an electron
microscope while analyzing carbon nanomaterial, and named it carbon nanotubes
[42]. In the same year, the scientist made the availability of fullerene as a compound
too. However, fullerene was first-ever discovered in the year 1985 by researchers
from the University of Houston and University of Sussex. Due to the identical
shape of this element to football holding thirty-two faces, fullerene was first named
as Buckminster-fullerene or Bucky-ball [43]. Carbon nanotubes display as one
dimensional with the tubular structure, resemblance to rolled G nano-sheets with
minute nanometer thickness. Initially, carbon nanotubes were discovered as
multi-walled carbon nanotubes (MWNTs), and later as single-walled carbon nan-
otubes (SWNTs). Earlier applying electric discharge, laser ablation, and similar
techniques used for the synthesis of fullerene but with the addition of some catalyst
made the availability of carbon nanotubes in bulk form. CNTs generally have the
diameter similar to fullerenes i.e. 1 nm but 1000 time longer than fullerene. These
tubes even referred as macromolecules, poly disperses in size and having a
molecular weight of 1,000,000 Daltons [44]. Table 3; list the discoveries and
development of carbon nanomaterials, mainly carbon nanotubes:

In addition, carbon nanotubes have been studied extensively by researchers due
to its promising properties [4] such as electrical, mechanical, conductivity, and
chemical which help to assist in the application like bio-sensors, nano-oscillators,
drug delivery systems or pure structural components in nano-devices [45].
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Carbon nanotubes properties lead them to applications related to bio-medical.
SWNTs and MWNTs consider more suitable for bio-medical applications.
Extensive researches have been particularly done on both SWNTs and MWNTs.

5.1 Structure and Properties of Carbon Nanotubes

5.1.1 Single-Walled Carbon Nanotubes (SWNTs)

Single-walled carbon nanotubes (SWNTs), manufactured in 1993 [46], having a
diameter and length range from 1 to 7 nm and 20 to 40 nm, respectively [45]. This
carbon nanotube type has generated some remarkable properties as well as the
capability to apply successfully in a wide number of fields. SWNTs described as a
single layer of a graphite crystal, rolled up into a continuous cylinder and capped
with hemisphere (carbon rings in hexagonal and pentagonal) at both sides [46].
Since SWNTs hold some impressive properties, therefore, the synthesis of SWNTs
has significantly become a matter of global studies. At present, many methods have
been designed for the synthesis of SWNTs but electric arc discharge, laser ablation,
and catalytic chemical vapour deposition are popular among all [47]. Catalytic
chemical vapour deposition abbreviated as CCVD method generates a significant

Table 3 Discoveries and developments of carbon nanotubes (CNTs)

Year Discovery References

1889 Discovered carbon filaments (thermal decomposition of gaseous
hydrocarbons)

[81]

1890 &
1903

Hydrocarbon (thermal decomposition), results in production of
carbon-fibers

[82, 83]

1939 Transmission electron microscopy (TEM) became commercialized
which help to research in-depth of carbon fibers

[83]

1952 TEM evidence was printed which display the nano sized diameter
of hollow graphitic carbon fiber

[10, 84]

1958 Carbon fibers of bamboo texture were discovered with the help of
electron diffraction

[83]

1976 Technique of vapor growth generated carbon fibers [85]

1979 Arc discharge method synthesized hollow carbon fibers [86, 87]

1987 In USA, graphitic (hollow carbon fibrils) patent were published [83]

1991 Arc discharge synthesized carbon nanotubes, and brought into hot
spot under scientific society.

[10]

1992 Discovered SWNTs [46]

1993 Iron catalyst was used to manufacture single walled carbon
nanotubes; Cobalt catalyst were used to produced SWNTs

[83]

2004 Templates were applied for carbon micro tubes synthesis [88]

2007 Carbon nano-buds were manufactured [83]
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amount of SWNTs at the economic cost compared to all other methods [46].
Moreover, in the market, the vastest method used is laser ablation for SWNTs [48].

5.1.2 Multi-walled Carbon Nanotubes (MWNTs)

In 1952, Radushkevich and Lukyanovich were the original discoverers of MWNTs.
Thus, the present carbon nanotube boom in material science without any doubt was
instigated by Sumio Iijima in 1991 [49]. Multi-walled carbon nanotubes (MWNTs),
extended hollow cylinder, are composed of sp2 carbon with a diameter range from 2
to 100 nm and growing length up to 10 microns as well as aspect ratio ranges from
10 to 10 million. However, the thickness of MWNTs’s wall along the axis remains
constant and inner channel is straight. The ends of MWNTs covered by half full-
erene spheres due to the channel which is not accessible directly from the outer side
but by expanding the nanotube it can be accessed, for example, oxidation, milling
or ion beam treatment [50]. However, based on larger diameter and Raman spec-
trum of MWNTs, clearly differentiate them from SWNTs and double walled CNTs
[51]. The techniques to manufacture MWNTs and SWNTs are generally same.
Likewise, SWNTs synthesis, a wide variety of methods has been discovered for
MWNTs synthesis but the well-known are catalytic chemical vapour deposition, arc
discharge, and laser ablation. Likewise, SWNTs, catalytic chemical vapour depo-
sition is the most efficient and most widely used process (Table 4).

Table 4 Single-walled and multi walled CNTs comparison

Single-walled carbon nanotube (SWNTs) Multi-walled carbon nanotubes
(MWNTs)

References

Mono-layer of graphene Several layers of graphene [89]

The catalyst is not optional for synthesis For the synthesis catalyst not
required

[79]

Appropriate control over growth as well
as on atmospheric condition is
compulsory for bulk synthesis

Bulk synthesis is convenient [90]

Lack of purity Negligible impurity [79,90]

Chance of defect is higher at the time of
functionalization

Chance of defect is limited but if
occurred, it is a challenging task to
improve

[90]

Convenient for characterization and
evaluation

Holds a very complex structure [79, 90]

Comparatively flexible and easy to twist Difficult to be twisted [90]
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5.2 Synthesis of Carbon Nanotubes

Carbon nanotubes can be manufactured by a range of methods but well-known
include laser ablation, arc discharge, and chemical vapour deposition. Processes
like laser ablation, arc discharge and chemical vapour discharge are fallen under the
category of physical and chemical processes, respectively [52]. In the process of
laser ablation, high power laser is used which helps to vaporize graphite source
combined with a metal catalyst. Since graphite contains carbon that transforms
large numbers of single-walled carbon nanotubes (SWNTs) on the metal catalyst
[53]. And in arc discharge method, high quality but limited quantities of SWNTs
and MWNTs are manufactured by introducing electric discharge from the electrode
(carbon-based). However, in chemical vapour deposition (CVD), carbon nanotubes
are produced in a chamber by reacting hydrocarbons (for example CH4) with an
appropriate metal catalyst [48]. All of these methods come with advantages and
limitations. Some of them listed in Table 5 and Fig. 2.

6 Functionalization of Carbon Nanomaterials

Carbon nanomaterials, fullerenes, graphene and carbon nanotubes (SWNTs,
MWNTs & DWNTs), in organic (especially in an aqueous solvent) are poorly
soluble. Like, carbon nanotubes stick together and from as bundles due to strong

Table 5 Carbon nanotubes (CNTs) synthesis method

Synthesis
methods

Advantages Disadvantages References

Chemical-vapor
deposition
(CVD)

Cost-efficient; scalability;
continuous operation
process; low operating
temperature around 500–
800 °C; diameter can be
adjusted

Lack of quality i.e. Wall
structure contains
significant defects and
deposits of carbonaceous
contamination; a
combination of SWNTs
and MWNTs

[79, 91]

Arc-discharge
(AR)

Simplicity and versatility
on the basis of
carbon-based material and
catalyst; better quality
nanotubes produce; minor
defects; economical
process

Significant consumption of
energy; lack of capability
for industrial up-scaling;
high temperature required
(>1700 °C); shorter length
of CNTs produced

[10, 73]

Laser ablation
(LA)

Synthesis at room
temperature; generate high
purity and yield of tubes

Purification of the crude
product is must; method
restricts till laboratory
scale; expensive process

[79, 73]

Functionalized Carbon Nanomaterial for Artificial Bone … 793



hydrophobic interactions which later make it difficult to apart. The formation of
bundles trend makes the processability of carbon nanomaterials complex and
challenging their integration into aqueous based biological media, which considered
essential for the applications related to bio-medical [17]. Therefore, functionaliza-
tion of carbon nanomaterials is important in order to attain their remarkable
strengths. As a result, a significant part of the current journals on carbon nano-
materials has an emphasis on improving their solubilization and dispersion using
functionalization methods. In fact, massive range of applications in many fields has
opened through functionalized carbon nanomaterials, particularly carbon nanotubes
and graphene because of their extraordinary properties like lightweight, significant
aspect ratio, and electrical conductivity, as well as mechanical, thermal strength.
Furthermore, carbon nanomaterials uses have become applicable in many fields
because of the modification of its surfaces. The exceptional physiochemical prop-
erties of functionalized carbon nanomaterials have been used for anti-viral drug
development, energy, treatment for cancer, applications for biotechnological, and
aerospace. Moreover, theoretical work has also been done to understand as well as
optimize functionalization. On the other hand, non-functionalized carbon nano-
materials carry limitations like the capability to generate stable bundles/aggregates
due to highly significant interactions, e.g. van der Waals force, strong p–p stacking.
Consequences of the aggregation bring undesirable changes, like affect the aspect
ratio plus declines the nanocomposites properties. Therefore, stable dispersion and
functionalized role are vital in order to attain better nanomaterial support system.

Fig. 2 Synthesis approaches of carbon nanotubes
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The functionalization of nanomaterials with the mandatory moieties relies on the
base material chemistry. And the functionalization mode on nano’s surface mainly
relies on the problem and proposed use of the material.

In the past, many procedures had discovered; among them, the well-known that
still applies today include covalent and non-covalent functionalization. All these
approaches are with organic and inorganic compounds help to attain improved
solubility and dispersibility. For example, the use of pristine carbon nanotubes,
particularly in living organism and cells bring toxic effects, therefore functional-
ization is essential to be concerned [17]. Furthermore, due to the availability of
carboxylic, epoxy and hydroxyl groups, covalent functionalization is more
preferable. In addition, covalent functionalization suited as better moieties for
functional group conversion. Besides this, the existence of an sp2 hybridized p
network gives the chance for non-covalent interaction among host species and
carbon nanomaterials [54]. Thus, modifying the surface of carbon nanomaterial in
order to retain the remarkable properties is a challenging task. At present, different
functionalization techniques for both covalent and non-covalent have developed for
carbon nanomaterials.

6.1 Covalent Approach for CNTs

Lately, carbon nanotubes have received significant interest because of its aston-
ishing unique electronic, optical, mechanical, thermal, and structural properties
[55], especially for medical and material science fields. But the insolubility of
carbon nanotubes is a chief barrier for its use in real world. The insolubility of
carbon nanotubes is generally due to its hydrophobic structure, surface area, forces
like Van der Waals, etc. There is only one solution for the carbon nanotubes issues
(insolubility and poor dispersion) which scientist discovered, and that is a modi-
fication of the carbon nanotubes [56]. Furthermore, there are numerous approaches
for covalent functionalization of carbon nanotubes among other oxidation reactions,
oxidized carbon nanotubes with esterification and amidation reactions, halogena-
tion, ozonolysis, plasma activation, electrophilic/nucleophilic additions, mechanic/
electrochemical functionalization, polymer grafting, nucleophilic/radical additions,
treatment with ionic liquid and oxidized carbon nanotubes with complexation
reactions [57]. However, for biomedical applications, strategies developed partic-
ularly for covalent functionalization include surface oxidation of carbon nanotubes,
radical additions, cycloaddition reactions and its followed functionalization with
biologically related molecules [58].

6.1.1 Oxidation Treatment

Covalent modification approach with various oxidizing acids/oxidants is most
common because of their capability of attaching the preferred function groups,
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hydroxyl or carboxyl, on the surface of carbon nanotubes as well as tailoring the
surface composition. Carbon nanotubes with the functional groups attached not
only provide a positive effect for their dispersibility in different solvents but also the
contact with varies compounds, for example, polymers. Some of the well-known
oxidizing agents for the oxidation of carbon nanotubes are sulphuric acid (H2SO4),
nitric acid (HNO3), tri-oxygen (O3), hydrogen peroxide (H2O2) and potassium
permanganate (KMnO4). Oxidizing agents like H2SO4, HNO3 and KMnO4 generate
carboxyl groups while H2O2 and O3 produce hydroxyl groups into the nanotubes
[59]. However, hydrogen peroxide and tri-oxygen are categorized under mild
oxidant. As an example covalent amide connection established when a mixture of
single-walled carbon nanotubes (oxidized) and PEG-NH2 sonicated for the duration
of 30 min plus centrifugation to generate NH2-PEG-modified carbon nanotubes.
Moreover, oxidation of single-walled carbon nanotubes with addition covalent
conjugation with amino acids shows sp3 carbon atoms [14]. However, the outcome
of two oxidizing agents generates two functional groups connect con-currently on
the nanotubes. Further functionalization makes these groups to be used as anchor
sites either for esterification or amidation reactions which can be applicable widely
for the conjugation of water-soluble organic molecules, hydrophilic polymers such
as nucleic acids, peptides or polyethylene glycol, as a result, multifunctional carbon
nanotubes manufactured [60]. Multifunctional carbon nanotubes possess greater
chemical reactivity as well as selectivity, therefore considered better and preferable
compared to other functionalized carbon nanotubes [61]. Another method for the
oxidation of graphene also allowed as an alternative for the carbon nanotubes
oxidation. As graphene and MWNTs both have sp2-hybridized carbons, therefore it
makes them easier to oxidize. The most well-known approach for the oxidation of
graphene is Hummers. As a matter of fact, various improved Hummers method has
been used for unzipping carbon nanotubes with well-developed oxidation mecha-
nisms. Consequence of mechanical mixing surely enhances the dispersion but also
cause damage and length shorten of carbon nanotubes. Since, scanning electron
microscope (SEM) is used for the morphology of MWNTs before and after oxi-
dation treatment. With an outer diameter range from 10 to 20, 30 to 50, and >50 nm
clearly showed varies in tube diameter as well as roughness along the walls of the
tube after gone through acids treatment. In addition, MWNTs diameter slowly
narrowed due the oxidation process (cited from [62]). However, treatment like
ultraviolet [63], plasma [64] and microwave irradiation have been used either for
incorporation of surface oxygen/for the attachment of various functional groups to
the carbon nanotubes. In terms of mechanical mixing, for example, conventional
reflux method is usually used at the time of oxidation. In comparison with reflux,
functionalization of carbon nanotubes with ultra-sonication use may help to gen-
erate carboxyl, carbonyl and hydroxyl content greater on the MWNTs. It is because
sonication method develops the greater surface area as well as defects sites for the
functional group [65]. Experimental results showed that the ultra-sonication help to
decrease the stacking of carbon nanotubes in bundles, and destroyed the tubes
structure integrity [59].
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Some of the drawbacks of oxidation treatment are that it grows defects on
nanotubes surface, CNTs oxidization leading Hole doping, and introduce impurity
states at the Fermi level. On the other hand, oxidation treatment helps to remove the
raw materials impurities, cut/shorten the length and expand the CNTs. However,
minimizing the CNTs length through oxidation treatment comprehensively based
on the rate and extent of the reaction which let the rise of new length distribution.
Carbon nanotubes with open and oxygenated ends are the consequences of cutting
mechanism [66]. However, the oxidative stability particularly depends on diameter
and production process of the carbon nanotubes.

6.1.2 Cycloaddition Reaction

Cycloaddition reaction is another well-known process that includes direct additional
reaction, for example, 1, 3-Dipolar, carbene, nitrene etc. In cyclo-addition reactions,
sidewalls are the primary objective where reaction occurred. The outcome of this
covalent approach upgrades carbon nanotubes strength as it the helps to enhance the
solubility of water, different organic solvents etc. [58]. However, analogues of
carbenes are nitrenes, compounds of electrophile reagents which add-up C=C bond.
Thermolysis of alkyl azidoformates required for the functionalization of carbon
nanotubes on the side walls through nitrenes. Development of pyrrolidine rings on
the surface of carbon nanotubes with the use of 1, 3-Dipolar cycloaddition of
azomethine ylides [67]. For many biomedical applications, these pyrrolidine rings
can be substituted with various functional groups, for example, peptides, thera-
peutic agents, fluorescent molecules, etc. [58]. Like nitrenes, functionalization of
carbon nanotubes using carbenes followed the same path. At first, deprotonation of
imidazolinium cation produced nucleophilic carbenes, and then each −ve charge/
moiety is replaced to the tubes, and at last carbon nanotubes functionalized [67].
Moreover, this approach sub-categorized with varies direct additional reaction, like
amidation, esterification, thiolation, halogenation, and hydrogenation [68]. Like in
the process of thiolation, CNTs involved with the thiol group through subsequent
carboxylation sonication, reduction with the supports of NaBH4, and chlorination
with SOCl2, led by thiolation with Na2S and NaOH mixture to the CNT open end.
The aftermath of cycloaddition reaction, enhance the strength of nanotubes and
improve the solubility in aqueous solution, many organic solvents etc. [58].

6.1.3 Radical-Additions

Radical addition reaction falls under the category of covalent functionalization
approach. A chemical agent such as aryl diazonium, sodium nitrite etc. is involved
in radical addition reaction. Among these chemical agents, aryl diazonium coupling
is more preferable due to its easiness and higher yield. In aryl diazonium coupling,
first prepared aryl diazonium salts [58]. In 1858, Peter Griess discovered aryl
diazonium compound while he was manufacturing a product. The word ‘diazo’
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originated from French and means di-nitrogen [69]. Furthermore, Jean Pinson, the
modern surface chemistry father, could be accredited for aryl diazonium salts. Since
its discovering, this salt has significantly considerable for organic synthesis of a
number of vital compounds, for example long known azo dyes. This salt has
become an ideal diazonium salt for the illustration of proof of new concepts, for
example, modification of the surface, bio-sensor, clay related nano-fillers etc. At
present, commercially available aryl diazonium include 4-nitrobenzenediazonium
tetra-fluoroborate, 4-bromobenzenediazonium tetra-fluoroborate, 4-formyl benzene
diazonium hexafluorophosphate and 4-aminodiphenylamine diazonium sulfate.
However, aryl diazonium can be prepared by the introduction of NaNO2 aqueous
solution to aromatic amine solution under additional hydrochloric acid which later
cooled down below 5 °C in a water bath [70]. In addition, CNTs can be envisaged
through modification with isolated aryl diazonium and in situ prepared aryl dia-
zonium from aromatic amines under NaNO2 (medium acidic). On the other hand,
in situ prepared aryl diazonium which guarantees significant grafting density of aryl
groups on CNTs through pure iso-amyl-nitrite. This alternative route generates
functionalized CNTs of higher solubility and processability in organic solvents
(functionalization degree of one out of twenty atoms of carbon) and polymeric
blends, respectively. This approach proved to be effective due to less time for the
reaction as well as less consumption of solvent. Scalable is an option under this
approach therefore paving the way for its use in more application, for
example, growth of structural materials. Therefore, this approach seldom consid-
ered for application related to biological [58]. Table 6; listed the approaches and
reaction mechanism for the modification of carbon nanotubes using aryl diazonium
salts.

Table 6 Surface modification approaches for carbon nanotubes using aryl diazonium salts

Approaches Materials Mechanism References

Chemical SWNTs
and
MWNTs

Under iso-amyl nitrite, in-situ produced
aryl-diazonium salts, reaction temperature 60 °C

[70]

Carbon
nanotubes

Aryl-diazonium reduction through H3PO2 (hypo
phosphorus)

[70]

Carbon
black

In-situ produced aryl-diazonium salts in water
under NaNO2 and excess HCl

[70, 92]

Microwave SWNTs
and
MWNTs

Arene radical reaction [70]

Thermal SWNTs The mechanism was not notified in the
manuscript

[70, 93]
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6.2 Non-covalent Approach for CNTs

Some other advantages of using non-covalent approach include biocompatibility,
stability in very biological solutions and a functional group that required additional
bio-conjugation. Lately, long-range single layers graphene has been prepared using
non-covalent approach (p–p stacking) for a wide range of application. Since carbon
nanotubes hold significant specific area which benefits them with high loading
capacity along the following molecules. Through the route of non-covalent func-
tionalization, carbon nanotubes have been positively covered/absorbed by amphi-
philic molecules such as pyrene, derivatives of naphthalene, proteins, RNA, DNA,
polymers, peptides, and surfactants [71]. Carbon nanotubes dispersion generally
relies on chemical characteristics, amphiphilic molecules and solvent category and
concentration as well as dispersing conditions [58]. Lightweight surfactant, few
organic molecules as well as amphiphilic polymers are used as agents for
non-covalent approach functionalization. Molecules of surfactants for the carbon
nanotubes modification react with carbon nanotubes hydrophobic side and results in
replacing to hydrophilic. This interaction of surfactants with carbon nanotubes makes
them soluble not only in water but also in the wide range of solvents [72]. Synthetic
peptides use also another route to disperse carbon nanotubes, as they capable to cover
and solubilize the tubes. Some other surfactants capable to disperse carbon nanotubes
include Odium dodecyl sulfate, cetyl-trimethyl ammonium bromide, non-ionic
Tween-20 [73], Gum Arabic, salmon sperm DNA, chitosan [74]. Among all carbon
nanotubes types, particularly for functionalization multi-walled carbon nanotubes are
considered suitable for this approach as the damage is slightly low [75].

Moreover, functionalization of carbon nanotubes through non-covalent approach
using meso-porphine and 5, 15-bis-porphyrin enhance the properties of tubes like
biocompatibility, solubility in aqueous solution, luminescence etc. [73]. Among all
poly-ethylene-mine (a hydrophilic character with polar head) use for carbon nan-
otubes functionalization and improve nanotubes water solubility significantly [76].

Furthermore, aromatic molecules are more strongly absorbed on the surface of
graphite compared to aliphatic because of the p–p interaction among graphite
surface and amphiphilic molecules of aromatic components as well as electrostatic
and van der Waals interaction involvement [77]. This effect noticed in
pyrene-containing molecules which is a non-covalent modification agent. In addi-
tion, to attaining successful dispersion of carbon nanotubes, surfactants (cationic,
anionic/non-ionic) have been widely used. However, hydrophobic regions length
and hydrophilic structure of the surfactants are the factors on which guaranteed
carbon nanotubes dispersion based. Moreover, higher critical mi-cellar concentra-
tion, minor stability and partial interaction with cellular proteins are few limitations
surfactants face in a biological environment. Several of these limitations can be
avoided through the PEG-modified phospholipids [58] use which holds different
functional groups that required additional functionalization with targeting and
therapeutic molecules.
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7 Conclusion and Perspectives

The discovery of carbon nanomaterial, particularly CNTs has aroused the attention
of many researchers to study in-depth the capability of this remarkable material. In
addition, functionalization approaches open completely new chapter for considering
CNTs in many application where initially restricted to use. However, massive
successful researches have carried out, and the outcome of these researches cate-
gorized CNTs as distinct biomaterials that hold potential to medical applications in
bone engineering and orthopaedics techniques due to their outstanding capability of
accelerating bone repair/restoration. Additionally, experimental results reflect that
f-CNTs are capable to transmit cells without apparent cytotoxicity that eligible
f-CNTs to use as a delivery vehicle for a range of biologically energetic molecules
such as drugs, deoxyribonucleic/ribonucleic acid, and protein. Moreover, func-
tionalization techniques assist in removing metallic containments and enhance the
biocompatibility of CNTS, and allow them to be considered as a promising material
for application related to bone tissue engineering.

In the past, CNTs were used with polymers but due to the issues like toxicity,
aggregation restricted its use with polymers. Some of the experiments conducted in
the past based on CNTs-polymers were MWCNT-Polycaprolactone,
Polypropylene-MWCNT-nHA, Sodium hyaluronate-SWCNTs etc. However,
functionalization of CNTs will certainly solve such issues and will allow its use as
filler material with different polymers, and consider them appropriate for bone
defects, replacement or loss.
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Nanocomposite NC
Nanoparticle NP
N-isopropyl acrylamide NIPAm
Poly(acrylic acid) PAA
Poly(dimethylacrylamide) PDMA
Poly(ethylene glycol) acrylate PEGA
Poly(ethylene glycol) diacrylate PEGDA
Poly(ethylene glycol) dimethacrylate PEGDMA
Poly(ethylene glycol) PEG
Poly(ethylene oxide) PEO
Poly(fluorine) PF
Poly(methacrylic acid) PMAA
Poly(methyl methacrylate) PMMA
Poly(N-isopropyl acrylamide) PNIPAm
Poly(N-vinyl-2-pyrrolidone) PVP
Polyaniline PAN
Polycarbonate PC
Polyvinyl alcohol PVA
Sodium acrylate SA
Sodium n-dodecyl sulfate SDS
Tetraethyl orthosilicate TEOS
Vinyl acetate VAc

1 Introduction

Hydrogels are hydrophilic physically or chemically crosslinked polymer networks,
capable of absorbing and retaining the various amount of aqueous fluids [1, 2]. This
crosslinked nature affects the components rheometrical properties, and conse-
quently, results in a non-Newtonian behavior (viscoelastic or even pure elastic) of
the dissolved polymeric chains [3]. This behavior promotes swelling properties of
hydrogels making it a candidate for versatile applications, including biomedicine,
electronic, separation and water treatment, etc. [1]. The crosslink and charge den-
sities of the network are of the essential factors for tailoring the hydrogels properties
for a special application. Hydrogels can be articulated in a variety of physical forms,
including slabs, microparticles, nanoparticles, coatings, and films [4].

Wichterlie and Lim [5] first reported the synthesis of hydrogels with controlled
properties, such as swell and shrinkage, over several orders of magnitude. This
initial discovery provided the foundations for a generation of the stimuli-responsive
biocompatible systems based on glycolmethacrylate, which could be in a porous
state or modified by acrylamide fibers. Great progress has been made in synthe-
sizing and developing new types of hydrogels to meet the desired controllable
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properties and overcome material deficiencies. To be highly sensitive to stimuli,
such as solvent composition, the ionic strength of solutes, pH, temperature, electric
field, and light could provide fabrication of various types of stimuli-responsive
hydrogels [6]. Despite the great properties, these soft materials suffer from poor
mechanical properties. One of the most used and efficient approach to boost the
mechanical properties of hydrogels is to use inorganic nanoparticles which have
great strength in the hydrogel structure [7].

In this chapter, the classification and desired properties of general hydrogels will
be introduced. Various methods of nanoparticle preparation have been summarized.
Different methods of nanocomposite hydrogel preparation, considering the method
of nanoparticle insertion into the hydrogel structure will be presented. In addition,
the application of these nanocomposite hydrogels based on the employed
nanoparticles will be explained. The nanocomposite hydrogels based on organic or
polymeric nanoparticles are out of the scope of this chapter.

1.1 Classification of Hydrogels

Hydrogels are classified based on different features, including the source, the net-
work electrical charge, crosslinking type, method of preparation, polymeric com-
position, and the configuration of polymer networks.

Considering the source, hydrogels can be classified into natural, semi-synthetic,
and synthetic polymers. While natural polymers are highly biocompatible, they lack
reliability and consistency, due to the inherent inconsistencies, which stems from
their natural origin. On the other hand, synthetic polymers are highly reproducible
materials with tunable chemical and physical properties. However, compared to
natural biopolymers, they suffer from poor biocompatibility: cytotoxic or
non-biocompatible monomers and organic solvents are often required during their
processing. Emission of toxic by-products, i.e. unreacted monomers or products of
hydrolysis, during their lifecycle is another important issue. The choice of using
natural or synthetic materials for the production of hydrogels is dependent on the
aspired properties and applications [8].

Natural polymer sources consist of several minerals and animal-based or
plant-based materials, and the most common examples are starch, cellulose,
collagen, alginate, elastin, gelatin, lignin, chitosan, and different gum silicates.

Synthetic hydrogels are prepared from various monomers, including hydrox-
yethyl methacrylate (HEMA), hydroxyethoxyethyl methacrylate (HEEMA), ethy-
lene glycol dimethacrylate (EGDMA), N-vinyl-2-pyrrolidone (NVP), N-isopropyl
acrylamide (NIPAAm), vinyl acetate (VAc), acrylic acid (AA), acrylamide (AAm),
N-(2-hydroxypropyl) methacrylamide (HPMA), ethylene glycol (EG), PEG acry-
late (PEGA), PEG methacrylate (PEGMA), PEG diacrylate (PEGDA), and PEG
dimethacrylate (PEGDMA) [9].

Three different integrated parts of the hydrogel preparation include monomers,
initiators, and crosslinkers [10]. Any technique, which causes crosslinking in
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polymers, can be employed to produce a hydrogel. The free-radical crosslinking
polymerization/copolymerization is one of the most common techniques employed
to produce hydrogels. In this technique, the network is created by the reaction of
hydrophilic monomers and multifunctional crosslinkers in the presence of radical
initiators [11]. Water-soluble linear polymers of both natural and synthetic origins
are crosslinked to form hydrogels in several ways [10]: (a) via chemical reactions
(bulk or surface crosslinking [12–16]), (b) by employing ionizing radiation to
generate main-chain free radicals and recombination to form crosslink junctions,
and (c) via physical interactions, such as entanglements, electrostatics, and crys-
tallite formation. In addition, various polymerization methods, including bulk,
solution, graft, or emulsion polymerization, as well as inverse suspension poly-
merization can be used for gel preparation [11].

1.2 Feature Characteristics of Hydrogels

The desired properties of hydrogels and their corresponding factors have been
summarized in Fig. 1. The feature properties of hydrogels include aqueous solution
absorption capacity, absorbency rate, the extent of soluble fraction and residual
monomers, biodegradability, and biocompatibility, and mechanical strength of the
swollen gel [11]. The thermodynamics of swelling can reflect the influence of

Fig. 1 Feature properties of hydrogels and their most effective parameters

808 N. Moini et al.



crosslinking and the charge densities [17]. If the hydrogel is subjected to be used in
biomedical and pharmaceutical applications, special attention must be paid to its
swelling characteristics. In this case, detailed knowledge of swelling properties is
essential, as the equilibrium degree of swelling affects several features of hydrogels,
including its solute diffusion parameters, surface-dependent properties, optical
properties as well as its mechanical properties [2].

Equilibrium swelling theory and the network characteristics of a single polymer
network can be based on the contribution of mixing, network conformation (elas-
tic), and ions. In terms of the free energy of the system, the total Gibbs free energy
change (DG) upon swelling would be [17]:

DG ¼ DGelastic þDGmix þDGion ð1Þ

Here, DGelastic is the Gibbs free energy contribution of the elastic retractive
forces (representing network crosslink density effect); DGmix represents the ther-
modynamic compatibility of the polymer and the swelling agent (water), and DGion

is the ionic contribution of poly (electrolyte) hydrogels (representing the network
charge density effect) [17].

Differentiation of Eq. 1 with respect to the number of water molecules in the
system, yields the chemical potential change of water, in terms of the elastic,
mixing, and ion contributions during swelling of the gel [2].

l1 � l1;0 ¼ Dlelastic þDlmix þDlion ð2Þ

Here, µ1 is the chemical potential of water within the gel and µ1,0 is the chemical
potential of pure water. Equilibrium is reached when the chemical potentials of
water inside and outside of the gel are equal. Therefore, the elastic, mixing and ion
contributions to the chemical potential would balance at equilibrium. The chemical
potential change upon mixing can be determined based on the Flory–Huggins
theory [2, 18]. The elastic contribution of the crosslinked structure is usually
described by the rubber elasticity theory and its variations [2]. The third contri-
bution is taken as the ideal Donnan description for the ionic effect of polyelec-
trolytes [17]. This model has been illustrated in detail by Koetting et al. [19].

Even the screening effect of the ionic moieties, which is due to the high con-
centration of ions in an area next to the backbone that inhibits the ionization in
polyelectrolytes, could influence the swelling ratio; often leads to the divergence
between theory and practice [18, 20].

Swelling of polymer gels has adverse effects on its mechanical strength. Some
hydrogels fracture under their own weight upon swelling. Inhomogeneity in
hydrogels is often referred to as the inhomogeneous crosslinked density distribution
of the gel. Inhomogeneity can decrease the hydrogels optical clarity, strength,
ionization degree, electrostatic repulsion, and mobile counter ion number [21, 22].

On the other hand, several applications exist in which the hydrogels are required
to sustain an external force in addition to their initial weight. Tough hydrogels,
which reversibly deform to large extents without failure, are candidates for these
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applications. The synthetic hydrogels are often brittle, while the biological tissues,
such as muscles and tendons, are tough. These biological hydrogel materials offer a
high swelling degree and low modulus, along with high extensibility and high
toughness [23]. Recently, this combination of properties has been achieved with
synthetic hydrogels [22].

Energy dissipation and high stretchability are the fundamental factors in the
design of tough hydrogels [24]. So far, synthesis of different tough hydrogels have
been introduced, including interpenetrating polymer network (IPN) and double
network (DN) hydrogels, ionically crosslinked hydrogels, covalently and physically
crosslinked nanocomposite hydrogels, slide ring hydrogels, tough tetra-PEG
hydrogels, and dendritic polymer hydrogel adhesives [25].

2 Nanocomposite Hydrogels

Nanocomposite hydrogels are generally designed to promote the mechanical
strength of the swollen state [7, 11]. They may also offer advanced properties such
as stimuli-responsiveness [26] and self-healing [27]. Several nanoparticles have
been employed in the production of nanocomposite hydrogels, including
nanoparticles of inorganic ceramics, metal and metal oxides, polymer-based
materials, active glass, and carbon-based nanomaterials.

2.1 Nanoparticles Preparation

Inspired by nature, the nanoscale design of polymeric materials, mainly in
biomedical fields, has made great progress [28]. In this regard, nanoparticle size of
compounds (0.1–100 nm), their surface area, and quantum tunnelling effects are the
most important factors which confer special properties to the product [21].
Nanoparticles have been classified based on their nano dimension, source (mineral
or synthetic), morphology (crystalline or amorphous), and chemistry (clays, metals,
metal oxide, carbon-based, etc.). The nano-sized compartments could be arranged
in one (layered, e.g. clays), two (fibrous, e.g. carbon nanotubes) or three (particu-
lates, e.g. silica) dimensions [21].

The size of nanoparticles can strongly affect the nanocomposites properties.
Moreover, the agglomeration of the nanoparticles in the suspension and their dis-
persion are other challenges in this field [28].

Several preparation methods have been introduced for preparation of nanoparti-
cles: physical and chemical methods (based on chemical reaction), gas-phase,
liquid-phase, and solid-phase methods (based on the state of the reaction system).
Gas-phasemethods include: (a) gas phase evaporationmethod, using heating, plasma,
electron beam, and laser, (b) chemical vapour reaction, induced by heating, laser, and
plasma, (c) chemical vapour condensation, and (d) sputtering methods [21].
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Liquid-phase methods are the important nanoparticle preparation methods. They are
based on precipitation, emulsion, hydrolysis, spray, pyrolysis, sol-gel, radiation
chemical synthesis, oxidation-reduction, etc. while solid state reaction methods
include milling, stripping, spark discharge, and thermal decomposition [21].

Clays, which are characterized by their crystal structure and their charge, are the
most commonly used nanoparticles. The crystallinity of the clays is proportional to
the composite mechanical properties. Kaolin, Serpentines, Micas (‘Mica’ is a
generic term applied to a group of complex aluminosilicate), Chlorites and
Vermiculites, Glauconite, Sepiolite, Palygorskite and Attapulgite, Bentonite, and
Montmorillonite (MMT) are crystalline clays. Compared to Kaolins with uniform
chemical composition, the smectites such as Bentonite and Montmorillonite have a
wide range of composition and cation exchange properties [22]. Clay particles are
often plate-shaped, in which the layers are intercalated by an intercalant (organic or
inorganic material with the opposite charge of layers, e.g. onium salt), in order to
induce spacing between layers (ionically induced distance is at least 1.5 nm).
Exfoliation is another step to disperse individual platelets (an intercalated layered)
in a polymer matrix with the distance above 8.8 nm [21].

There are some advantages and disadvantages of utilization of mineral and
synthetic clays. The mineral clays are available, and can be produced by
well-known technologies; whereas, the inconsistencies in composition, difficulties
in the removal of amorphous clays, poor reproducibility, and the crystallographic
defects which prevent total exfoliation, are of their disadvantages. On the other side,
the synthetic clays, such as Laponite, would have controlled compositions and
shapes, high aspect ratio, and reasonable reproducibility. The production of syn-
thetic clays is a developing technology, resulting in a higher price for these
nanoparticles than the mineral nanoparticle clays [23].

The formation of stable dispersions in the polymer matrix is even more
important than the size of the nanoparticles; agglomeration of nanoparticles leads to
inferior properties [29]. In order to avoid and control agglomeration in hydrogels,
the in situ formation of nanoparticles (i.e. silver nanoparticles) is employed. The
nanoparticles formed in this method are surrounded by the polymer matrix, and
subsequently, the possibility of agglomeration is declined [30]. The in situ methods
for preparation of nanoparticles, such as reduction of metal oxides, suffer from poor
control over the nanoparticle properties. The risk of contamination by unconverted
precursor material and/or by-products also exists in these methods [31]. Two-step
preparation method has its own advantages. It is possible to optimize the synthesis
conditions for each individual component (e.g. size and shape of the nanocrystals).
However, the dispersion of nanoparticles by this method is a challenge and
adversely affect the nanocomposite properties [31].

Modification and functionalization of nanoparticles are often employed to
overcome the incompatibility of hard and soft phases of the composite hydrogels.
The phase-separation is an inevitable phenomenon which occurs when compounds
are incompatible. It also results in mechanical deficiency at the interfacial surface,
due to the presence of losing uniform stress distribution. Therefore, various
methods have been suggested to modify nanoparticles to promote the mechanical
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properties. The nanoparticles could be modified by various functional groups [32,
33] such as amine [34], carboxylic acid [35], or silicone-based compounds [36].

2.2 Nanocomposite Hydrogel Preparation Methods

In general, the addition of filler compounds may be added to improve the
mechanical strength of polymers. The high modulus of elasticity of the inorganic
part improves the toughness of the polymer. Moreover, the nano-sized particles can
significantly reform the properties, due to the scale of modification. Therefore, the
combination of these two features is believed to improve mechanical properties [25]
and also confer stimuli responsiveness to the hydrogels [37].

Based on the final application considered for the nanoparticle-hydrogel com-
posite, the distribution of nanoparticles in the gels is achieved through several
means, including (a) the formation of hydrogel in a nanoparticle suspension,
(b) physical introduction of nanoparticles in the prepared gels, (c) in situ formation
of reactive nanoparticles, (d) employing nanoparticles as the multifunctional
crosslinking agents, and (e) employing nanoparticles and conductive additives along
with polymeric binders [30]. Figure 2 illustrates these approaches schematically.

Fig. 2 Schematic representation of various methods of nanocomposite hydrogel preparation, a the
formation of hydrogel in a nanoparticle suspension, b physical introduction of nanoparticles in the
prepared gels, c in-situ formation of reactive nanoparticles, d employing nanoparticles as the
multifunctional crosslinking agents, and e employing nanoparticles and conductive additives along
with polymeric binders
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2.2.1 Formation of a Hydrogel in a Nanoparticle Suspension

In this method, the polymerization is performed in the suspension solution of the
monomers and the dispersed nanoparticles. Generally, the dispersion of nanopar-
ticles is achieved by sonication of the suspension. In this part, the nanoparticles do
not interfere with the polymerization. Ferromagnetic [38, 39] and gold nanoparti-
cles [40] are examples of these kinds of particles. Gold nanoparticles were
employed in the preparation of optically responsive hydrogel composites [41]. The
weak interaction between particles and polymeric media leads to nanoparticles
leaching during swelling, which is the main limitation of this method [30].

2.2.2 Physical Introduction of Nanoparticles into the Prepared Gels

Physical incorporation of nanoparticles into the gel during the polymerization,
especially in non-conventional ones, is not always possible and sometimes there are
obstacles to the addition of NPs during the gelation process. The electropolymer-
ization and Au nanoparticles (Au-NP) are the best examples [30]. The Au
nanoparticles cannot be used during the hydrogel preparations through elec-
tropolymerization, due to the agglomerations of Au in the electric field. To over-
come this problem, the Au-NPs are doped into the hydrogel, via a “breathing in”
mechanism. This mechanism consists of two steps; first, the highly aqueous swollen
hydrogel is placed in an aprotic solvent (i.e. acetone) for 2 min, which is called the
“breathing out” step. At the second step, the shrunk gel will be placed in an aqueous
solution of citrate-stabilized Au-nanoparticles (13 nm) for 2 min (the nanoparticles
have been stabilized by a chelating agent). This aqueous solution causes a swollen
gel to form in the solution and the process is called “breathing in” of the suspended
nanoparticles. The procedure could be repeated several times without any unde-
sirable release of NPs during the “breathing” procedure. Since the nanoparticles
have been stabilized with hydrogen bonding and physical entanglements that were
induced by the chelating agent [42]. Guo et al. used the breathing mechanism for
incorporation of Au-NPs into the porous anodic aluminium oxide film. For this
purpose, the acrylamide gel was prepared by electropolymerization, and then, it was
used as the media to absorb Au-NPs into the pores via breathing mechanism.
Afterwards, the calcination is performed and the Au-NPs are trapped in the anodic
aluminium oxide film [43].

2.2.3 In Situ Formation of Reactive Nanoparticles

In this approach, the nanoparticle precursors undergo a reaction to produce
well-dispersed nanoparticles. It can also be called “in situ” nanoparticle formation,
mostly via a reduction reaction. This method provides quite uniform distribution of
metal or metal oxide NPs. In fact, the hydrogel media inhibits the aggregation
of NPs during the reaction. Often, Ag-NPs are made for antibacterial purposes,
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or for the addition of optical and electrical properties. Studies have shown that the
size of produced Ag nanoparticles has not been varied by changing the Ag+ ion
concentration. In addition, aggregation of particles has not been reported.
Therefore, the Ag-NPs are created through in situ techniques [44–46].

The in situ reduction reaction could be performed during the polymerization or
even after that. In antibacterial cryogels based on Ag NPs, the cryogel is swollen to
the equilibrium state in AgNO3 solution (for 24 h) and then the gel was added to the
NaBH4 solution to prepare in situ Ag NPs after proper preparation of the cryogel
[47].

The mangogels were most of the time undergone the in situ preparation of
ferromagnetic NPs. To exemplify, first, the metal ions were bounded to the gel then
reaction with NaOH results in the in situ formation of magnetic NPs [48, 49].

2.2.4 Nanoparticles as the Multifunctional Crosslinking Agents

The employment of nanoparticles as multifunctional crosslinking groups, present at
the nanoparticle surface, is one of the most interesting aspects in the nanocomposite
hydrogel field. The clays with a hydrophilic nature have a great potential to be used
as multifunctional crosslinkers. Various clays have been organomodified with
different intercalants, to be used for the preparation of superabsorbent nanocom-
posite hydrogels, such as Bentonite, Montmorillonite (MMT), and Sepiolite [11]. In
this method, the effective intercalant should be of opposite charge. For instance,
MMT can be intercalated with cationic, low molecular weight materials or poly-
meric materials. Alkyl ammonium salts, such as hexadecyl ammonium chloride and
(3-acrylamidopropyl) trimethyl ammonium chloride, or polymeric materials, such
as chitosan and poly (dimethyldiallylammonium chloride), have been currently
employed in this method [50]. During radical polymerization, the radical transfer to
the surface of the NPs is an ordinary phenomenon, which may trigger the grafting at
the surface of the particle. For this reason, the clays are called “radical killers”
because they retard the radical polymerization and gelation [11]. In addition,
ultrahigh mechanical properties of these nanocomposites (NC) hydrogels can be
attributed to the multiple non-covalent effects between clay nano-sheets (Clay-NS)
and the polyacrylamide chains [51].

Zhang et al. prepared a four-component semiconductor nanoparticle-based
hydrogel, via self-initiated polymerization under sunlight. The system consists of
four components: water, n,n-dimethylacrylamide (DMA), water-soluble semicon-
ductor nanoparticles (NP), such as ZnO, TiO2, and clay-nano-sheet (Clay-NS). NPs
initiated the polymerization by sunlight. Since the crosslinking on the NP surfaces
was insufficient to change the viscous behaviour to viscoelastic, clay-NSs were
employed to achieve a three-dimensional structure [52].

Au NPs are also of biocompatible materials which have been modified to play
the role of multifunctional (vinyl or carboxylate functionalized) crosslinkers [32,
53]. In an approach other than in situ formation of Au NPs the nanoparticles were
functionalized by vinyl groups to design multifunctional Au NP crosslinkers.
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The PNIPAm nanocomposite hydrogels have the thermos-switchable electrical
properties [32].

The Au NPs could be functionalized by carboxylic acid using mercapto com-
pounds and dispersed in collagen media. The employment of “zero-length” linkers
is a recent method that chemically crosslinks collagen and Au nanoparticles. In fact,
the coupling agents are capable of forming peptide bonds between the collagen
molecules. EDC (1-ethyl-3-(3-dimethyl aminopropyl) carbodiimide) is one example
of these coupling agents. Multiple carboxyl groups are present at the surface of Au
nanoparticles which enable the nanoparticles to form multiple links with the col-
lagen developing novel properties [53].

Silica nanoparticles have been employed as multifunctional crosslinkers that
adhere to different parts of the gel [54–56]. The silica NPs solution has been used to
adhere the PDMA-based hydrogel surfaces. In that study, a droplet of silica solution
binds the swollen polymer network. In this case, the diameter of the employed
nanoparticle must be comparable with the gel network mesh size (crosslink den-
sity). The network chains can be adsorbed on the nanoparticles surfaces binding the
particles to gel pieces. Particles act as connectors between gel surfaces. The
adsorbed chains also form bridges between particles. Particle adsorption is con-
sidered to be irreversible as the binding to the gel networks occurs through
numerous attachments. Monomers have the ability to detach from a particle surface,
and other repeating units (from the same or a different network strand) could be
replaced. Such exchange processes allow large deformations and energy dissipation
under stress [54].

2.2.5 Nanoparticles and Conductive Additives Along
with Polymeric Binders

NC hydrogels of graphite and silica have been used in the production of
rechargeable lithium-ion batteries. More recently, electrodes of Si nanoparticle
(SiNP) slurries have received attention. In these systems, the binders are used to fix
the active material to the anode. The more interactions (either hydrogen bond or
ionic) between binder and SiNPs, the more efficient the batteries are. Different
binders, such as PVDF, PAA, CMC, alginate and phytic acid, are present during the
polymerization and formation of conductive NC hydrogels [57–60].

NC hydrogels have been used in the production of rechargeable lithium-ion
batteries with different nanoparticles like graphite and silica [60]. More recently,
electrodes made from Si nanoparticle (SiNP) slurries instead of graphite (traditional
anode), have received attention. In these systems, the binders are used to hold the
active material together in the anode. The point is that the binder concentration in
the slurry is much less than the nanoparticle concentration and other additive
concentrations (15 wt% binder vs. 43% Si NP and 42% C as conductive martial
[58]). The binder could be a previously prepared polymer [59] or synthesized in situ
during anode preparation [57]. The more interactions (either hydrogen bond or
ionic) between the binder and SiNPs, the more efficiency of the batteries are owing
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to less volume change (for high capacity batteries). The polymeric binders could act
as dual-functional materials to improve binding and conductivity of the electrodes.
The life cycle of the electrode can be extended by enhancing mechanical and
electrical properties (integrity). Different binders, such as PVDF, PAA, CMC,
alginate and phytic acid, are present during the polymerization and formation of
conductive NC hydrogels [57–60].

2.3 How Nanoparticles Improve Mechanical Strength
of Hydrogels?

Mechanisms of energy dissipations in tough hydrogels include reversible
crosslinking or fracture of polymer chains, the transformation of domains in
polymer chains or crosslinkers, as well as fracture and pullout of fibers or fillers.
Mechanisms of maintaining elasticity in tough hydrogels can be attributed to the
interpenetration of long-chain networks, hybrid physical and chemical crosslinkers,
high-functionality of crosslinkers, and the presence of networks with long
monodisperse polymer chains [24]. Many tough hydrogels have been produced
based on these mechanisms, such as hydrogels of poly (vinyl alcohol) with crys-
talline domains, double-network systems, hydrogels with hybrid chemical and
physical crosslinkers, hydrogels with high-functional crosslinkers, systems with
transformable domains, topological hydrogels with sliding crosslinkers, and
tetra-arm polymer hydrogels [25]. It is believed that employing a combination of
these techniques would be a promising strategy to design next-generation tough
hydrogels. For instance, a tough hydrogel may integrate fiber reinforcement at the
macro-/meso-scale, high-functionality crosslinkers at the micro-scale, and hybrid
crosslinkers at the nanoscale [24].

Examples of high-functional crosslinkers which are used for production of tough
hydrogels include crystalline domains in polymer networks [i.e. poly(vinyl alco-
hol)], exfoliated nano-clays that can crosslink various polymers (i.e. polyacrylamide
[61], poly(N-isopropylacrylamide [62], and poly(ethylene glycol) [63]), polyacry-
lamide crosslinked by chitosan nanofibers [64], and graphene oxide [65].

It is believed that nanoparticles act as multiple crosslinkers. The suggested
mechanisms explaining the toughness these hydrogels exhibit will be explained in
the following. Based on Flory’s network theory, the number of polymer chains that
can be crosslinked by a crosslinker is defined as the functionality of the crosslinker.
Typically, common physical and chemical crosslinkers have functionalities less
than 10; in addition, generally, a single polymer chain connects two adjacent
common crosslinkers. When polymer chains are ruptured under deformation, the
connections between crosslinkers are eliminated, and consequently, fracture of the
network is commenced. In order to achieve high elasticity in hydrogels, large
crosslinkers with very high functionality (e.g. over 100) must be incorporated into
the polymer networks. In these networks, multiple polymer chains may connect two
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adjacent crosslinkers; and these chains usually do not have uniform lengths. In
other words, parallel to the polymerization, grafting happens on the surface of the
nanoparticles and multiple crosslinking occurs. Therefore, as the polymer networks
are deformed, relatively short chains may be ruptured or detached from the
high-functionality crosslinkers, but the long chains can still maintain the elasticity
of the hydrogels [24].

Depending on the employed nanoparticles, the physical adsorption and desorption
of building blocks of polymer chains may increase the non-covalent and reversible
interactions (which act like crosslinks). Poly(acrylamide)s and silicates show a great
potential for these interactions. The shear thinning characteristics (induced by
reversible interactions) of this type of hydrogel composite can expand the hydrogel
composite application, especially in the biomedical field [54, 55, 66, 67].

2.4 Characterization Methods of Nanocomposites Hydrogels

Various techniques have been employed to characterize nanocomposite hydrogels
structural, mechanical, thermal, electrical, and optical properties. The physico-
chemical structure of these hydrogels is often studied by X-ray diffraction (XRD),
transmission electron microscopy (TEM), small angle neutron scattering (SANS),
and Fourier-transform infrared spectroscopy (FTIR) [11].

Based on the XRD data, the lattice related data (crystal planes, shape, and
constants) can be obtained [61, 68–70]. XRD has also been used to study the extent
of intercalation and exfoliation. The interlayer spacing (d) is commonly determined
from the XRD patterns as the arbitrary intensity versus 2h, based on Bragg’s law
[71]. To study the diffracting angles less than 0.05°, small-angle X-ray scattering
(SAXS) and SANS have been employed, mainly because of their sensitivity and
ability to make long-range measurements. SANS can be adopted on various types
of specimens and may be assisted to probe the polymer-clay interaction, interfacial
polymer conformations, phase transition, and gelation mechanism [71–73].

While the XRD/WAXS does not reveal useful information for 2h ≅ 2, TEM
provides visual evidence of the nanoparticle distribution. TEM can also provide
useful information on crystals development, morphology, and size [48]. The
interactions between the clay platelets, the intercalating agent, and the polymer can
be studied by FTIR techniques [74].

The thermal behaviour of the nanocomposite hydrogels can be studied by
Differential Scanning Calorimetry (DCS) and Thermogravimetric analysis (TGA).
Often, the mechanical properties of the nanocomposite hydrogels are investigated
by dynamic mechanical analysis (DMA), oscillatory rheometry, and compression
and tensile tests [11].
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2.5 Types of Nanocomposite Hydrogels
and Their Applications

2.5.1 Inorganic Ceramics and Non-metal Nanoparticles

In the last decades, inorganic ceramics mostly used as counterparts have attracted
attention in hydrogel field on account of their versatility, great mechanical strength,
biocompatibility and reasonable price. A range of bioactive nanoparticles has been
reported to be used in various biomedical applications. These bioactive nanopar-
ticles include hydroxyapatite (nHA), synthetic silicate nanoparticles (i.e. Laponite),
bioactive glasses (SiO2, Na2O, CaO, MgO, P2O5), silica, calcium phosphate, glass
ceramic, and b-wollastonite [51].

Table 1 presents typical clay-based nanocomposite hydrogel preparations and
their application. These clay-based NPs are used most in inorganic ceramics in the
nanocomposite hydrogel field. They act as multifunctional crosslinkers giving great
potential for functionalization and grafting. Various polymeric networks like PAA,
PAAm, PEG, and chitosan have been incorporated. Based on Table 1 data, the
majority of hydrogels were synthesized by aqueous solution polymerization via free
radical copolymerization, which has been induced by redox initiators. Meanwhile,
the inverse suspension polymerization has rarely been used to produce granular
hydrogels.

The employment of the synthetic silicate nanoparticles (nanoclays) has great
influence on the physical and mechanical properties of the hydrogels, which can be
attributed to their anisotropic, plate-like nature, and their high aspect-ratio [56, 66].
Studies showed that the addition of silicates will improve the elongation of the
polymeric hydrogels, mainly due to the formation of physically crosslinked net-
works [56]. The physical adsorption and desorption of building blocks of polymer
chains can enhance the non-covalent and reversible interactions, which act as
crosslinks. The unique bioactive properties of the synthetic silicates make it capable
of being employed as an injectable tissue repair matrices, bioactive fillers, or
therapeutic agents [51]. The nanocaly incorporation even renders greater mechan-
ical properties, stretchability, and self-healing properties of the hydrogel [27].

The composite hydrogels, as drug release vehicles, may increase the biocom-
patibility by “hiding” the nanoparticles within the hydrogel, and also by preventing
nanoparticle movement from their targeted site in vivo. This morphology of
hydrogel phase (e.g. porosity) can also control the kinetics release profile and
balance the burst release [4].

A class of SAPs (i.e. superporous hydrogels and SPHs) has been developed by
Chen et al. [75] to be used in pharmaceutical applications. A variety of techniques
have been employed to synthesis porous hydrogels, including foaming,
microemulsion polymerization, porogen incorporations, freeze-drying, and
phase-separation [76–78]. Typical SEM images of thermally dried particles of
porous and non-porous superabsorbent hydrogels at different magnifications are
displayed in Fig. 3.
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Fig. 3 Typical SEM images of porous superabsorbent hydrogel particles in a 500 lm magni-
fication, b 200 lm magnification, c 10 lm magnification, d 2 lm magnification, and non-porous
superabsorbent hydrogel particle in e 100 lm magnification, f 10 lm magnification

Inorganic Nanocomposite Hydrogels: Present Knowledge … 825



The SPHs were originally intended to be used in gastric retention applications.
The prompt swelling of the SPHs can be attributed to the increased capillary
permeability of the interconnected pore structure. The weakness in mechanical
properties was mainly overcome by the development of the second-generation SPH
composite (SPHCs) and the third-generation SPH hybrids [1]. Demirtas et al. [79]
have synthesized and characterized polyacrylamide-based SPHCs-containing
hydroxyapatite. The compressive modulus of this SPHC was 6.59 N/mm2, where
the non-composite SPH has a compressive modulus of *0.63 N/mm2.

Effects of composition and nanocomposition of superabsorbent hydrogels on
their properties have also been investigated. In accordance with the other polymer
composites, the presence of nanoparticles can significantly enhance the mechanical
and thermal properties [11]. Besides, the optical and electrical properties of the
superabsorbent hydrogels have been improved when nanoparticles have been
employed [1]. However, the absorbency properties, i.e. free swelling capacity,
swelling rate, reswellability, and saline sensitivity, have been pervasively influ-
enced by the type and the content of the employed clay. Since the clays act as
multifunctional crosslinkers, their hydrogels can be brittle. Moreover, in these
hydrogels, employing a higher content of the clay may result in a reduction in the
absorbency [11]. Composite hydrogels generally possess a slower swelling rate but
exhibit a higher saline absorbency, due to the clay nature or organomodification.
Moreover, the employment of the nanocomposite would have other negative
impacts, such as an increase in the residual monomer content [80].

Some common inorganic components which have been used in nanocomposite
hydrogels include attapulgite [81], montmorillonite [68, 82], kaolin [83], sepiolite
[84], vermiculite [85], rectorite [86], halloysite[87], illite/smectite [88], tourmaline
[89], and hydroxyapatite [90]. The nanocomposite superabsorbent hydrogels were
also applied in water treatment and purifications processes.

These nanocomposite materials have been used for the adsorption of heavy metal
ions; i.e. Pb2+, Cu2+ [62, 68], and Hg2+ [91], as well as for the elimination of
radioactive and rare earth elements; i.e. thorium (IV) and lanthanide (III) [92–95].
Compared to other low-cost adsorbents, fast adsorption kinetics and higher
adsorption capacities are provided by the super-hydrophilic network and chelating
groups of the hydrogels [49]. Other advantages of using adsorptive hydrogels include
easy separation and effective desorption for the recovery and enrichment of pollu-
tants [96]. The incorporation of the proper amount of inorganic components, not only
boosts the adsorption rate but also improves the adsorption capacity [62, 68].

Efficient removal of dyes forms effluents is of great importance in textile the
industry. Nanocomposite hydrogels are a good candidate to be tailored for this
purpose. They have been tailored to be employed for separation of anionic (Silica
sol) [97] and cationic dyes (Titania) [98]. Successful removal of dyes, such as
malachite green (Attapulgite) [94], methylene blue (MMT) [82], methylene orange
(MMT) [82], and Safranine-T (Titania) [98], has been reported using composite
hydrogels. Figure 4 displays the swelling, and the methylene blue absorption of
superabsorbent polymer films, from different perspectives.
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Tracking the migration of the hydrogel, which has been used as a cartilage
repairing material, is a challenging task because the sensitive monitoring must be
non-invasive [99]. The employment of hydrogels with desirable fluorescence
properties would solve this problem. In this regard, different concepts have been
employed, including polymerization of fluorescent monomers, functionalization of
polymers with organic fluorophores, using fluorescent carbon dots (CDs), and
semiconductor nanocrystallites [quantum dots (QDs)] [35, 99–101]. Polysaccharides
are suitable candidates to be used in the synthesis offluorescent polymeric materials.
Alginate, chitosan, hyaluronic acid, dextran, and cellulose are polysaccharides
commonly utilized for this purpose [99]. It has been shown that the fluorescent
monomers and functionalized polymers appear to lose their luminescent properties.
Therefore, the CDs are often preferred as they present high fluorescence, chemical
stability, biocompatibility, and low toxicity. Recently, a novel CDs/PAM composite
hydrogel with both excellent mechanical and fluorescence properties has been
prepared [102].

Detection of enzymes by nanotools is of great importance; stable sensing that is
very sensitive could be provided by self-assembled NPs in hydrogel media.
Ruiz-Palomero et al. have reported laccase enzyme detection by immersing gra-
phene quantum dots (GQDs) into nanocellulosic hydrogels. Noncovalent interac-
tions between the sensor (GQDs/NC) and the analyte (laccase) have led to the stable
and sensitive detection of the analyte [103].

The tracking problem can be addressed with semiconductor nanocrystals, with
size-dependent emission property, can be produced in a simple synthetic process.
For example, the size-dependent emission property of the CdSe nanocrystals results
in blue to red emissions, with very pure colour. Chang et al. used CdSe/ZnS
nanoparticles [quantum dots (QDs)] embedded in the cellulose matrices. The cel-
lulose–QDs hydrogels displayed strong photoluminescence emission besides good
compression strength [35].

Fig. 4 Typical illustration of dye absorbency of superabsorbent hydrogels: absorption of
methylene blue solution by superabsorbent polymer at different perspective

Inorganic Nanocomposite Hydrogels: Present Knowledge … 827



2.5.2 Silicon-Based Nanoparticles

The presence and necessity of silicon in the human body are of the best reasons to
use these inorganic nanoparticles for hydrogel preparation [51]. Addition of nHA
and silica to the poly(ethylene glycol) (PEG) media enhanced the elasticity,
mechanical strength, biological stability, and cell adhesion [63, 66]. In this case,
ionic interactions could be the reason for elasticity enhancement in the gels [51].
Synthesized and modified silica nanoparticles were also used to prepare highly
flexible Poly(acrylic acid)-based nanocomposite hydrogels. The silica nanoparticles
were functionalized by a vinyl group, which may act as filler and multifunctional
crosslinker. Entanglement trapped in the glassy polymer layers on the nanosilica
leads to this flexibility [104]. The employment of sol-gel transition for preparation
of silica has also been reported; this silica was further used for the preparation of a
keratin-silica hydrogel, with the potential to be used for wound dressing [105].

The mesoporous silica nanoparticles (MSN), as drug vectors, have been incor-
porated into 3D scaffolds. The functionalized MSN has been synthesized and
evaluated by different techniques: BET model for measuring the surface area,
dynamic light scattering for measuring particle size, and TEM for evaluating the
particle shapes. The matrix-forming self-assembling peptide, different MSNs, and
precursor cells were combined to prepare injectable cell- and MSN-containing
scaffolds. For this purpose, the self-assembly and coordination interactions between
cells, matrices, and nanoparticles are required. Surface functionalization of MSN as
well as its size, have a great impact on its nanocarrier internalization characteristics.
The COOH-functionalized MSN exhibits less sensitivity to the hydrogel matrix,
and in comparison with the monolayer cell culture, its internalization has been
strongly enhanced in the hydrogel matrix [34].

Table 2 represents the typical silicon-based NCH preparation methods and their
application. These NCHs have introduced novel properties to the hydrogel net-
works including toughness stretchability and self-healing which is owed to their
multifunctional crosslinking role. These NPs could inherently enhance the
mechanical properties of soft hydrogels. Various concepts have been explored for
preparation of stretchable tough hydrogels, i.e. nanocomposition [56], micellar
copolymerization [106], and hydrophobic association [107]. An example of a
highly stretchable tough hydrogel under tension has been displayed in Fig. 5. The
hydrogel film can be extended to desirable elongations (the displayed elongation
ratio is more than 15 mm/mm).

2.5.3 Carbon-Based Nanoparticles

Carbon nanotubes (CNTs) and graphene, as the most used carbon-based nanopar-
ticles, have attracted much attention to be used in various biomedical applications,
such as actuators, conductive tapes, biosensors, tissue engineering scaffolds, etc.
Table 3 summarizes typical carbon-based NCH preparation methods and their
applications. In contrast to clays, the CNTs exhibit hydrophobic nature; therefore,
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dispersion of CNTs in hydrogels is a potential challenge. In order to induce
hydrophilicity in these systems, different approaches have been employed: modi-
fication of CNT surfaces using various polar groups, i.e. amines (NH2), hydroxyls
(OH), and carboxyls (COOH), use of single-stranded DNA (ssDNA), proteins, and
surfactants, as well as by grafting hydrophilic polymer chains to the CNT surfaces.
The high electrical conductivity of CNT-reinforced hydrogels makes these com-
ponents ideal candidates to be engineered for various electorally conductive tissues,
including cardiac tissues, nerves or muscles [51]. In hybrid nanocomposites, the
slightest amount of COOH-functionalized CNTs may significantly increase the
tensile strength of methacrylated gelatin hydrogels in the interconnected porous
structures. The addition of CNT does not interfere in the porosity and cell-growth
ability of the hydrogel. The highly aligned structure with tight intercellular junc-
tions, along with the electrical conductivity of the CNTs results in the formation of
this conductive network [108].

Graphene sheets can also provide high mechanical strength (by acting as
crosslinking agents), and excellent conductivity of heat and electricity in hydrogels.
In order to ensure the miscibility of the hydrophilic polymer and graphene sheets,
the sheets are often treated by strong oxidizers to form graphene oxide (GO). Thus,
GO can be crosslinked to the media, both physically and covalently. The GO can be
employed to produce stimuli-responsive hydrogels [51]. Generally, GO is intro-
duced into the nanocomposite hydrogels by physical mixing, in solutions, or by
in situ polymerization of water-soluble monomers. The latter strategy is believed to
be more efficient in terms of obtaining tough and stretchable nanocomposite
hydrogels [109].

Electrically conductive hydrogels of polyethylene diacrylate, containing GO, has
also been prepared by photopolymerization. In these conductive gels, the GO
crosslinker has introduced electrical properties to the network [110]. The ability of
GO to form crosslinks leads to the design of self-healable and tough poly (acrylic
acid)-based nanocomposite hydrogels using GO and Fe3+ ions. Amazing dual
cross-linking effects through dynamic ionic interactions has been developed: Fe3+

ionically crosslinked to carboxylic acid groups of the hydrogel backbone and then
linking GO nanosheets to the backbone through Fe3+ coordination. The proposed
mechanism explains the tough and self-healable behaviour of the gels based on the
energy dissipation through dynamic breakage and recombination of ionic interac-
tions. Furthermore, the GO nanosheets, coordinated on to the backbones, act as
stress-transfer centres, which transfer the stress to the polymer matrix, and mean-
while, they maintain the configuration of the hydrogels [109]. These nanocomposite
hydrogels can facilitate the development of asoft materials to be used in various
biomedical applications.

In another research, a combination of GO nanosheets and thermoresponsive
poly(N-isopropylacrylamide) (PNIPAM) polymeric networks, resulted in light-
responsive nanocomposite hydrogels with ultrahigh tensile strength. These novel
properties which are essential for designing smart actuators, remote light-controlled
devices, and artificial muscle, can be attributed to the GO nanosheets, which are
physically crosslinked to the amide groups of the PNIPAM chains via hydrogen
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bonds in the presence of the chemical crosslinker of N, N-methylene bis acrylamide
(MBA) [111].

2.5.4 Metal and Metal Oxide Nanoparticles

Various types of nanocomposite hydrogels have been fabricated, using different
metallic and metal-oxide nanoparticles, including gold, silver, copper, iron oxide
(Fe3O4–Fe2O3), ZnO, titania (TiO2), alumina, etc. [51, 112]. In fact, the physical
interactions between polymer and nanoparticles are not sufficient to provide enough
mechanical strength. However, functionalization of nanoparticles will improve the
mechanical strength by providing multiple crosslinking nodes in the network [51].
According to their physical, electrical, magnetic, and antimicrobial properties,
various applications for imaging agents, conductive scaffolds, drug delivery sys-
tems, switchable electronics, actuators, and water treatments have the uses been
developed for these hydrogels [112]. Mechanical properties also can be manipu-
lated via magnetic field induction [26].

Thermo-responsive magnogel based on PNIPAm has been synthesized for drug
delivery application; anti-cancer therapeutic drugs can be released by a magnetic
field and temperature variation. In other to stabilize the Fe2O3 NPs, various mod-
ifications have been employed including oleic-acid, polyhedral oligomeric
silsesquioxane (POSS) and nitro-dopamine PEG-dicarboxylic acid functionaliza-
tion. This functionalization results in the better responsive performance of the
nanocomposite hydrogel [113]. Table 4 represents the metal oxid-based NCH
preparation methods especially for magnogels (ferrogels) and their applications.

Recently, ferrogels (magnetic hydrogels), which contain immobilized nano-
magnetic particles (e.g. c-Fe2O3, Fe3O4, Co Fe2O4), have attracted considerable
attention. The magnetic hydrogels can quickly respond to an external magnetic field
(MF), which acts as a distance-force (noncontact-or-remote force) device/system.
This characteristic facilitates the incorporation of these hydrogels in various
biomedical applications [38], i.e. in tissue engineering and cell/drug delivery.
During the cell-growth process, limitation of available cells in the porous hydrogel
is a great challenge which can be overcome by implementation of magnetic
hydrogels. In fact, the required biological agents can be bound to the magnetic
nanoparticles (MNPs) by applying external MF. In addition, the magnetic scaffolds
can be stimulated by physical cues via interaction between MNPs and an alternating
magnetic field (AMF) [37].

In order to microfabricate and 3D print hydrogels, two main strategies have been
employed using microengineered hydrogels for tissue engineering including:
“top-down” (hydrogel formed and cell cultivated in the fill media; for larger
hydrogels) and “bottom-up” (every part of the microgels contains cells and then
they are assembled into the desired shape; for microhydrogels) [114]. Magnetic
microgels can be assembled in a way to form complex tissue structures in a con-
trolled manner via MF. Several assembling techniques have been explored,
including those based on microfluidics [114], nanotextured surfaces
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(micromolding) [114], acoustic and magnetic fields (photolithography) [115], and
surface tension (emulsification) [39].

The magnetic gels have shown the ability of pulsatile release of drugs, through
low-frequency oscillatory MFs. Recently, an intelligent Fe3O4 MNP-PVA hydrogel
has been designed to control the drug release by “on” and “off” modes [37, 116].
When the MF was intensified, the on-off magnetization can change the volume of
the ferrogels, and subsequently, affect the swelling ratio. Upon applying an MF, the
nanoparticles tend to get agglomerated together [37]. The reduced porosity and
volume result in “close” configuration, and subsequently, the rate of drug delivery
will be minimum. On the “off” mode, the volume and swelling ratio are increased,
and the drug would be delivered at it’s highest rate. Furthermore, the
magnetic-sensitive hydrogel has shown outstanding flexibility and elasticity [38].
The magnetic-thermosensitive hydrogels have also been used for controlling the
drug release rate. The AMF can adjust the hydrogels temperature. By increasing the
temperature (above lower critical solution temperature (LCST)), the network will
collapse and the drug diffusion would be “off”; and then, by reducing the tem-
perature, the drug diffusion status would be “on” and the drug can be released [37].
This ability of magnetic gels to raise and control the temperature remotely has been
used in cancer therapy. The concentration of Iron Oxide and the amplitude of MF
are influential factors for controlling the generated heat. The local hyperthermia
feature of the magnetic hydrogels makes them a promising injectable hydrogel
system, especially for cancer therapy. The functionalized magnetic NPs provide
better performance during swelling and deswelling phenomenon (considering no
release of NPs, and subsequently less toxicity for biological application) [26].

Mechanical properties also can be manipulated via magnetic field induction [26].
Thermo-responsive magnogels based on PNIPAm have been synthesized for drug
delivery application; the anti-cancer therapeutic drugs can be released by the
magnetic field and temperature variation. In other to stabilize the Fe2O3 NPs,
various modifications have been employed including oleic-acid, polyhedral oligo-
meric silsesquioxane (POSS) and nitro-dopamine PEG-dicarboxylic acid func-
tionalization. This functionalization results in better responsive performance of
nanocomposite hydrogel [113].

The poly(2-acrylamido-2-methyl-1-propane sulfonic acid) P(AMPS) magnetic
composites have been prepared and employed for removal of toxic metals. The iron
oxide can confer ferromagnetic property into the gel. These gels can be employed
for absorbing toxic ions, i.e. Pb2+, Cd2+, Co2+, Ni2+, Cu2+ and Cr3+ [49].

Colonization of microorganism on the surface of the medical devices, such as
implants, may result in severe infections. Therefore, the antibacterial media with the
lowest cytotoxicity would be of great importance. Various metal and metal oxides
nanoparticles such as silver, gold, copper, TiO2, and ZnO have been applied in the
hydrogels to improve their antimicrobial properties [117].

Zinc oxide is the metal oxide which has been used in hygienic applications such
as cosmetics. Recently, the ZnO NPs have also been used as antibacterial agents
against both gram-positive [118] and gram-negative bacteria [119] and showed no
cytotoxicity at concentrations of up to 10 wt% NP. Various antibacterial
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mechanisms have been proposed to explain their antibacterial role, such as the
formation of reactive oxygen species (ROS), and the release of Zn2+ ions [119,
120]. The ZnO NPs with uniform crystal structures have been successfully incor-
porated into poly(N-isopropylacrylamide) (PNIPAAm) hydrogel layers. In order to
better disperse the NPs, the surfactants mediums of oleylamine and oleic acid have
been employed. The antibacterial properties of these hydrogels can be altered by
changing the thickness of the NP film [31]. Recently, b-chitin hydrogel/nZnO
composite bandage has been fabricated and used for wound dressing applications. It
has shown antibacterial effects against E. coli and S. aureus; however, the cyto-
toxicity of the hydrogels has been increased at elevated concentrations of ZnO NPs
[121]. Furthermore, a flexible and microporous chitosan-ZnO nanocomposite
hydrogel has been developed and tested for wound dressing purposes. In vivo
studies revealed that this nanocomposite hydrogel has great potential to be used as a
bandage for burn wounds, chronic wounds, and diabetic foot ulcers [118]. In
another approach, the carboxymethyl cellulose (CMC)-based nanocomposite
hydrogels were prepared by oligomeric acrylic acids, such as maleic, succinic or
citric acid. The ZnO nanoparticles were synthesized in the presence of CMC to
avoid agglomeration, which is known to be the main problem in zinc oxide
nanocomposite hydrogel production. In fact, the polysaccharide structure, which
has numerous hydrogen bonds, can effectively act as a template for nanoparticle
growth. This nanocomposite hydrogel has shown a promising swelling ratio, and
also great antibacterial activity against both gram positive and gram negative
bacteria [122].

Metals are also used in the hydrogel network to add more functionality such as
biocidal and electrical activity to the soft material. Table 5 summarizes preparation
methods of the most-used metals in NCHs and their applications. Silver is the most
studied antiseptic agent and has a long history in activity against gram-positive and
gram-negative bacteria, fungi, protozoa, and certain viruses. Since the silver ions
have shown concentration-dependent toxicity, care must be taken in the incorpo-
ration of silver in medical devices [29]. However, silver does not have the hazards
associated with the accumulation of other heavy metals [29]. Factors, affecting the
biocidal activity of silver nanoparticles (Ag NP) include particle size, the shape of
the particle, and the dispersion status. The smaller particle size offers larger
surface-to-volume ratio, which consequently enhances the antibacterial activity. In
addition, the Ag NPs with triangular architecture has shown a better antibacterial
effect against E. coli compared to the rod or spherical-shaped Ag NPs. Furthermore,
for biocidal activity, the binding of Ag NPs to polymer networks is more important
for effectiveness than the size of nanoparticles. The utilization of polymer supports
for Ag NPs results in an increase in the stability of the particles, preserve them
against aggregation, and also, increases their biocompatibility [29]. The antimi-
crobial activity of silver can be attributed to the strong bonding between the silver
ion and the biological molecules containing sulfur, oxygen, or nitrogen. It is
believed that the complex, which is formed between proteins of bacteria and the
silver ion, can interfere with the metabolism and eventually, it disturbs the power
functions of the bacteria. It can also prevent the cellular reproduction by interaction
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with DNA [29]. The immobilization of Ag NPs has also been reported in synthetic
hydrogels, such as poly(acrylic acid) and poly(methacrylate) [30]. Recently, the
introduction of Ag NPs into different bio-based and biocompatible systems, such as
(PVA) [123], gelatin/chondroitin sulfate [124], PVA/sodium alginate/poly(acry-
lamide) [44], and gelatin/N-isopropylacrylamide [125], has gained more attention.

Various studies deal with a physical dispersion of Ag NPs via in situ synthesis,
in which the Ag NPs were often dispersed into the zeolite–poly (acrylamide-
co-acrylic acid) hydrogels, using radical graft copolymerization and magnetron
sputtering methods [126]. These antibacterial hydrogels were used for water
treatment applications. Generally, the silver nanocomposite hydrogels, which have
been prepared via radical graft copolymerization, display better biocidal activity.
This feature is in accordance with their better dispersion which has also been
confirmed by XRD result [126]. In another approach, the silver nanoparticles were
synthesized in situ in the swollen hydrogel media. The superabsorbent hydrogels
were based on poly(vinyl alcohol) (PVA), sodium alginate (Na–Alg), and poly
(acrylamide). The Ag ion loading is proportional to the antimicrobial activity, and
can be affected by the concentration of a silver ion, crosslinking density of hydrogel
network, as well as the Na-Alg/PVA ratio [44]. Chitosan nanocomposite hydrogel
beads have also been prepared by synthesizing Ag NPs in situ. The chitosan in
these systems has been ionically crosslinked to the sodium tripolyphosphate. The
amine and hydroxyl groups confer on to the chitosan the potential to interact with
various metal cations, i.e. Ag+, Zn2+; therefore, the Ag NPs are expected to be
distributed uniformly in the hydrogel beads, which is also consistent with the XRD
results. Moreover, the effect of Ag NPs on the drug loading has been evaluated. It
has been shown that an increase in the Ag NPs content would result in a decrease in
the drug loading. It is attributed to the variation of the less porous structure of the
chitosan induced by interactions between Ag ions and chitosan [69]. As it has been
previously stated, the Ag NPs are incorporated into the polymer matrix physically;
as a result, the continuous release of NPs to the surrounding environment is
plausible. To overcome this deficiency, the Ag NPs have been covalently bonded to
the furan-modified gelatin. The benzotriazole maleimide has been employed to cap
the Ag NPs during in situ formation, and then, the click chemistry, Diels–Alder
(DA) cycloadditions, were employed to crosslink the furan-modified gelatin to
provide a mild reaction condition [124]. Multiple crosslinking effects on Ag NPs
has increased the elastic modulus almost three folds. In addition to the antimicrobial
applications, the Ag NPs embedded in the hybrid hydrogels, have also been
employed as optoelectronic [127, 128] and catalytic materials [129]. For example,
in the glucose-responsive Ag NP hydrogels, the absorbance strength of the local-
ized surface plasmon resonance (LSPR) is decreased by an increase in the con-
centration of glucose. This property has been employed for the production of
optical enzyme biosensors [128].
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Gold is another metal element which has been used in biomedical application
[30, 51, 53]. The Au NP hydrogels have been used as stimuli-responsive and
switchable conductive materials. The distance variation of Au NPs during external
stimulation (e.g. temperature and pH) is the main reason for the changes in its
conductivity. The Au NPs have also been used for antibacterial applications,
remote-controlled microfluidic valves, and surface plasmon resonance (SPR)-based
sensors. However, the high-cost Au has limited incorporation of Au NPs in
large-scale applications [30]. In general, the Au NPs cannot enhance the mechanical
properties of the hydrogel. However, Au NPs in thiol-modified biomacromonomers
can improve the gel strength. In order to hydrogel form and reform during and after
printing, this nanocomposite hydrogel has been designed to represent dynamic
crosslinking by functionalization of the Au NPs to act as multiple crosslinking
agents [130].

It is believed that Au NPs are biocompatible and capable of being easily func-
tionalized by biomolecules. The size and shape of these biocompatible NPs can be
engineered; the combination of these unique features make Au NPs excellent
candidates use in various applications like new contrast agents for imaging and
novel photothermal therapies, biomedical applications, and drug delivery [53].

3 Summary and Outlooks

Hydrogels have tremendous potential to be tuned to obtain the desired physico-
chemical properties in contact with an aqueous media. The need for engineered
hydrogels with specific properties results in outstanding developments in the con-
ventional hydrogels which often offer poorer properties. The softness of the hydro-
gels provides necessary and sufficient resemblance to the biological and natural
systems, while this softness would defiantly affect the mechanical properties which in
turn restrict the application of the gels. Inspired by nature, nano-modification can
promote the properties and performance extensively. The nano-scale incorporation of
minerals, as a hard component, not only confer better mechanical properties but also
introduce other functionalities, such as stretchability and stimuli-responsiveness into
the hydrogels. The facile techniques of nanomodification can be simply employed to
shift from conventional hydrogels into smart ones.

The stimuli-responsive hydrogels trigger the idea of smart hydrogels as multi-
functional materials. The nanocomposite properties can be manipulated by altering
the pH and the temperature of the surrounding media. In addition, the mesh size of
the nanocomposite hydrogels network can be regulated by electrical and magnetic
fields. This on-off behaviour enabled the gel to change its shape, to move, and also
to releases certain drugs. Quantum dot nanoparticles offer photoluminescent

844 N. Moini et al.



properties to the nanocomposite hydrogels. The supramolecular-like behaviour and
reversible crosslinking, introduced by the hydrogen bonding or ionic interactions,
have resulted in self-healable hydrogels.

The engineered hydrogels have received much attention and are used in various
applications, including actuators, biosensors, controllable drug delivery, artificial
muscles, etc. The clinical applications of hydrogels can limit the type of hydrogels
used. Various pristine and modified bio-based macromolecules have been intro-
duced into the networks to design engineered hydrogels, which are tough,
stretchable, resilient, or self-healable. Recently, click-chemistry has assisted in
producing biobased hydrogels [109, 110] with various functionalities, including
photopatternable, antibacterial, antifungal, and anticancer. This chemistry provides
an efficient, selective, and mild situation to prepare gels with improved properties;
the Au nanocomposite hydrogels with superior mechanical and electrical properties,
are of examples of the employment of the click-chemistry (Diels-Alder reaction).
The click-chemistry, “thiol-ene” rection has been employed to prepare 3D struc-
tured cell encapsules, using acylated-modified, sulfobetaine-derived starch, and
dithiol functionalized PEG [131]. The mechanical and swelling properties, as well
as gelation time, can be easily tuned in physiological condition.

Another aspect of the formation of hydrogels is the engagement of relatively
simple radical polymerization. This advantage has extended hydrogel application
extensively, owing to the ability to construct complicated structures precisely. Also,
3D printing is a newfound way in hydrogel fields to produce well-defined volu-
metric objects. The important factors in 3D printing include viscosity, gelation
mechanism, and speed. The incorporation of nanoclays is an efficient way to modify
the viscosity and shear-thinning effect of the hydrogel.
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PP Polypropylene
RG Rubber granulate
RRG Recycled rubber granulate
SBR Styrene butadiene rubber
SEV Semi-efficient vulcanization
SF Sisal fiber
TMTD Tetramethyl thiuram disulfide
TSH Toluenosulfohydrazina
TS Tensile strength
ZMB Zinc-2-mercaptobenzothiazole

1 Introduction

Materials, together with energy and information, are considered to be the skeleton of
the world economy of the twenty-first century. Among these materials, PCs, usually
constituting of a polymer and one or more solid fillers, have been widely used for
several years (Fig. 1) [1–5]. Instead of having several advantages, including a
combination of the main properties of the two or more solid phases, PCs suffer from
several limitations, such as difficulty in reuse and recycling. In fact, once the PCs
become useless, these are commonly disposed directly or incinerated. However, both
of these techniques are costly as well as difficult and possess high environmental
impact. Indeed, such problems have begun to be evident for the last 15 years, and
hence the recent scientific research has been inclined to look for the new alternatives,
such as replacement of the traditional PCs with environment friendly PCs having
lower environmental impact, often referred to as ‘eco-composites’ or ‘green com-
posites’ (Fig. 1). In fact, the ecological damage, such as global warming and plastic
pollution, caused by the conventional petroleum-based polymer products has
encouraged the use of renewable and biodegradable materials by both scientific and
industrial communities. Moreover, replacement of orthodox microcomposites by
NCP has gained high insight in the last two decades to overcome the limitations of
micrometre-scale, via designing novel materials and structures with unprecedented
flexibility, elevated physical properties, and considerable industrial impact [6].
Indeed, the term NCP describes a class of two-phase materials, in which one of the
phases has at least one dimension lower than 100 nm (Fig. 1). Thus, green chemistry
coupled with nanotechnology to produce ‘green polymeric NCP’, based on derived
raw materials of natural sources of plant or animal origin and rigid nano particles are
of great interest in scientific, academic, and industrial fields because of the envi-
ronmental and technological concerns. Moreover, because of the high surface to
volume ratio, green NCPs exhibit unique mechanical, electrical, and thermal prop-
erties along with the environmental safety. Furthermore, in recent years, extensive
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efforts have been devoted to develop, characterize, and utilize bio-based materials,
and bio-based NCPs belonging to the new era of bio-based materials. These have
attracted both industrial and academic attention because of the increasing interest in
developing new sustainable, biodegradable, biocompatible, and environment-
friendly nanomaterials. In fact, bio-NCPs can be considered as a subset of poly-
mer NCPs where the NFs, the matrix or both come from bio-based renewable
resources (Fig. 1). Moreover, incorporation of NFs into biopolymers provides the
practical way to improve the properties of such bioplastics, to make them compet-
itive with petroleum-derived materials.

Nano filler

Natural filler

Polymer

Polymer

Filler
Composite

Nano composite

Polymer Green composite

Polymer Bio-nano filler
Bio-nano composite

Fig. 1 Preparation of composite, NCP, green composite and bio-NCP
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Both natural and synthetic rubbers, essentially in vulcanized form, are used to
produce different rubber products, like hoses, cushions, gloves, seals, tyres, belts,
diving gear, chemical and medicinal tubing, and electrical instruments, as these
vulcanized rubbers, often possess excellent flexibility, elasticity, electrical property,
and resistance towards chemicals and crack propagation [7–10]. Among such
rubbers, NR, a general purpose rubber, exhibits excellent physico-chemical prop-
erties, such as elasticity and flexibility, as well as magnificent formability and
biodegradability. In fact, superior strength, elasticity, flexibility, resilience, and
abrasion resistance makes NR as one of the most important elastomers with regards
to the versatility and application volume. NR was first reported about 500 years
ago, when European expeditions first experienced rubbers and latex in America.
Instead of the existence of 2500 latex producing plants, the commercial production
of NR is mainly produced from the Hevea brasiliensis tree of the Amazon rain-
forest. NR is a high molecular weight polymer of isoprene (2-methyl-1,3-butadiene)
and is the oldest known rubber (Fig. 2). Accordingly, NR, containing long cis
1,4-polyisoprene chains, finds a large number of applications in the field of auto-
motive tyres, footwears, and for manufacturing other engineering products (Fig. 3).
Today, NR is used in producing 50,000 products, like adhesives, tyres, gloves,
condoms, and coatings and the applications are still growing. Most of the rubbers,
including NR, are available as aqueous dispersions of rubber particles, known as
latex. NR is extracted as white emulsion containing cis-1,4-polyisoprene

n

Fig. 2 2D/3D structure of NR

Latex of NR

GasketRubber sheet

Insulator

Rubber sole 

Hand gloves Toy

Gas tube

Tires

Rubber goods

Hevea brasiliensis

Modification

Fig. 3 Modifications and uses of NR
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nanoparticles, usually possessing approximately 100 nm diameter. However, sticky
and inelastic uncured NR is useless. Therefore, uncured NR is vulcanized or cured
to make it a more durable crosslinked material. Theoretically, vulcanization is a
chemical process by which long chains of rubber molecules are crosslinked, leading
to the transformation of the soft, weak plastic-like material into a strong elastic
product of high and reversible deformability along with good mechanical properties
because of strain-induced crystallization, low hysteresis, extraordinary dynamic
properties, and fatigue resistance. During vulcanization, rubber is heated with sulfur
or other equivalent curatives with/without accelerators. Such additives reinforce the
polymer chains via generating crosslinks between individual polymer chains to
attain improved elasticity, resilience, and enhanced mechanical properties (Fig. 4).
Indeed, in the traditional vulcanization process of NR, CB is commonly employed
as the reinforcing filler for achieving improved strength, weather resistance, and
stiffness, leading to the production of traditional NR composites (NRC). Despite
possessing several advantages, including the capability to produce reinforced
NRCs, CBs are non-biodegradable petrochemical-based products, which consume a
substantial amount of energy during their production. Therefore, rubber manufac-
turers are in search of new reinforcing fillers, which should be renewable, readily
available, cheap, light-weight, and biodegradable to achieve environmentally
friendly NR bases PCs (Fig. 5).

Till date, rubber-based NCPs have been studied lesser than the plastic-NCPs, in
which most of the research are focusing on the use of either nanoclays or carbon
nanotubes as reinforcements. Over the past decade, in order to replace CB to
synthesize NR composites, the use of wood, cellulosic fibers, and their derivatives
as organic fillers has attracted much attention. In this context, cellulose, the most
abundant natural polymer, is used to prepare high strength nanoparticles because
of the outstanding properties, such as biocompatibility, required chemical stability,
superior thermal stability, and environmental benignancy. In fact, cellulose nano-
fibers can also be used as a matrix to form green NCPs because of the natural

S S

S

S S

S

S

S

S8/

Fig. 4 Vulcanization of NR
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abundance, renewability, and biodegradability. In this context, different workers
investigated the potentials of biodegradable organic fillers, such as sisal, [11] coir,
oil palm, [12] isora, BFs, starch, carrageenan, rattan, pistachio, peanut shell pow-
der, and coconut shell powder, as the reinforcing additives in NRCs. In the recent
past, the potential of NC, originated from microcrystalline cellulose, bamboo
residue of newspaper production unit, [13] rachis of the date palm tree, sugar cane
bagasse kraft pulp, and jute fiber, was explored as reinforcing additive in fabri-
cating eco-friendly NR latex based NCPs. In fact, very few NR-based NCPs with
bio-based nano-reinforcements, such as chitin whiskers, cellulose whiskers of
Syngonanthus nitens (Capim dourado), starch nanocrystals, rachis of a palm tree,
sisal, and bagasse are found in the literature. As expected, the NC not only provided
the superior mechanical strength in rubber NCPs but also it increased the rate of
degradation of rubber in the soil when disposed at the end of life. Thus, being a
bio-based polymer, the use of bio-nano reinforcements in NR is beneficial in the
development of bio-based and green NCPs.

Theoretically, in order to attain high specific strength, modulus, and dimensional
stability in NRCs, the compatibility between NR and filler, and their interfacial
adhesion should be sufficient enough to ensure strong interaction between filler and
NR matrix. Since the surface of the added filler is often polar and hydrophilic and
NR is non-polar and relatively hydrophobic, the interfacial adhesion between filler
and NR can be improved by modifying the surface characteristics of both the
components by physical or chemical treatment (Fig. 6). For instance, the interfacial
bonding between NR and filler(s), such as rice husk, jute, sisal, and silk fiber, was
improved by physical treatment, like electron beam and gamma irradiation. For
instance, the hydrophobicity of NR matrix and hydrophilicity of cellulose NCPs are
inherently incompatible and insufficient molecular-scale interactions can resist the

Carbon black

Nano cellulose

Silica

Rubber powderProtein dust

Fig. 5 Different types of fillers
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entire activity of the material. Moreover, cellulose NCP aggregates act as stress
concentrator and produce poor dispersion within the matrix to deteriorate the
properties of composites. Conventionally, the chemical grafting of specific moieties
on the cellulose NCP surface was used to control the interfacial adhesion and
interactions. Alternatively, modification of NR chains in contact with the cellulose
NCP filler could also be carried out.

Furthermore, attempts have been made to fabricate polymer-rubber composites
wherein ground particles of waste tyres have effectively been utilized as potent
fillers. Though waste tyres are pollutants, the ground used tyres should be treated as
a source of sustainable materials, instead of a pollutant. In this regard, eight dif-
ferent types of NR are presently used as basic components in tyre manufacture.
Therefore, a significant portion of the waste tyre should contain NR as the
important constituent. Accordingly, NR based ground waste tyre can be used as an
important ingredient in preparing NR based environmental friendly PCs.

Modification

Polymer

Surface modified 
polymer

Surface modified 
filler

Filler

Polymer composite

Fig. 6 Surface modification
of NR/filler or both improving
homogeneous dispersion and
interfacial adhesion
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2 NR Composites Filled with Plant Fibers

In the past decades, natural fiber reinforced PCs have gained substantial interest as a
potential structural material and in other applications. Use of natural fiber as filler in
polymeric matrix is more advantageous than the conventional inorganic fillers
because of low energy the cost, positive contribution to global carbon budget,
greater deformability, biodegradability, combustibility, recyclability, fair thermal
and insulation properties, low density, less abrasiveness to processing equipment,
environmentally friendly, inexpensive, recyclability, non-toxicity, flexibility, high
specific strength, good electrical resistance, high acoustic insulation property, and
universal availability. Research efforts are harnessed to develope fully biodegrad-
able ‘green’ composites via combining natural-/bio-fibers with rubber. The major
attractions for green composites are because of environment-friendly nature,
degradability, and sustainability, i.e., they are truly ‘green’ in every respect. At the
end of their life, they can easily be disposed of or composted without damaging the
environment. In this context, different types of plant-derived natural fibers, such as
OPF, CF, SF, BF, [12] IF, and PLF were employed to prepare environmentally
friendly NR composites (Fig. 7).

Oil palm tree 

Helicteresisora plant

Cellulose nano fiber

(a)

(b)

(c)

(d)

(e)

(f)

Fig. 7 Cellulose nanofibers from different plants
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Natural fibers are superior to synthetic ones with regards to properties, such as
biodegradability, lightweight, low toxicity, cost, and availability. In order to
achieve adequate adhesion between fibers and matrix, studies were focused on the
treatment of fibers to improve bonding between fiber and matrix. Various methods,
such as mercerization and corona, plasma, heat, and silane treatment were reported
to enhance the bonding in natural fiber composites. Moreover, various studies were
conducted on hybrid NR composites filled with multiple type natural fibers derived
from plant resources [11]. The main objective of fabricating a hybrid composite was
to extract the combined advantages of two or more different types of fibers so that
the advantages of one type of fiber could compensate the limitations of the other. As
a consequence, the proper balance between performance and cost could be achieved
through proper material designing. Meanwhile, the individual characteristics of
plant-derived natural fibers were described one after another. In this context,
physical properties and chemical constituents of different types of natural fibers are
summarized in Table 1.

Table 1 Composition and properties of different natural fibers extracted from plants

Fibers IF CF OPF SF BF PLF

Diameter (µm) 10 100–400 150–250 103 – 55–95

Density (g cm−3) 1.20–1.30 1.20 0.70–1.55 1.50 0.60–1.10 0.80–1.60

TS (MPa) 500–600 175 50–400 511–635 140–230 400–627

Young modulus (GPa) – 4.00–6.00 3.20 9.40–22.00 11.00–17.00 1.44

EAB (%) 5.0–6.0 15.0–40.0 25.0 2.0–2.5 – 14.5

Moisture content (%) 6.0–7.0 10.0–12.0 16.0 – 11.7 –

Micro fibrillar angle (°) 20.00–26.00 3.49 42.00–46.00 20.00–25.00 – –

Holocellulose (%) – – 68.3–86.3 – 73.3 –

Cellulose (%) 74 32–43 65 65 26–43 81

Hemicellulose (%) – 0.15–0.25 – 12.00 30.00 –

Alpha-cellulose (%) – – 41.9–60.6 – 48.2 –

Lignin (%) 23.0 40.0–45.0 29.0 9.9 21.0–31.0 12.7

Fat (%) 1.09 0.30 – – – –

Pentosan (%) – – 17.8–20.3 – 20.3 –

Waxes – – – 2 – –
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3 Coir/Coconut Fiber (CF)

The lignocellulosic fiber, originated from the fibrous mesocarp of the fruit of the
tropical coconut trees (Cocos nucifera), is called the coir. CF is more profitable
than other natural fibers, including high weather resistance due to the presence
of higher amount of lignin and poor water absorptivity because of the lesser cel-
lulose content. Moreover, this fiber can be stretched beyond the elastic limit without
rupture, because of the helical arrangement of micro-fibrils at 45°.

4 Oil Palm Fiber (OPF)

OPF, a waste material of oil extraction, is a lignocellulosic fiber obtained from the
empty fruit and bunch fibrous mesocarp of oil palm tree (Elaeis guineensis). Of the
different fiber sources in oil palm tree, empty fruit bunch can yield up to 73% fibers
and hence, it is preferable in terms of availability and cost. Palm oil industry has to
dispose of about 1.1 ton of empty fruit bunch per each ton of oil produced. In fact,
retting process is utilized for extracting OPF from empty fruit bunch. Of the different
commonly used retting processes, such as mechanical retting (hammering), chemical
retting (boiling with chemicals), steam/vapor/dew retting andwater/microbial retting,
water retting is the most popular. OPFs are hard, tough, and show similarity to CFs in
cellular structure. The central part of the transverse section of OPF contained a lacuna
like portion surrounded by porous tubular structures. The morphology of fibrous
surface, containing pores having average diameter of 0.07 lm, is essential for
stronger mechanical bonding with matrix resin in composite fabrication.

5 Sisal Fiber (SF)

Sisal is an agave (Agave sisalana) and commercially produced in Brazil and East
Africa. SF is one of the strongest fibers and can be used for several applications. SF
possesses excellent ageing resistance.

6 Bamboo Fiber (BF)

Bamboo (Bambusa Shreb.), a perennial plant, grows up to 40 m in monsoon cli-
mates. Bamboo is most commonly used in construction, carpentry, weaving, and
plaiting. Fabrication and studies on BF filled NR composites have been conducted.
In fact, overall mechanical properties of BF, abundantly available in Asia, are
comparable to wood.
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7 Isora Fiber (IF)

For the first time, Mathew et al. investigated the applicability of the IF, extracted
from the bark of the Helicteres isora plant by retting, as a reinforcing additive in
preparing NR composites [12]. In fact, Isora shrubs grow in many parts of South
India, especially in Kerala. Isora resembles jute in appearance but possesses
superior strength, durability, and lustre. It has the better TS than some other natural
fibers.

8 Pineapple Leaf Fiber (PLF)

Pineapple (Ananas comosus), a tropical plant of Brazil, is cellulose-rich, relatively
inexpensive and highly abundant. PLF, the waste product of pineapple cultivation
is relatively inexpensive and readily available for industrial purposes. PLF exhibits
high specific strength and stiffness because of high cellulose content of 70–80%
and comparatively low microfibrillar angle. However, because of the hydrophilic
character of its cellulose structure and high susceptibility to water absorption,
mostly at elevated temperatures, inadequate bonding between PLF and the
hydrophobic matrix is the major problem associated with the application of PLF as
filler in NR.

9 Processing

In general, natural fiber-filled composites are processed in an open two-roll mill.
For instance, OPF filled composites were prepared in a laboratory two roll mill
(150–300 mm) at a nip gap of 1.3 mm. Followed by initial mastication of NR,
untreated chopped OPF is added along with other main ingredients like accelerator,
activator, and vulcanizing agent. In this context, the fibers were added towards the
end of the mixing process, so that to ensure minimum breakage of the fiber during
mixing.

Prior to the addition of fibrous fillers, the usual practice is to execute optimal
cleaning, washing, and drying of the plant fibers, followed by size reduction via
chopping or any other suitable mechanical operation. However, to enhance the
bonding in natural fiber composites, fibers are pre-treated before incorporating in
the NR matrix. For instance, chemical treatment, such as mercerization of IF
requires 3–4 h of continuous heating at 80 °C in 10% aqueous NaOH solution,
followed by washing with water and drying in an air oven at 70 °C. In case of
acetylation, the same fiber is initially treated by alkali and thereafter the
alkali-treated fibers are soaked in glacial CH3COOH for 1 h. Later, the material is
decanted and then soaked in acetic anhydride containing two drops of concentrated
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H2SO4 for 5 min. Finally, the acetylated fibers are filtered, washed, and dried in an
air oven at 70 °C. As a consequence of chemical treatment, certain physical and
microstructural changes occur on the fiber surface, such as dissolution and leaching
out of fatty acids and lignin components of the fiber. For example, as a result of
mercerization of IF, a considerable quantity of uranic acid, a constituent of
hemi-cellulose (xylan), can be removed from the fiber. As a consequence of
acetylation, substantial esterification of O–H of IF is actuated. Similarly, prior to the
compounding process, raw CFs are also undergone various chemical treatments to
remove coir pith and other undesirable materials, and thereby improving the
binding of CF with NR.

10 Characterization

10.1 Mechanical Properties

Effect of OPF length on the mechanical properties of the NR compounds are
analyzed by stress-strain measurement. Both TS and EAB are maximized when the
length of OPF becomes 6 mm (Table 2). At higher fiber lengths, significant dete-
rioration in the mechanical properties is observed because of the entangling ten-
dency of the longer fibers. Altogether, 6 mm was found to be the optimum fiber
length for OPF reinforced NR matrix. Moreover, the mechanical properties of the
OPF filled NR composites in the longitudinal direction are superior to the transverse
direction. However, incorporation of OPF in NR matrix decreases TS and EAB.
The intrinsic high strength of NR, related to the strain-induced crystallization, is
disrupted when fibers are incorporated into NR, thereby destroying the regular
arrangement of rubber molecules, resulting in the deterioration of crystallization.
The mechanical properties of the CF-reinforced NR composites in the longitudinal
direction are superior to those in the transverse direction. However, in this case, the
optimum length for CF is maintained at 10 mm for achieving good reinforcement in
NR composites. Moreover, to maximize the fiber orientation and tensile properties
of the CF-reinforced NR composites, CFs are immersed in 5% NaOH solution for
48 h. Similarly, NaOH and benzoyl peroxide is used to treat the surfaces of PLF. It
is found that all surface modifications enhance adhesion and tensile properties of
PLF-NR composites. In fact, treatment with 5% NaOH and 1% benzoyl peroxide
provides the best improvement of composite strength by 28 and 57% respectively,
when compared with that of untreated fiber. Similarly, the adhesion between the BF
and NR can be enhanced by the use of a bonding agent, such as silane coupling
agents, phenol formaldehyde, and hexamethylenetetramine, leading to improved
tensile modulus and overall mechanical properties of BF-NR composites.

The influence of the ratio of two lignocelluloses fibers, i.e., sisal and oil palm on
the tensile properties of NR composites have already been reported. The mechan-
ical properties are found to be more dependent on SF than oil palm, because of the
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superior tensile properties of SF than OPF (Table 1). Moreover, since the
microfibrillar angle of SF is lesser (20°) than OPF (44°), the reinforcing ability of
sisal is more than that of oil palm in any polymeric matrix. Furthermore, the surface
area of the fiber in a unit area of the composite is higher in SF filled composite than
OPF filled composite because the diameter of SF is lesser than that of OPF
(Table 1). Hence, physical interaction, as well as stress transfer in the unit area, is
higher for SF filled composites. Altogether, it has been noted that TS of
SF-OPF-NR hybrid composite is lesser than pure gum. In this context, the
mechanical properties of OPF-sisal-NR composite, studied by Jacob et al. are
tabulated in Table 2.

10.2 Dynamic Mechanical Properties

Most rubber articles, such as automobile tyres, springs, and dampers, undergo
cyclic loading or cyclic deformation, and hence, dynamic properties are crucial for
evaluating the real-time service performance of those articles. In this context, a
complete description of the viscoelastic properties is derived via dynamic experi-
ments conducted over a range of time, temperature or frequency. It is observed that
the stress relaxation rate of OPF-SF-NR hybrid composites decreases with increase
in the fiber content. In fact, the relaxation of rubber molecules in the gum com-
pound is hindered because of the influence of fiber-rubber interface formed via
addition of fibers. Notably, at all temperatures, storage modulus of OPF-SF-NR
composites enhances with the rise in fiber content [11]. Invariably, the unfilled NR
compound, containing only rubber phase, makes the material better flexible to
impart low stiffness, and thus, low storage modulus. Once the fiber was added, the
stiffness of the composite increases as fibers allow greater stress transfer at the
fiber-rubber interface, resulting in higher storage modulus. The loss modulus also
increases with fiber loading, to reach up to 756 MPa at 50 phr fiber loading,
whereas gum has loss modulus of 415 MPa. In this context, the damping factor
decreases with fiber loading because of lower flexibility and lower degrees of
molecular motion caused by incorporation of fibers in a rubber matrix.

Short CF reinforced NR composites with poor interfacial bonding tend to dis-
sipate higher energy than those with fair interfacial bonding. The composite,
containing fibers subjected to bleaching, exhibits very high tan d values in the
low-temperature range but the low values at high-temperature region. This proves
that such composites are good elastomeric compounds at higher temperatures.
However, composites of resorcinol-formaldehyde-latex treated CFs exhibit low tan
d values at both low and high temperatures, suggesting low damping and hence,
good interfacial bonding. Moreover, with the increased fiber loading, glass transi-
tion temperature (Tg) of the composites continuously shifts towards higher tem-
perature, because of increased immobilization of the polymer chains adhered to the
treated CFs.
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11 Application

Significant research is currently underway around the world to address and over-
come the obstacles to developing biocomposite materials with improved perfor-
mance for global applications. Interfacial adhesion between natural fibers and
matrix plays the pivotal role for the overall performance, since the final properties
of the composites totally depend on it. Recently, CFs bonded with NR latex are
being used in seats of the Mercedes Benz A-class model.

12 NC Reinforced NR NCPs

Recently, NCbased reinforcement in NCPs is gaining high insight. Besides low
cost, density, and energy consumption, renewability, high specific properties,
biodegradability, and relatively good surface reactivity, it shows better properties as
a reinforcing phase in NCPs than micro-/macro-cellulose composites. The concept
of cellulosic NF reinforced polymer materials has shown rapid advances and
considerable interest in the last decade, because of their renewable character, high
mechanical properties, low density, availability, and diversity of sources. Because
of the perfect balance between flexibility and stiffness, NR matrix is used as a
model system to study the effect of cellulose NFs reinforcement. Currently, NC
reinforced NR-NCPs is one of the important categories of lignocellulosic fibers
mediated rubber composite materials. In fact, the characteristics of NC depend on
the origin of fibers and the isolation methods. Cellulosic nanoparticles consist of
either cellulose whiskers or microfibrillated cellulose. The nanoscale dimensions of
cellulose crystals enable cellulose NCPs to impart unique characteristics. The
extensive research work is devoted to cellulose nanoparticles obtained by either
(i) disintegration shearing for microfibrillated cellulose or (ii) chemical acid
hydrolysis treatment for cellulose nanocrystals or whiskers. Cellulose of various
sources has been utilized to produce such cellulosic nanoparticles. Generally, the
elongated rod-like high-purity single cellulose nanocrystals are produced from
different sources, whose dimensions depend on the nature of cellulose
source and hydrolysis conditions. In fact, the diameter and length typically lie
within 5–10 and 100–500 nm, respectively. Cellulosic nanoparticles can be clas-
sified into two main groups: (i) cellulose nanocrystals, as obtained by acid treatment
and (ii) cellulose nanofibers, synthesized through mechanical disintegration
(Fig. 8). Both cellulose nanocrystals and cellulose nanofibers are used for different
applications depending on their properties. Indeed, nanofibrillated cellulose has
been used in these NCPs, including NR based NCPs, because of typically ultra-high
strength and environmental friendliness of NC.
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13 Processing

Bio-based rubber composites are fabricated through the standard rubber processing
operations, such as compression moulding, injection moulding, and extrusion. NC
whisker reinforced NR-NCPs are prepared by applying the conventional rubber
compounding method, after extracting cellulose NWs from bamboo pulp residue
collected from newspaper production unit [13]. Initially, cellulose NWs are prepared
via acid hydrolysis of the bamboo pulp and thereafter, the cellulose NW based NR
NCPs have been produced via a two-step process. In the first step, a master-batch is
prepared via dispersing the cellulose NWs inNR latex, followed by coagulation of the
dispersion. In the next step, this coagulated master-batch is compounded with solid
NR and vulcanizing agents in a two-roll mill and thereafter the NR compound is cured
via compression moulding at 150 °C. Earlier, employing the similar acid hydrolysis
protocol, cellulose whiskers were extracted from cellulose fibers present in cassava
bagasse. Thereafter, NW-NR composites have been prepared by initial mixing of
NWs into NR latex, followed by casting and evaporation. Applying the same
methodology, NC-NR-NCPs are fabricated, wherein the added cellulose nanoparti-
cles were initially extracted from soy hulls by acid hydrolysis.

NR-NCPs filled with cellulose nanoparticles, i.e. whiskers and microfibrils, are
fabricated, where cellulose whiskers are extracted via bleaching the purified cell
wall of the rachis of date palm tree, whereas the cellulose microfibrils are obtained
through the disintegration of the bleached and purified cell wall by microfluidizer.
Later, NR-NCP films have been prepared by casting/evaporation method, com-
prising of cellulose whiskers of 84–102 and 4–12 nm length and width, respec-
tively. Indeed, these whiskers are initially isolated from bleached sugar cane
bagasse kraft pulp. Thereafter, these purified whiskers are admixed to NR latex,

Cellulose polymer

Macro fibrils

Micro fibrils

Strong acid hydrolysis

Cellulose nano crystal

Crystalline region

Disordered region

Fig. 8 Different forms of cellulose: process modification steps
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followed by casting/evaporation method for synthesizing NCPs. In an almost
similar fashion, the NR-NC type composites are prepared after isolating the NC
from raw jute fiber by steam explosion.

The direct extrusion method can be adopted in preparing cellulose-rubber NCPs.
The lyophilized NC, produced from microcrystalline cellulose, is initially pulver-
ized in a grinder to obtain NC powder, and then the pulverized NC powder is mixed
with NR in an extruder to generate the bio-composite. While preparing
bio-composite, the temperature for direct extrusion is restricted to 160 °C to avoid
thermal degradation of NC whiskers. Nevertheless, such NC based NCPs are
generally prepared via casting method comprising of two processing steps, in which
the first step is associated with the mixing of NC suspension with rubber latex for a
stipulated period (i.e. 0.5–12 h) to produce uniform NC dispersion. However, in the
second step, this uniform aqueous NC dispersion is cast in a formulation mould and
dried to produce NC films. In between these two steps, degassing and water
evaporation should be carried out, based on the concentration and bubbles in the
suspension. In addition, a combination of casting and extrusion can also be
attempted, wherein the NC dispersion is cast and dried to produce NC based film
and thereafter, the film is cut and extruded with NR.

Recently, attempts have been made to prepare NC-oxidized NR-NCPs via dis-
persing NC into oxidized NR latex, followed by usual casting and evaporation. In
fact, NR latex suspensions are oxidized with a KMnO4 solution to introduce O–H
groups at the NR chains and thereby to increase the possibility of H-bonding
between hydroxylated polyisoprene chains and NC. In the recent past, few publi-
cations have reported the properties of NR as a matrix to synthesize green, con-
ductive, and flexible NCPs. Graphene sheets are introduced in water suspensions of
NC prior to the reduction of the particles by adding hydrazine hydrate. The resultant
hybrid suspension is mixed with NR latex and dried to form a structured conductive
film. The similar strategy of coating nanoparticles may be employed to obtain
polyaniline modified cellulose nanofibers, in which polyaniline is attached to the
cellulose nanofiber surface by in situ polymerization, and NR-NCP is obtained by
applying the casting and evaporation technique.

Recently, attempts have been made to prepare NR/Regenerated Cellulose
hybrids comprising of a cellulose-rich phase and NR latex particles. Such hybrid
was obtained by simply co-precipitating the mixture of NR latex and cellulose
alkaline—urea—aqueous solution. As a result, honeycomb-like structural moieties
of Regenerated Cellulose were noted to become homogeneously distributed in the
hybrid matrix wherein Regenerated Cellulose and NR phases interlaced/
interpenetrated each other to form a semi-IPN/fullIPN structure.
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14 Characterization

14.1 Biodegradability

Biodegradability of the cellulose whisker filled NR-NCPs in soil was noted to
become significantly enhanced as compared to that of the unfilled NR. It is well
known that the NR degrades in nature by specific microorganisms, such as
Streptomyces coelicolor 1A and Nocardia farcinica strain E1, in a slow process and
accordingly the growth of these rubber utilizing bacteria is also slow. However, as
the biodegradation of cellulose is faster than rubber, the cellulose component in the
NR NCPs films is rapidly consumed by the microorganisms, producing porosity,
void formation, and the loss of the integrity of the rubber matrix. Thus, the rubber
matrix would be broken down into smaller particles and accordingly smaller and
less organized rubber particles become more susceptible to the bacterial degrada-
tion. Similarly, jute fiber originated NC filled NR demonstrated a significantly
higher level of biodegradability over the unfilled NR. As expected, the
non-crosslinked NR composite showed a higher degree of biodegradation when
compared with the crosslinked NR composites. In this context, a compost system of
increased degradation potential, constituting of the complex biological environment
having relatively higher microbial diversity, was utilized to enhance biodegradation
of these composite materials. As a result of composting, quicker deterioration of the
whole composite material, including the interior part of the composite, was
achieved by means of rapid biodegradation of NC. Accordingly, NR-NC bio-
composite envisaged lower TS retention when compared with the neat NR, as
unreinforced NR showed the higher resistance to the microorganism attacks in
comparison to that of the NC filled composite.

14.2 Mechanical Properties

As compared to the mere PLA materials, a strong increase in EAB is observed
when 10 wt% of NR is added in PLA matrix. Such ductile behaviour and EAB of
PLA-NR blend is effectively conserved in the PLA grafted NC filled PLA-NR-NC
bio-NCPs, as grafted short chains of PLA on NC act as the effective compatibilizer
between NC and PLA phases, even though the PLA grafted NC are preferentially
located in the PLA phase (Table 3).

The stress-strain behaviour of cellulose whisker filled NR NCPs was consider-
ably different from neat NR. In fact, a non-linear mechanical behaviour of
NR-cellulose whisker NCPs is observed in the tensile test performed at room
temperature. Stress-strain curves clearly demonstrate the stiffening effect of the
cellulose whiskers in the NR NCPs. Both Young’s modulus and TS significantly
increase upon whisker addition, while the EAB decreases. Such high reinforcing
effect of cellulose whisker can be assigned to the mechanical percolation
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phenomenon of cellulose whiskers, which forms a stiff continuous network of
cellulosic nanoparticles linked through hydrogen bonding. Such improvement in
Young’s modulus and TS is also explained by a mechanism based on the formation
of the Zn-cellulose complex (Fig. 9). The three-dimensional network of cellulose
nanofibers (cellulose-cellulose-/Zn-cellulose-network) in the NR matrix can play
the pivotal role to enhance the properties of the crosslinked NCPs. In this context,
relative improvements in mechanical properties, demonstrated by cellulose whis-
kers isolated from various sources, have been demonstrated in Table 2. Herein, the
aspect ratio of different cellulose whiskers is an important factor that guides the
variegated mechanical properties of NR NCPs filled with cellulose whiskers iso-
lated from different resources. Thus, as compared to cellulose whiskers originated
from starch, rachis of date palm tree and Capim dourado, relatively lower aspect
ratio of cellulose whiskers isolated from bagasse could be the reason behind the
lower TS properties of NR NCPs filled with cellulose whiskers isolated from
bagasse. Similarly, mild hydrolysis is preferable in enhancing the extraction yield of
NC crystals from soy hulls as well as to maintain the crystallinity of native cellulose
and obtain high aspect ratio NC crystals.

Accordingly, a high reinforcing effect is observed even at low filler contents
when high aspect ratio NC crystals are used to prepare NCPs with a NR matrix by
casting/evaporation. For instance, by adding only 2.5 wt% NC crystals, the storage
tensile modulus at 25 °C of the NCP was about 21 times higher than that of the neat
NR matrix. However, it has to be kept in mind that the ultimate strength is not only
dependent on the chemical interactions between the matrix and the NF but also
contributed by the physical entanglements of the NC having a high aspect ratio. For
this reason, the modulus of the 5% composite gives a comparative increase of
fourfold with its pristine matrix. But the 10% composite showed a modulus of
9.6 MPa and the comparative increase from 5 to 10% NCP is only 2.5 fold
(Table 2).

Besides, mechanical properties of NC based polymer NCPs are function of the
filler dispersibility and compatibility of NC with the matrix. Moreover, because of
the presence of numerous hydroxyl groups on the surface of NC, NC possesses
strong tendency to form an aggregate, and hence dispersion of NC is really difficult
in the nonpolar or hydrophobic polymer matrices. Improper distribution of NC may
lead to the formation of NC aggregates which can act as stress concentrator,
resulting in poor performance of the NCP. Thus, the formation of NC aggregates
should be avoided to achieve effective reinforcement. In this regard, considerable
enhancement in both TS and modulus values was observed with the increased
addition of cellulose NWs, accompanied by a moderate decrease in EAB, as NCPs
were devoid of any micro-scaled aggregates of cellulose NWs. Furthermore,
mechanical properties of NC filled NR NCPs can be improved by enhancing the
interfacial interactions between NR and NC, via introducing a limited extent of –
OH groups in the NR chains via oxidization of the NR. However, uncontrolled
oxidation-mediated generation of a huge number of –OH, led to severe deterioration
of the mechanical properties. As discussed earlier, the percolation phenomenon of
NC in NR was effectively modified by the introduction of graphene, leading to the
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formation of an assembled conductive structure that played a key role to improve
electrical conductivity and mechanical properties of the cellulose mediated NR/
graphene composites. Such unique ‘fragile’ but effective conductive network with
low percolation threshold facilitated the disconnection and reestablishment of
conductive paths in presence of organic solvents. Thus, the composite, having such
sensitive conductive network, can function as high-performance sensing materials
with superior resistivity responses for organic liquids.

To improve the interfacial interactions and compatibility between NR and NC,
attempts were made to introduce the cross-linkable mercapto-groups onto the surface
of cotton originated cellulose nanocrystals by esterification [14]. In comparison to
biocomposites based on NR filled with unmodified cellulose nanocrystals, the NR
NCPs having modified cellulose nanocrystals showed a 2.4-fold increase in TS and
1.6-fold increase in EAB. Indeed, in the modified cellulose nanocrystals, mercap-
toundecanoyl groups were introduced at the surface, leading to attachment of long
hydrocarbon chain on the surface of modified cellulose nanocrystals, which reduced
the hydrophilic nature of the cellulose nanocrystals and consequently improved the
compatibility of themodified cellulose nanocrystals with the hydrophobic NRmatrix.
The cross-linking of NR with modified NC surface, through the thiol functionalities
on the nanocrystal surface, increased strength and toughness of the NR/modified
cellulose nanocrystal composites as summarized in Table 3. Synergistic effect of
cross-linking at the filler–matrix interface together with reinforcement in NR/
modified cellulose nanocrystal.

NCPs offered by the thiol-modified cellulose nanocrystals is expressed in these
results. Indeed, formation of covalent thioether (C–S) bonds at the NR/modified
cellulose nanocrystal composite interface was identified from the FTIR results
which suggested the reaction of –SH groups of mercaptoundecanoyl group in
modified cellulose nanocrystals with the double bonds of NR (Fig. 10) [14].
Likewise, both cellulose nanofibrils and polyaniline treated cellulose nanofibrils
were highly effective in improving overall mechanical properties of NR NCPs
(Table 3). However, both Young’s modulus and TS are lower for cellulose
nanofibril/polyaniline-reinforced NCPs as compared to cellulose nanofibril rein-
forced NR. This result can be explained by the fact that cellulose nanofibril is more
hydrophobic than cellulose nanofibril/polyaniline resulting in a higher level of
adhesion with the NR matrix. Moreover, comparative reinforcing abilities of both
cellulose whiskers and microfibrillated cellulose in NR composites were deter-
mined, and it was observed that the reinforcing effect was higher for NCPs filled
with microfibrillated cellulose over the whisker filled NR. Again, relatively higher
aspect ratio and the possible presence of entanglements in microfibrillated cellulose
were the major factors behind the greater reinforcing ability of microfibrillated
cellulose over the whiskers. Moreover, the presence of residual lignin, extractive
substances and fatty acids at the surface of microfibrillated cellulose was also
suggested to promote higher adhesion level with the NR matrix. Later, in order to
investigate the role of fatty acids in enhancing the reinforcing capability, attempts
were also made to achieve highly efficient reinforcement of NR with cellulose
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Fig. 9 Proposed mechanism for interaction of the cross linked NR/NC composite

Natural rubber (NR)

Mercaptoundecanoyl cellulose nanocrystal
(m-CNCs)

UV-irradiation

Photoinitiator
Irgacure 651

NR-m-CNCs nanocomposite

Fig. 10 Illustration of the structure for the NR-m-CNCs NCPs
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nanofibers bearing unsaturated fatty acids, which crosslinked with sulfur using the
polyisoprene double bonds (Fig. 11) [15]. In particular, the incorporation of
unsaturated fatty acid groups such as oleoyl on the cellulose nanofiber surfaces was
effective after sulfur vulcanization because of the creation of crosslinks with the
sulfur via the polyisoprene double bonds (Table 3).

Recently, significant improvements in both Young’s modulus and TS have been
reported in case of semi-IPN/IPN type NR/Regenerated Cellulose hybrids having
microstructures comprising of unique honeycomb-like structure that encouraged the
formation of intense physical entanglements/interlocks within the matrix and
thereby promoted the polymer–filler interaction (Table 3). Indeed, the stretching of
NR/Regenerated Cellulose hybrids was effectively hindered because of interlocking
effect imposed by the honeycomb-like structure of Regenerated Cellulose on the
slippage of NR domains (Fig. 12).

14.3 Dynamic Mechanical Properties

Though the mechanical properties of cellulose whisker filled NR NCPs markedly
differ from neat NR, DMA results did not exhibit any significant change in the Tg of
the rubber matrix. However, above Tg, a higher increase of the storage tensile
modulus is observed in NR NCPs filled with an increasingly higher amount of
cellulose whiskers, which could be related to the increased whiskers/whiskers
interaction probability and density of the cellulosic network. In fact, good inter-
action between cellulose NWs and NR chains was generally reflected in the
increased storage modulus, along with the slight positive shift in tan d peak position
of the NCP, if NCPs were devoid of any micro-scaled aggregates.

Similarly, formation of covalent thioether (C–S) bonds at the NR/modified
cellulose nanocrystal composite interface in NR/modified cellulose nanocrystal
composite is also responsible for the improved modulus compared to NR/cellulose
nanocrystal composite in the transition region [14]. A significant reinforcing effect
is observed and the rubbery modulus increased upon cellulose whiskers addition
in NR.

Cellulose nanofiber

Polyisoprene

Fig. 11 Diagram of sulfur
vulcanization reaction
between polyisoprene and
CNFs incorporating
unsaturated fatty acids (oleic
acid)
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15 Application

NR composites, fabricated with 3D interconnected graphene-based conductive
networks, could be utilized as an eco-friendly strategy for fabrication of liquid
sensors capable of sensing, discriminating, and monitoring various solvent leakage
from the chemical industries.

15.1 Packaging

Because of the 100% disintegrating ability, PLA-NR-NC bio-NCPs have the
potential to be utilized as biodegradable packaging materials.

Mixing 

Cellulose solution NR latex Mixture solution

Stretching (++) Stretching (+)

co-precipitation
hot-pressing

breakdown of filler network NR-RC hybridbreak of the material

entanglement between 
adjacent RCs

NR domain 
interlocked by RC

NR chain 
anchored by RC

porous RC
O HO

H

H-bonding 
between 

adjacent RCs

A

C B

Cellulose 
inclusion 
complex 

NR latex 
particle

(a)(b)(c)

Fig. 12 Schematic illustration of NR reinforced with RC from alkaline-urea-aqueous system
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16 NR Composites Based on Recycled Rubber
Granulate (RRG)

With the introduction of environmentally friendlier technologies, the post-consumer
tyres can be transformed into valuable raw materials, which can be used to syn-
thesize a wide range of sustainable polymeric composites. In 1853, Charles
Goodyear, the inventor of rubber vulcanization, firstly reported the use of ground
rubber waste as a rubber compound filler and patented a process for moulding
polymer materials obtained from RG and NR. Nowadays, dynamic increase in
rubber wastes, especially as used tyres, is one of the major source for environ-
mental pollution. Complex structure and poor recyclability of tyre materials is the
potential issue for the environmental pollution. Vulcanized rubber is the major
component of these used tyres, which makes up about 70–80% of the total mass of
the tyres. In addition, CB and silica are present as fillers. In fact, during the
manufacture of tyre materials, eight different types of NRs, thirty different
high-quality synthetic rubbers, including SBR, butadiene rubber and butyl rubber,
and various chemical compounds are utilized for processing as well as vulcaniza-
tion of rubber matrices. Moreover, tyres also contain components, such as steel
cord and fibers, made of nylon, polyester, and cellulose, which are mandatory to be
isolated from rubber during recycling of waste tyre. Furthermore, because of the
presence of crosslinks, the tyres are insoluble and infusible and hence, cannot be
re-processed by the simple process that is generally used in manufacturing the
thermoplastics. Thus, for the sustainable management of used tyres, grinding of
rubber wastes, and subsequent utilization of these granulates as a component or
filler can be opted to process new ‘environmentally friendly’ PCs. In this context,
ground tyre rubber is usually utilized as a filler for manufacturing composites of
thermosets, thermoplastics, and virgin rubber.

Continuous attempts have been made to improve the properties of RG filled NR
composites. In this regard, materials containing only ground rubber wastes are
developed by sintering the RGs at elevated temperature and pressure. By the
application of sintering process, not only significantly higher quantity of rubber
wastes can be recycled, but also no fresh rubber material is required to produce such
materials. Indeed, this group of rubber materials becomes very attractive as these
composites are environmentally friendlier and more economical than the compos-
ites comprising of ground rubber wastes and a newly incorporated rubber
components.

17 Processing

NR-SBR based compounds have been synthesized using RRG as filler, replacing
the conventionally used CB (N-220). Initially, RRGs were generated via grinding
the waste tyres. Thereafter, NR based compounds are prepared in a mixer with the
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rotor speed of 60 rpm at 60 °C for 6 min, followed by the addition of other
ingredients in a two-roll mill. Thereafter, the compound is moulded into sheets,
maintaining the vulcanizing temperature and time of 150 °C and 10 min, respec-
tively. In an almost similar fashion, NR, RG, and various ingredients have mixed in
a laboratory two-roll mill, followed by moulding at 140 °C and optimum cure time
evaluated earlier by disc rheometer. Thereafter, the ageing studies of those moulded
samples have also been conducted at 100 °C for 36 h in a hot air oven. In order to
analyze the influence of vulcanization, three different types of NR vulcanizates have
been prepared via different vulcanizing systems, viz. conventional (CV),
semi-efficient (SEV) and efficient (EV) curing system. In this context, ground
rubber particles are produced in the laboratory from fully cured NR vulcanizates by
a mechanical crusher having rotary type cutters. Thereafter, by means of a two-roll
mill, different RG particles are admixed into the NR vulcanizates produced by three
different vulcanizing systems, followed by the usual molding operation in a hot
press at 150 °C for a predetermined optimum curing time.

On the other hand, sintered RGs are obtained at an elevated temperature (80–
240 °C) and high pressure (0.5–26.0 MPa). In fact, the RGs are press moulded at
high pressure (0.5–26.0 MPa), leading to consolidated adhesion of grains and
improvement in their mutual attachment. Side by side, at the elevated temperature
(80–240 °C), the crosslinks in RGs are broken up and the main chains are also
partially disrupted to generate radicals. Consequently, in the next stage, new bonds
connecting the individual grains of granulate can be generated via rearrangement of
the generated radicals, which ultimately produces a homogenous rubbery material.

18 Characterization

According to the earlier studies, properties of RGs are mostly dependent on the
size-reduction methods (i.e., grinding at cryogenic or ambient-temperature grind-
ing), grain dimension, extent of crosslinking, quantity of filler, and the type of NR
that are used to produce such RGs.

18.1 Mechanical Properties

Incorporation of ground rubber tyres into NR reduces TS, EAB and tear resistance
of the vulcanizates. The effect is more pronounced for composites filled with larger
particles (Table 4). This is reasonable since as the particle size decreases, surface
area increases, and flaw size in the matrix also decreases. However, it is found that
smaller the particle, poorer is the ageing property. For example, NR mixed with
ground rubber tyre of <52 mesh particles (650–450 lm) registers the retention of
TS and tear strength of 71 and 78%, respectively, while the NR mixed with ground
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rubber tyre of 100–150 mesh particles (150–100 lm) exhibits only 31 and 46%
retention of TS and retention of tear strength, respectively. Furthermore, metals
present in ground rubber tyres possess detrimental effect on the physical properties
of aged vulcanizates. In fact, the occurrence of huge amounts of metals in
fine-grained rubber dust is attributed to the metallic impurities generated via
grinding of the residual steel wire beads present in the ground rubber tyre.

Mechanical properties and the vulcanization characteristics of rubber mixtures,
obtained from NR and RGs, are dependent on the type of crosslinking agent applied
at the time of their vulcanization. However, except EAB, all the properties of
ground RG filled vulcanizates are adversely affected (Table 4). Notably, for NR
vulcanizates prepared via SEV system, the relative decrease in TS, modulus, and
tear strengths are smaller than those of NR vulcanizates fabricated by CV and EV
systems. The composites containing crosslinked RGs by sulfur possess greater TS,
EAB, and tear strength over the composites obtained from RGs crosslinked with a

Table 4 Tensile properties of various RRP filled NR composites and NCPs

Composites/NCPs TS
(MPa)

EAB
(%)

Tensile modulus or Young’s
modulus (Mpa) at 100%
elongation

Tear
strength
(kN m−1)

NR (unfilled) 14.00 1175.00 – 28.20

NR (unfilled and aged) 8.00 770.00 – 20.30

NR filled with 30 phr
150–100 lm RRP
particles

8.00 860.00 – 21.20

NR filled with 30 phr
150–100 lm RRP
particles (aged)

2.50 400.00 – 9.70

NR filled with 30 phr
650–450 lm RRP
particles

2.20 430.00 – 12.40

NR filled with 30 phr
650–450 lm RRP
particles (aged)

1.60 230.00 – 9.70

NR (conventional
vulcanizate)

27.70 387.00 5.20 117.00

NR (conventional
vulcanizate) with 50 phr
RRP

17.60 368.00 2.55 73.00

NR (semi-efficient
vulcanizate)

25.70 396.00 3.63 111.00

NR (semi-efficient
vulcanizate) with 50 phr
RRP

21.60 417.00 2.35 86.00

NR (efficient vulcanizate) 23.90 451.00 2.45 92.00

NR (efficient vulcanizate)
with 50 phr RRP

15.90 461.00 1.37 61.00
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peroxide. In general, it is noted that the mechanical properties significantly dete-
riorates with the elevated RG content of the composites. However, with the
increase in the RG content, from 10 to 50 phr, EAB increases from ca 320–360 to
360–400%. Indeed, overall deterioration of mechanical properties for increasingly
filled vulcanizates is closely associated with the continuous reduction of crosslink
densities for vulcanizates filled with the higher amount of RGs. Moreover, sig-
nificantly deteriorated mechanical properties of composites, bearing peroxide
crosslinked granulate, are related to the prevalence of weaker adhesion force among
fillers and the matrices. In this context, the reasonable deterioration of mechanical
properties has also been noticed with the increasing particle size and extent of RGs
in NR composites. However, partial replacement of CB by RRP in NR composites,
amounting up to 15 wt%, cannot affect TS, EAB, and hardness of the composites.
Nevertheless, the increasingly higher extent of replacement of CB by RRG
adversely affects the overall mechanical properties. The EAB of RG filled NR
composites increases with the increasing amount of RG.

The mechanical properties of sintered rubbers are predominantly dependent on
the temperature, processing time, type of RGs and their grain size. Again, materials
obtained from NR based RGs can attain TS within 3.5–6.5 MPa and EAB of 330–
530%. Further improvement of these sintered materials can be possible if NR gran-
ulates are moulded for 20–30 min at 200 °C and 8.6 MPa. Moreover, the mechanical
properties of sinters, based on NR granulate, can be elevated by adding organic
acids of low molecular weight, such as benzoic acid, salicylic acid, maleic acid/
anhydride, phthalimide, and phthalic anhydride [16]. In fact, investigation of the
mechanisms of sintering and the underlying factors behind the enhancement of the
properties during incorporation of additives, such as benzoic acid, salicylic acid,
maleic acid/anhydride, phthalimide and phthalic anhydride, have already been
reported that contains the possible way of breaking and reconstitution of crosslinks
during sintering of RGs based on NR (Fig. 13). It is well-known that the mechanical
properties of the rubber decrease with the increase in the formation of conjugated
double (Fig. 14) bonds because of reversion. Thus, mechanical properties of sintered
NR are significantly inferior to that of composites made from fresh NR. In fact, the

Temperature
pressure

Temperature
pressure

Rubber powder

Solid rubber product
(rubber sinter)

Fig. 13 Process for sintering of rubber
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sintered rubbers have inferior mechanical properties because of the energy involved
in void propagation and strain-induced crystallization. At the time of stretching, the
network rubber chains demonstrate their inherent tendency to orient themselves in the
stretching direction, which encourages formation of crystallites. These crystallites
bind simultaneously with a multiple number of neighbouring network chains,
resulting in the crosslinking network for high TS and EAB. Because of the lack of any
chain entanglement, sintered rubber absorbs lesser energy to propagate a defect/void
than the energy required to stretch the backbone chains to achieve strain-induced
crystallization. Accordingly, the samples rupture before the commencement
of strain-induced crystallization, or samples experience a marginal extent of
strain-induced crystallization and therefore possess a lower strength and EAB.

The TS and EAB of these sinters increase from 0.8 to 1.3 MPa and 100 to 270%,
respectively, when the moulding temperature and applied pressure are increased up
to 200 °C and 6000 kg, respectively. However, as the temperature is raised beyond
200 °C, TS of the sintered NCR deteriorates considerably. At a temperature beyond
200 °C, oxidation of the sulfur from rubber may be the possible reason behind such
decrease in TS. In addition, with the increase in moulding temperature, the elastic
modulus of the sintered NCR decreases continuously, from 0.26 to 0.15 MPa,
because of the destruction of thermolabile polysulfide linkages (–Sx–) in rubber with
the simultaneous generation of thermally active free sulfur. The optimum parameters
of sintering allowed to achieve the best mechanical properties, are 200 °C and
6000 kg.

relinking

1,4 dehydrosulfuration

R = Polyisoprene unit

Fig. 14 Breaking of cross-link on heating
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19 Application

According to the analysis of tyre recycling market, RGs are no longer considered as a
cheap filler but as a valuable component for manufacturing sustainable rubber
composites. RGs are nowadays effectively utilized in widespread applications, such
as molded/extruded products (wheels, gasket, sole), mulch, animal bedding, play-
grounds, artificial sports surfacing, and automotive industries. However, in some
applications, especially in products of higher quality and strength, e.g. in new tyres,
the use of RGs are limited. Therefore, these rubber composites, obtained using RGs,
are practically used to manufacture cheap articles, where strength is not important,
such as floor tiles and other flooring materials, washers, windscreen wipers, tapes,
cable housings, moulds, and footwear soles. Besides, sintered RGs can also be
utilized in manufacturing washers, roofing materials, insulation boards, shoe soles,
and solid tyres.

20 NR Composites Containing Proteins

Proteinous substances, such as silk, soy, and leather waste (LW), can be utilized as
potential fillers to produce environment-friendly NR composites. The significantly
huge quantity of a variety of leather solid wastes, such as buffing dust, shaving dust,
and fleshings, are generated during various stages of the leather tanning process. In
fact, a massive portion of these solid wastes comprise of collagenous matter and
these collagenous LWs can be used as an inert filler for manufacturing environment-
friendly polymeric composites. On the other hand, silk, like Bombyx mori, is basi-
cally a protein comprising of natural polymer fiber, used in textile production. Silk,
in its natural form, is composed of a filament core protein, silk fibroin, and a
glue-like coating consisting of a family of sericin proteins. Again, soy protein is a
low-cost raw material, which is derived from natural resources, such as soybean.

21 Processing

Fabrication of green elastomeric composites, based on NR and silk textiles, is
carried out by sandwiching a single layer of textile between layers of NR. Initially,
NR samples are compressed at 70 °C for 10 min in order to obtain 1 mm thick
sheets. Thereafter, silk fabric is sandwiched between two rubber sheets and the
sandwich sample is compressed at 70 °C for 10 min, allowing the rubber to get
impregnated with the silk fabric (Fig. 15). Earlier, silk fiber reinforced PP and NR
blend composites have been prepared and characterized to monitor the environ-
mental and gamma radiation effect on the mechanical properties of the composites
comprising of NR, polypropylene, and silk. Initially, a varying amount of NR
lumps are cut into small pieces and blended with PP in an extruder at 180–200 °C
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to produce different compositions. Thereafter, these blends of varying compositions
are cold pressed at 12-ton pressure to prepare films of desired thickness. To prepare
composites, three layers of silk fibers are sandwiched among four layers of the
blended films using hot pressing at 185 °C and 6 ton pressure, followed by cold
pressing at 6 ton pressure (Fig. 16). Finally, in order to improve the mechanical
properties, these composites are exposed to varying doses of gamma radiation.

To fabricate soy protein reinforced NR composites, initial hydrolysis of soy
protein under different conditions is done, followed by microfluidization and

Fig. 15 Preparation of silk fabric blended NR film

Fig. 16 Preparation of blended and cured film

890 N. R. Singha et al.



associated size reduction. Thereafter, these particles of near uniform sizes are
incorporated as reinforcing additives during the preparation of NR composites in an
internal mixer. In this context, initially, an alkaline dispersion of soy protein in
distilled water is prepared by continuous stirring for 1 h at 60 °C. Thereafter, the
dispersion is homogenized at 10,000 rpm for 15 min, followed by passing through
a microfluidizer for several times (10 cycles). Later, the dispersion is admixed with
NR latexes in both alkaline and acidic conditions to produce NR composite par-
ticles of varied pH (Fig. 17). In the next step, these dried composite particles,
prepared under both alkaline and acidic conditions, are used as reinforcing ingre-
dients in preparing NR composites by Brabender mixer, operated at 60 rpm for
20 min at 80 °C. Finally, the NR compounds are compression moulded in a
window-type mould at 5 MPa and 160 °C for 15 min.

Processing of LW filled NR composites is performed in an open mixing mill or a
rubber mixer for 20 min at 40 °C according to the ASTM D 3182 method.
The composites are made of CB (60 phr), LW (60 or 80 phr), zinc oxide (5 phr),

Fig. 17 Preparation of NR composite sheet
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stearic acid (3 phr), sulfur (2.5 phr), ZMB-2 (1phr), and an accelerating system
consisting of MBTS (1.2 phr) and TMTD (0.4 phr). Once the mixing process is
completed, the formulations are compression-moulded at 150 °C with a closing
pressure of 7.5 ton in a pneumatic press for stipulated time periods determined via
rheological assays.

In an almost similar fashion, fabrication of NR composite foams is carried out
using LW as filler. Initially, the leather fibers are shredded to 16 mm diameter
using a mill with rotating knives and a 30 mesh sliver for obtaining both short fibers
and leather fiber granules. Thereafter, a two-roll mill is used to prepare the
composites.

Firstly, NR is milled with leather shavings at 65 °C, maintaining the friction
ratio at 1:1.25. Subsequently, stearic acid is added as a co-activator and mixed for
5 min. Later, the activity of organic accelerator was enhanced by mixing an acti-
vator, i.e., zinc oxide for 7 min. In the next step, MBTS and TMTD are added as
accelerators for 3 min. Finally, sulfur is added as a vulcanizing agent and mixed for
5 min, followed by addition of a blowing agent (i.e. TSH). The compounds are
vulcanized and foamed via heat transfer process in an electrically heated hydraulic
press to mould into microcellular rubber foam. This process involves a simulta-
neous curing and foaming at 125 °C for 7 min. The foaming process occurs in NR
because of the decomposition of the blowing agent (toluenosulfohydrazine) gen-
erating gases that exert pressure in the surrounding polymer network. In this con-
text, synthesis of NR-LW composites, via employing a variegated quantity of
grounded and sieved LW particles as fillers, have also been carried out. The
compounding is carried out in the open two-roll mixer while various ingredients,
like activator, accelerator, filler, a vulcanizing agent, are added sequentially, in
addition to the polyethylene glycol 4000, which is added as an acid neutralizer or
antioxidant to neutralize the acidic nature of the added LW (Fig. 18).

Fig. 18 Preparation of LW-NR composite
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22 Characterization

22.1 Mechanical Properties

The reinforcing ability of the prepared green elastomeric composites is examined
and compared with nylon textile reinforced NR composites. NR-silk composites
exhibit superior mechanical properties than NR-nylon composites (Table 2). In fact,
TS of nylon reinforced NRs are only 35–45% of the TS of the corresponding silk
reinforced rubbers. Moreover, both nylon and silk-based non-purified NR com-
posites exhibit significantly higher TS than the corresponding purified NR com-
posites. Two important aspects are mainly responsible for such improvement in
mechanical properties for non-purified NR based composites. First of all, better
impregnation of rubber with silk results when non-purified NR is used as the
matrix. In addition, protein impurities in non-purified NR increase the possibility of
protein-protein interactions in NR-silk composites.

On contrary, mechanical properties of NR-PP-silk composites decrease signifi-
cantly as the NR content in the matrix is increased (Table 2). However, once the
composites are exposed to a certain limiting dose of gamma irradiation up to the
maximum of 250 krad, both tensile and bending properties improve significantly.
However, higher radiation dose, i.e. >250 krad, deteriorates the overall mechanical
properties of all the composites. In fact, at higher radiation dose, bond scission
occurs, which is responsible for the decreased mechanical strength of the com-
posites. On the other hand, if the applied radiation dose is not allowed to go beyond
250 krad, the radiation-induced free radicals of silk, NR, PP might produce new
bonds/crosslinks, which are responsible for the increased mechanical strength of
composites.

Among the soy protein filled particulate NR composites, the less hydrolyzed soy
protein particles yield NR composites with greater TS, Young’s modulus, and
toughness, while the highly hydrolyzed soy protein particles yield composites with
greater elongation (Table 2). It is also observed that the NR composites, filled with
soy-NR latex particles prepared under alkaline condition, provide greater TS,
Young’s modulus, and toughness, whereas NR composites, filled with soy-NR
latex particles prepared under acidic condition, are of higher EAB. In this regard,
when soy-NR latex particles are prepared via coagulation under acidic condition,
the particle size of the filler is increased because of the enhanced aggregating
tendency of soy protein particles, as soy protein particles approach to the charac-
teristic isoelectric point at pH 4.5. Thus, the increased particle size of filler, resulting
from enhanced aggregation, impairs TS, modulus of the composites filled by
soy-NR latex particles coagulated under acidic condition.

Strain-strain test is also conducted for LW-NR composites. TS and EAB values
of all the LW treated samples are severely reduced (Table 2), as compared to the
control sample devoid of LW. Indeed, these parameters are noted to be further
deteriorated with the increased addition of LW component in LW-NR composites.
However, both shore A hardness and abrasion resistance of all the LW-NR
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composites samples is improved substantially (Table 2), as the composite material
becomes increasingly more compact with the addition of fibrous protein waste. In
this context, Santosh et al. have also reported the increased level of hardness and
abrasion resistance in the LW filled NR samples, along with the expected rise in TS
and associated loss in EAB (Table 2).

The cyclic stress-strain compression analyses for NR composite foams, filled
with LW, are also carried out in which the samples are submitted to five
compression-decompression cycles. It is observed that increased proportion of LW
in the polymeric matrix leads to the increased hysteresis values
(Table 2), suggesting reluctance of the system to return back to the original shape.
The energy dissipation during compression-decompression deteriorates the matrix.
The hysteresis values are measured via estimating the area related to the cyclic
compression curves, attributed to the interfacial interaction of waste with NR. This
interaction decreases the effectivity of stress transfer from rubber and consequently
increases the work essential to effect the deformation of the composites, resulting in
the enhancement of Young’s modulus (Table 2). In this context, increasing amount
of LW improves the strength at rupture or TS from 1.38 for NR to 2.18 MPa for
NR composite foams filled with 60 phr LW, which is attributed to the interfacial
adhesion between the LW and NR, i.e. the strength is transferred from NR matrix to
LW and therefore required more stress to attain the rupture. Nevertheless, the
deformation at rupture decreases from NR (408.7%) to NR composite foams filled
with 20 phr LW (394.9%) because of due to the reduced mobility of rubber chain.
Such phenomenon is attributed to the presence of filler which enhances the rigidity
of the polymer, as evidenced from the increase in respective Young’s modulus from
0.0026 for NR to 0.1206 MPa for NR composite foams filled with 60 phr LW
(Table 2). Accordingly, the EAB values for 40 and 60 phr LW filled NR composite
foams deteriorate to 73.8 and 57.6%, respectively (Table 2).

22.2 Dynamic Mechanical Properties

NR-silk composites exhibit improved dynamic mechanical properties than
NR-nylon composites. For the soy-NR latex particle filled composites, the exper-
imental reinforcement factors are compared with calculated reinforcing factors,
evaluated by the Einstein-Smallwood (Eq. 1) and Guth-Gold equations (Eq. 2).
Almost similar reinforcing factors are obtained for the composites prepared under
alkaline or acidic conditions, and are greater than the calculated reinforcing factors,
as evaluated using Guth-Gold equation. In fact, composites, having 30 and 40%
fillers, exhibit greater reinforcement factors than that predicted by the Guth-Gold
equation, indicating greater interparticle interactions to produce stiffer filler
network.
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G0 ¼ G0
0 1þ 2:5/ð Þ ð1Þ

G0 ¼ G0
0 1þ 2:5/þ 14:1/2� � ð2Þ

22.3 Biodegradability

NR-PP-silk composites become more biodegradable with the increased incorpora-
tion of NR in PP. For instance, after 24 weeks of soil burial, silk fiber reinforced PP
composite loses 10.20% TS whereas silk reinforced PP and NR blend (50:50)
composite loses 24.3% TS. Similarly, under the same condition, silk fiber rein-
forced PP composite losses 13% BS, whereas silk reinforced PP and NR blend
(50:50) composite loses 29.2% BS.

23 Application

The developed green materials, such as NR-silk composites, may be suitable for
applications where damping, waterproofing, or high-pressure capacities in elas-
tomeric tubing (such as in high-end bicycle tyres), alongside high mechanical
properties is desired. Because of the improved values of conductivity, LW-NR
composites exhibit the potential to be used as an antistatic flooring. In this way, the
development of these innovative composites based on NR, CB, and LW can be an
excellent option for allocation to hazardous LW within the composites and thereby
minimization of environmental impact. Again, the NR composite foams filled with
LWs can be directed to diversified foam related applications and thereby the
mechanical/thermal properties can be modulated by controlling the foam density
and other characteristic features.

24 Conclusions

Environmentally friendly NR composites filled with natural-organic fillers induce
improved environmental impact and thereby accentuate the biodegradable character
of these ‘green’ composites. By developing such ‘green’ composites, the use of
mineral-inorganic fillers obtained from petroleum-based non-renewable resources
can be minimized or obviated. At present, many research works are concentrated
upon the mechanical property enhancement of these ‘green’ NR composites
through chemical modification of the filler, use of adhesion promoters, and addi-
tives. Improvement of interfacial adhesion between natural fibers and NR matrix
will remain the key issue in terms of overall performance since it determines the
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final properties of the composites. Further research is in progress to overcome the
obstacles, which includes moisture absorption, inadequate toughness, and reduced
long-term stability for outdoor applications. In particular, the major attention in near
future would be to ensure that the different weathering conditions, such as tem-
perature, humidity, and UV radiation, should not be able to deteriorate the service
life of these environmentally friendly NRCs.
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1 Introduction

Nanocomposite materials have received much recognition in the last two decades
due to their extraordinary characteristics by combining properties of different types
of materials. Nanocomposites are made by mixing two or more phases such as
fibers, layers, or particles, where a minimum of one phase is in the nanometer size
range. The characteristics of nanocomposites are dependent on the characteristics of
the nanofiller and parent material as well as upon morphological, mechanical and
interfacial characteristics between the nanofillers and the parent materials [1, 2].
Nanocomposites can be utilized in a wide range of applications including
aerospace, automotive, defence, energy, infrastructure, sporting goods and trans-
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portation sectors due to their light weight, high strength, high durability, and design
and process flexibility [3].

The discovery of a variety of nano-scale materials may offer a number of new
composites with specific properties. Nanoparticles possess great potential to be
utilized as filler materials to improve the electrical, mechanical and physical
properties of nanocomposites. It is important that at least one dimension of the filler
material be of nanometer order for the synthesis of nanocomposite materials but the
final product can be of any size either nano, micro or macroscopic in size [2].
Carbon black, carbon fibre and carbon nanotubes have been effectively investigated
as fillers to fabricate nanocomposites [4]. For example, aligned carbon nanotubes in
polymeric composites result in enhanced thermal transport [5] and strong lumi-
nescence [6] favouring the direction along the nanotube axis. A number of polymer/
carbon nanotubes have successfully been fabricated by incorporating carbon nan-
otubes in polymer matrices including polyamide, polystyrene, polycarbonate,
polyethylene, polypropylene and polylactide.

Extraordinary electrical and dielectric (high dielectric constant and low dielectric
loss) properties of nanosize particles with high conductivity are considered as a
gateway for substituting the monolithic metals in various emerging applications
such as e-paper, microelectronics, organic light emissing diodes, antistatic coatings,
sensors and touch screens. The above-mentioned applications can be achieved by
obtaining the maximum electrical conductivity of nanocomposites with the lowest
possible filler concentration [7]. It is reported in the literature that the electric/
dielectric properties of nanocomposites were greatly enhanced by incorporating
nanofillers including carbon nanotubes, carbon nanofibers, metal particles and
carbon black [8]. Therefore, this study mainly overviews the electrical conductivity
of nanocomposites containing nanofillers. Further, dielectric properties (dielectric
constant, dielectric loss and tangent loss) of nanocomposites are discussed in detail.
In addition, a critical discussion on evaluation of electrical conductivity and
dielectric properties of nanocomposites with nanofillers is provided. Conclusions
are drawn in the light of literature; with recommendations being henceforth
provided.

2 Nanocomposites with Nanofillers

Polymer nanocomposites are a branch of nanotechnology and composite science
which involves the development of a new category of materials. These materials
possess superior properties which improve the performance of these materials with
multi-functionalities. The polymer nanocomposite is fabricated by incorporating
nanofillers in a polymer matrix at different concentrations [9–13]. The addition of
nanofillers helps to improve the physical, mechanical, chemical and thermal, bar-
rier, electrical and dielectric properties of the composite [14–22]. The inherent
properties of polymers like light weight, transparency and flexibility are combined
in a nanocomposite with other properties.
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For decades, the development of polymer composites has been one of the most
important areas in materials science. When fillers are used at the nanometer scale
(for the production of entities that enhance or increase polymer properties), i.e. at
least one dimension is between 1 and 100 nm, it is called a nanofiller, and the
composite becomes a nanocomposite [23]. In this regard, various researchers work
on different nanofillers for nanocomposites fabrication [24]. Among others, the
carbon nanofillers including carbon nanotubes, carbon nanofibers, and metallic
nanowires get appreciable interest in the field of polymers [25]. Carbon nanotubes
have a high tensile strength and are considered 100 times stronger than steel with
only one-sixth of the weight, so they can be the strongest fibers and the smallest
known. They also have high conductivity, high surface area, unique electronic
properties and polymer adsorption potential [26]. The applications of the carbon
nanotubes that are currently studied include polymeric compounds (conductive and
structural fillers), electron field emitters (flat screens), electromagnetic shielding,
batteries, supercapacitors, hydrogen storage and structural compounds [27].

Carbon nanotubes can be produced from different material which includes sili-
con and germanium, but the development and application of carbon nanotubes
remains the main focus of activity [27]. Carbon nanotubes hold outstanding elec-
tronic, optical, thermal and mechanical properties [28]. Its tubular structure prevents
the diffusion of cracks and dislocations, providing the carbon nanotubes with a
great potential for producing materials with high Young’s modulus [29]. The partial
sp2-sp3 hybridization of the C-C bonds of carbon nanotubes can induce high
flexibility [30]. Therefore, the potential application of carbon nanotubes has always
attracted great interest. Carbon nanotubes are also excellent nanofillers for poly-
meric nanocomposites [31, 32]. Even if a small number of carbon nanotubes are
added to the polymer, the mechanical properties can be significantly improved, and
even an electrically insulating polymer can be converted into a conductive com-
posite material by addition of carbon nanotubes as filler [33].

Nanowires can be produced from conductive (e.g. metal) or semi-conductive
(e.g. carbon) materials using a variety of production techniques. They have a unique
crystalline structure and typical diameter of tens of nanometers with high aspect
ratio. They are used as interconnectors for the transport of electrons in
nano-electronic devices. Several metals have been used to make nanowires
including cobalt, gold and copper. Polymer and filler interaction can be increased
through polymer grafting onto the nanofiller. For grafting, two methods are widely
used for matrix preparation; the first method commonly takes place by the reaction
of polymer chains with the surface of nanofiller. For example, polystyrene grafting
to single-walled, oxidized carbon nanotubes and PVA grafting to multiwalled
carbon nanotubes activated by carbodiimide. Other techniques include reactions
with nanofillers that are oxidized by amidation or esterification, cycloaddition,
nucleophilic addition, condensation and other chemical reactions. A major short-
coming of the first step is lower enthalpy density due to macromolecular steric
hindrance caused by polymer chains attached to the surface of nanotubes. The
second technique of grafting encompasses polymerization of the surface of the
nanofillers. In this process, three-dimensional barriers are not problematic and
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polymers with higher molecular weight can be prepared. However, this method
requires precise control of the polymerization reaction. “Grafting” methods include
radical polymerization transfer, additional separation chain transfer, free radical
polymerization, ring opening polymerization, polycondensation, cationic/anionic
polymerization, redox/oxidation, and metallocene and radical polymerization of
nitrogen oxide. These methods of grafting are described and well explained in
various outstanding reviews reported in the literature [34].

3 Dielectric Properties of Nanocomposites

Dielectric material properties define energy transmission, absorption and reflection
to the electric field of electromagnetic waves. These characteristics measure the
capability of materials for dissipation of electromagnetic energy as heat [35].
Dielectric characteristics are highly dependent on the nature of the materials such as
structure and composition of materials, on the other hand, it is also dependent on
process conditions like temperature and frequency [36]. Dielectric characteristics of
different materials also depend on bulk density, moisture and association of per-
manent dipole moment with water and other constituent molecules [37]. An
understanding of dielectric characteristics might support the design of microwave
systems and predict the yield of microwave processes [38]. Knowledge of dielectric
characteristics leads to applications for materials including electronic packaging and
sensors [38].

The dielectric properties are dielectric loss factor, dielectric constant, tangent
loss (tan d) and penetration depth. The dielectric constant measures the dielectric’s
capacity for storing electrical energy. For example, the Polymer-ceramic
nanocomposites hold strong potential for improving the performance in energy
storage capacitors, hybrid electric vehicles and kinetic energy weapons, since they
contain a high-breakdown-strength polymer matrix and high-dielectric-permittivity
ceramic nanofillers and thus can reach a high level of energy-storage density as
shown in Fig. 1. The loss factor estimates loss of electrical energy in dielectrics.
Penetration depth is a measurement of the depth microwaves can penetrate mate-
rials at a specific frequency. The tangent loss is the determination of the capability
of the materials for transforming the electromagnetic energy into internal energy at
a particular temperature and frequency [39]. The tangent loss is calculated as the
ratio of dielectric loss factor to dielectric constant. Penetration depth is calculated
by an equation: DP = k0/2p (e’) 0.5 [1 + (Tan d) 20.5 − 1] −0.5. The relaxation
time and static permittivity are calculated via the equation: e’r = −(xe”r)s + es.

The loss factor and dielectric constant depends highly on the frequency,
magnitude and material’s efficiency for interacting with microwaves. Therefore,
the frequency is a fundamental factor for determining dielectric heating of materials
[40]. The amount of moisture existing in a material strongly affects the dielectric
characteristics of materials. It has been observed that the higher the moisture
content the lower will be the dielectric properties [41]. The physicochemical
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composition, density and temperature also have a significant influence on dielectric
characteristics of materials [39].

3.1 Dielectric Constant

The dielectric constant is an important property of materials which measures their
ability to store electrical energy [42]. The dielectric constant for pure polymers
usually falls between 2 and 10. Generally, a high dielectric constant is required for
all types of polymers except for fast static dissipation and high-speed integrated
circuit applications, which requires a low dielectric constant [43]. A high dielectric
constant can be achieved by reinforcing the conductive filler in the polymer matrix.
For instance, graphite nanoplatelet (GNP), as shown in Fig. 2, is one promising
nanofiller to fabricate polymer/GNP nanocomposites with a high dielectric constant
due to strong interfacial polarization.

A number of studies have been carried out for improving the dielectric constant
values of nanocomposites using suitable nanofiller. Huang et al. [44] reported the
preparation of three-phase nanocomposites containing poly(vinylidene fluoride)

Fig. 1 The breakdown paths of nanocomposites with (a) Sandwich-1 (S1), (b) Sandwich-2 (S2),
(c) Particles-1 (P1), (d) Particles-2 (P2) microstructures. (e) Dielectric permittivity, nominal
breakdown strength and nominal energy density of nanocomposites with different microstructures
of nanofillers [63]
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(PVDF), nanoparticles of barium titanate (BT), and b-silicon carbide (b-SiC). The
results showed that the three-phase nanocomposites demonstrated considerably
higher dielectric constant than the two-phase PVDF/BT nanocomposites. The
addition of the b-SiC whiskers caused a drastic improvement of the dielectric
constant of the nanocomposite at a certain loading level. The value of dielectric
constant of the three-phase system was highest (325) at a b-SiC loading of 17.5 vol.
%. However, further addition of b-SiC (20 vol.%) lead to a reduction in the
dielectric constant of the PVDF/BT/b-SiC composite to 253. This could possibly be
due to the generation of voids and porosity in the composite [45].

He et al. [46] fabricated a novel nanocomposite with poly(vinylidene fluoride)
(PVDF) as the matrix and exfoliated graphite nanoplates (xGnPs) as the conductive
nanofiller. The results (refer Fig. 2.) clearly showed an increase in the dielectric
constant of the PVDF/xGnP nanocomposites and this can be credited to the uniform
dispersion of the xGNPs within the PVDF matrix with consequent development of
micro-capacitors with the increase in xGNP concentration [47]. This network
advancement was explained by three stages (I, II, and III). There is gradual increase
initially in the dielectric constant of the nanocomposites when compared to the
unfilled system; this is due to the initiation of the development of the
micro-capacitance assemblies.

The dielectric constant continued to rise with the increasing nanofiller concen-
tration until it reached percolation threshold. Beyond the percolation threshold, the
dielectric constant continued to increase and then ultimately decreased as the
loading of nanofiller reached 3.12 vol.%. The reason for this being the formation of
a significant conductive network, and subsequent current leakage within the
nanocomposite [48].

3.2 Dielectric Loss Factor

Dielectric properties including dielectric constant and dielectric loss factor play an
important role in the simulation of propagation of electromagnetic waves in a
wireless environment. The dielectric characteristics have a significant effect on the
performance of the wireless system as well as in microwave heating fields [49]. The
dielectric loss factor is a vital characteristic of polymer nanocomposites and is
under investigation by various researchers.

Zhang et al. [50] fabricated polyamide-clay (PI) nanocomposites by adding the
clay at 1, 3, 10 and 20 wt% employing an intercalation method and investigated the
dielectric loss factor. Figure 3 shows the dielectric loss factor of the PI-clay
nanocomposites at 1 kHz frequency and within the temperature range of −150 to
150°C. The findings of the study revealed that the dielectric loss factor of the
nanocomposites increased with increase in temperature and ranged from 0.00235 to
0.0335. The decrease of dielectric loss as the temperature decreases was due to the
freezing of polyamide molecules, which results in complicated segmental
movements.
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The extent of adhesion and interactions at the interface between the filler and
polymer play an important role in improving the dielectric properties of their
nanocomposites, which include dielectric permittivity and dielectric loss. Zhang
et al. [51] reported a simple method to prepare nanocomposites with BaTiO3

(BT) nanofiber and ferroelectric polyvinylidene fluoride (PVDF) matrix. The
BaTiO3 (BT) nanofiber has the advantage of high dielectric constant. Unmodified
and fluorosilane modified BT nanofibers were incorporated in PVDF matrix at
different concentrations of the nanofibers. The dielectric properties of the
nanocomposites were studied with respect to frequency and temperature. The
dielectric loss of the nanocomposites reduced with an increase in the concentration
of functionalised BT nanofibers, particularly in the frequency ranging from 102 to
107 Hz. The nanocomposite with 20 v% of modified BT exhibited the lowest
dielectric loss tangent. This can be possible due to two reasons. Firstly, the surface
functionalization of BT nanofiber enhances the interfacial interaction between the
nanofiber and the PVDF matrix; this limits the mobility and build-up of space

Fig. 2 The dependence of dielectric constant on frequency for PVDF/xGnP nanocomposite at
room temperature [46]
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charge within the nanocomposites. Secondly, as the content of nanofiber increases
in the PVDF matrix, the contents of PVDF in the nanocomposite reduces and this
hinders the migration of molecular chains and this leads to decrease of b-relaxation
and dipole loss. The dielectric properties of the nanocomposites were studied at a
fixed frequency (100 kHz) and varying the temperature as well. In this case, the
dielectric loss of the nanocomposites initially decreased and then increased later as
the temperature raised and finally touched the lowermost value at 60°C. At any
particular temperature, the dielectric loss tends to reduce with the increasing
nanofiber content. The dielectric loss of the nanocomposite with unmodified
nanofiber was considerably higher as compared to the functionalised nanofiber.
These trends were explained by the following: (i) at each particular temperature,
there is reduction of polymer molecules, this tends to reduce molecular dipoles, and
this leads to dipole loss of nanocomposites; (ii) the functionalization of the surface
of the nanofiber aided in the formation of an isolating layer which limited the
movement and build-up of space charge; and (iii) the formation of low molecular
dipoles was likely to enhance dispersion and interfacial interaction which limits the
mobility of PVDF chains within the nanocomposite [52].

3.3 Tangent Loss

Pradhan et al. [53] reported the frequency dependent dielectric behaviour of a
polyethylene oxide based nanocomposite (PPNCE) with montmorillonite (DMMT)
modified with dodecyl amine and polyethylene glycol (PEG) as the plasticizer.
The PPNCE films were cast by using a tape casting technique, where the DMMT
concentration was fixed at 5wt% and PEG at six different concentrations was added
(0, 5, 10, 20, 30 and 50 wt%). Figure 4 shows the frequency dependency of tangent
loss of PPNCE films at ambient temperature with the varying concentration of PEG.

As the PEG content increased the tangent loss peak shifts in the direction of
higher frequency. The loss spectra can be related to the peak appearing at typical
frequencies for PPNCE samples with and without PEG content. These peaks
indicate that there are relaxing dipoles within all the nanocomposites and the
strength and particular frequency of relaxation are influenced by the specific dipolar
relaxation. The addition of plasticizer generally causes an increase in the amor-
phous content within the nanocomposite. The small and mobile PEG molecules
tend to rapidly increase the segmental movement by increasing the available free
volume. The reasonably fast segmental movement together with mobile ions speed
up the transport properties with the addition of plasticizer. The peaks shifting
towards higher frequency with an increase in plasticizer content eventually reveals
that the relaxation time is decreasing.
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3.4 Static Permittivity

Static permittivity can be defined as polarization effect under dc conditions. When
the sinusoidal electric field is functional, polarization and static differ under AC
environments. When the sinusoidal electric field was applied, medium polarization
and static are different under AC conditions. The polarization of the dielectric does
not always respond in time to the changes in the applied electric field due to the
thermal alterations that randomize the orientation of the dipole and the rotation of
the molecule in the viscous mediums due to their interaction to neighbours.
Therefore, the response of the material to the outer field is causal every time (after
application of the field) and it depends on the frequency of field that can be shown
through the phase difference. Therefore, the dielectric constant is commonly con-
sidered as a complex function of the frequency of the applied field.

D0e
�jxt ¼ e xð ÞE0e

�jxt

where j is the imaginary unit, x is electromagnetic field frequency, and ‘t’ is time.
The above equation can be rewritten as with conversion

Fig. 3 Effect of temperature on dielectric loss factor of PI-clay nanocomposite at 1 kHz [50]
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es ¼ e0s � e00s

For the causal and linear dielectric responses, the relationship between imaginary
parts and real parts of complex permittivity is represented by the Kramers-Kronig
relation [54]. Figure 5 shows the general characteristics of the dependence on
frequency of real and virtual dielectric constants for four mechanisms of polar-
ization. Although it shows the characteristics of the transitions in the characteristic
peaks in er ‘and er’, these peaks and several characteristics are usually wider in the
real material [55]. Figure 5 does not denote any particular material, few materials
demonstrate all mechanisms of polarization [56]. The energy loss is calculated
through er. In the engineering application of the dielectric in the capacitor, for a
given er′, er′ is always better. The relative size of er ‘relative to er’ is defined as
tand, which is called the loss factor [55] (Fig. 5).

3.5 Relaxation Time

Dielectric relaxation time is closely related to the electrical conductivity. In semi-
conductors, it is a measure of how long it takes for a conductive process to occur.
This relaxation time is very small in metals and may be large in semiconductors and
insulators. The relaxation time distribution was used as a rough indication of the
heterogeneity of the polymer/filler interface. Maxwell-Wagner-Sillars interfacial

Fig. 4 Variation in Tangent loss of PPNCE thin films with respect to frequency for various
concentration of PEG at the room temperature [53]
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polarization (MWS) can be compared with its larger dielectric strength. The pres-
ence of the filler/polymer interface increases the MWS relaxation time distribution
because each interface has different interface geometry and is polarized at different
time scales. However, the relaxation of the polymer melts originates from the split
amorphous dynamics. The temperature shows a fairly uniform chain, much higher
than the Tg value, whose nylon 12 Tg is approximately 508 °C [57].

When current flows through the biomaterial interface, the charge can accumulate
at the interface between the two dielectric materials with different relaxation times
(s = e/r, where e is the permittivity and r is the conductivity). The nanocomposite
has a large interfacial area and provides many sites for the MWS enhancement
effect compared to microcomposites [58].

4 The Electrical Conductivity of Nanocomposite

Nanocomposites are materials in which at least one of the constituents has
dimensions in the nanometre range (1 nm = 10–9 m) [59]. In the last few years,
polymer nanocomposites are getting remarkable industrial and academic recogni-
tion due to their light-weight, higher mechanical and thermo-mechanical charac-
teristics [60]. Light-weight nanocomposites can exhibit few functional
characteristics including magnetic and electrical properties. Nanocomposites are
electrically conductive polymers and they can offer an enormous range of electrical
conductivities parallel to traditional inorganic conductors and semiconductors.
These polymers can be used in a wide range of industrial applications.
Nanocomposites may be distributed into two classes: one of the composites which
are comprised of intrinsically conductive polymers whereas other which can be
manufactured by the addition of conducting nanofillers. Composites containing

Fig. 5 Demonstration of permittivity real and imaginary dependence with the presence of
orientational, ionic, electronic polarization and interfacial mechanisms [55]
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conductive polymer matrix may offer several distinct functional characteristics, for
instance, their optical and electrical properties can vary to the response of external
stimuli. The main disadvantage of nanocomposites with conductive polymers is
their high cost and poor mechanical properties. However, the conductive com-
posites with insulating polymer matrix are more stable and exhibit better
mechanical properties. Currently, there are widespread applications of the
nanocomposites with conducting polymer matrices [61].

Generally, the term electrical properties of materials refer to the response of the
material under the influence of an applied electric field. Electrical conductivity is
the physical quantity which characterizes how easily electric charge can flow
through materials. Its values extend in a very wide range approaching 30 orders of
magnitude, qualifying the electrical behaviour of materials. According to their
conductivity, materials can be classified as conductors, semiconductors, and insu-
lators (dielectrics). In nanocomposites, the matrix is considered as a continuous
phase of the system and in most cases is the phase with a high volume fraction of
the material. With this point of view, the nature of the matrix defines, at least at first
approximation, the electrical behaviour of the composite material. Thus, metal
matrix composites are obviously conductors, while polymer composites and in
some cases ceramic composites are classified as insulators.

4.1 Characteristics of Electrically Respond Polymer
Nanocomposites

The electrical response of any polymer matrix refers to its conductivity and
dielectric behaviour. Nanocomposites have attracted the attention of researchers as
an engineering material due to its thermo-mechanical performance. Work started
with the manufacturing of the nanocomposites and later it expanded to its properties
such as mechanical, electrical and thermal characteristics. Two were starting points
of this investigation, examining the effect of nanofiller on the mechanism of
polarization, molecular mobility, interfacial effect and improvement of conductivity
in nanocomposites incorporating conductive inclusions. Considering the attrac-
tiveness of the nanofiller or nano-inclusions, polymer nanocomposites can be
classified into two major categories: (i) the insulating matrix-dielectric reinforcing
phase and (ii) the insulating matrix-conductive reinforcing phase. Conversely, the
nanofiller can be ceramic, metallic as well as an allotropic type of carbon.
A stimulating collection of ceramic inclusion is so-called active and functional
dielectrics, for instance, pyroelectric, ferroelectric and piezoelectric elements. The
existence of such type of nanofillers may provide functionality to the performance
of the system. Although it is not easy to say which type of polymer nanocomposite
drawn the attention of researchers from all over the world, it is recognized that
several studies mentioned electrical characteristics of carbon/polymer matrix
nanocomposites.

910 S. Nizamuddin et al.



4.2 Parameters Influencing Electrical Conductivity
of Nanocomposites

Mostly, the addition of conducting nanofiller should be as lower as possible because
more filler can cause processing difficulty and also mechanical properties can be
affected. But, at the same time, it should be kept in mind that the amount of filler is
desired to be in acceptable quantity for getting the continuous conducting network.
Therefore, it is an ideal to attain conducting composites with lower percolation
threshold [62]. The electrical conductivity and percolation threshold of any con-
ductive polymeric nanocomposite are dependent of various factors including
physical properties of filler (surface properties, electrical conductivity, and aspect
ratio), distribution and dispersion fillers, physical characteristics of the polymer
matrix, including polarity, viscosity and crystalline and alignment and orientation of
fillers. It is important to note that many of above-mentioned parameters are con-
siderably affected by the fabrication methods of the nanocomposites.

5 Conclusion

Various nanomaterials hold tunable physical, chemical, thermal, mechanical,
dielectric and electrical properties. These properties, especially dielectric and
electrical properties, are important characteristics of such nanomaterials for their
utilization as nanofiller for the synthesis of nanocomposite with numerous appli-
cations. This chapter deals in detail with an overview of the dielectric properties and
electrical conductivity of nanocomposite synthesized by addition of different
nanofillers.
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Thermal Properties of Sustainable
Thermoplastics Nanocomposites
Containing Nanofillers and Its Recycling
Perspective

Pooja Takkalkar, Sabzoi Nizamuddin, Gregory Griffin and Nhol Kao

1 Introduction

Commercialized fuel-based polymers have created immense adverse effects on the
environment due to their non-renewable nature and emission of greenhouse gases,
particularly carbon dioxide (CO2) [1]. Pollution created by conventional polymers
has risen to dangerous extents, predominantly in developing nations. These poly-
mers, being non-biodegradable, are resistant to microbial degradation and hence
they accrue in the surroundings. Furthermore, increases in oil prices have aided in
stimulating interest in biodegradable polymers. Eco-friendly polymers were first
introduced in the 1980s [2]. Over the past two decades, bio-based polymers have
attracted considerable attention, mainly because of two major limitations with the
use of conventional polymers. Firstly, the environmental pollution created by the
increased reliance on fossil fuels and secondly the fact that the source of these
petroleum-based polymers is limited and exhaustible [3].

Polymer nanocomposites are new engineering materials in which nanofillers [4],
with at least one dimension less than 100 nm, are dispersed in a polymer to improve
its properties [5–7]. Based on the appropriate application and final properties
desired of the nanocomposite, the type and concentration of nanofiller can be
studied. Nanocomposites possess more advanced properties than that of micro-
composites as the incorporated nanofiller has a better aspect ratio and surface area.
Biodegradable nanocomposites are considered more advantageous because they are
light in weight, transparent, and have better mechanical, thermal and barrier
properties than that of conventional composites, even at a very low concentration of
nanofiller [8].

Nanocomposites have improved properties than the constituent polymers itself
[9, 10]. The efficient dispersion of nanofiller in the polymer indicates that there is an
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increased interfacial interaction among the constituents [11]. Although the
biodegradable polymers are environmentally friendly, their properties are inferior to
conventional polymers; hence, nanocomposites with biodegradable polymers have
been investigated to seek improved properties. The area of nanocomposites with
biodegradable polymers has gained attention in the last two decades. A number of
bio-based polymer matrices have been studied after incorporating organic and
inorganic fillers to enhance their properties. The biodegradable polymers used as a
matrix in preparation of nanocomposites are polybutyl succinate, polylactic acid,
cellulose, starch, alginate, soy protein isolate, plant oil based polymers, polyhy-
droxy alkanoate and epoxies [12]. The properties which are aimed to be improved
in these biodegradable nanocomposites include their thermal, mechanical, barrier,
rheological and crystalline properties while maintaining their biodegradability.
Depending on the particular application of these nanocomposites the appropriate
nanofiller can be selected. The nanofillers are classified based on their source,
shape, aspect ratio and crystallinity. Although the research in this area and the
applications of biodegradable nanocomposites is in its infancy, it is expected to be
enormous in future years.

The overall properties of the polymer nanocomposites are largely affected by-

i. Compatibility and interactions between the polymer matrix and nanofiller
ii. Nanofiller shape and aspect ratio
iii. Dispersion of nanofiller within the polymer matrix
iv. Modifications on the surface of nanofiller (if any).

This chapter provides a description of the thermal properties of sustainable
thermoplastic nanocomposites; its recycling perspective is also considered.

2 Sustainable Thermoplastic Nanocomposite

Polymer scientists have shown increased interest towards developing various
environmental friendly polymer nanocomposites which can potentially reduce the
dependency on conventional polymers. These sustainable thermoplastic
nanocomposites deserve attention as they aid in resolving concerns on issues such
as the emission of greenhouse gases, depletion of fossil fuels and pollution [12].
Thermoplastic polymers are preferred over thermoset polymers due to various
advantages such as low processing cost, design flexibility and easier moulding of
complex parts [13]. Simple moulding techniques such as extrusion or injection
moulding are widely used for fabrication of such types of composites.

The polymer matrix plays an important part for the performance of a polymer
nanocomposite. In addition, the dispersion of fibers in the composite is also one of
the crucial parameters for achieving the consistency of the product. Further, the
properties of fibers, fibre-matrix interface and aspect ratio of fibres also govern the
properties of nanocomposites [13]. The performance and properties of
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thermoplastic composites are also influenced by process parameters [14]. It is
reported by Takase and Shiraishi [15] that tensile strength of polypropylene/wood
composite changed non-linearly with mixing temperature, mixing rate and time.
The dispersion of fibers and fiber length should be optimized in order to enhance the
properties of the composite. It is important that a uniform dispersion of nanoma-
terial within the polymer should be carried out [16]. Several dispersion methods for
thermoplastic polymers have been reported in the literature, but the easiest method
is blending in a minimax injection moulder’s crucible [17], where the rotary
cylinder is used for mixing the polymer melt with fiber addition by hand.

The concept of combining nanomaterials as filler and polymer as a matrix in
order to form different forms of nanocomposites has been gaining much recognition
by researchers [18–28]. Nanomaterials such as nanotubes and nanoclays provide
great potential for fabrication of a variety of different forms of composites, coatings,
adhesives and sealant materials with specific properties. These nanoparticles can be
successfully utilized as a filler in thermoplastic polymers in order to improve the
mechanical, physical and thermal properties of the polymer.

In this context, polylactide (PLA) has been leading among other thermoplastic
polymers due to its inherent advantages like good mechanical strength, renewa-
bility, biocompatibility, and biodegradability. It is a versatile polymer made from
agricultural raw materials, which are fermented into lactic acid. Then, this lactide
acid is ring-opening polymerized through cyclic dilactone (lactide) to the desired
polylactic acid. The polymer is altered through different means, which improves the
thermal stability of the polymer and decreases the residual amount of monomers
[29]. The thermal stability of the polylactic acid also can be improved by rein-
forcing it with fibers. The thermal properties are essential characteristics to
understand the behaviour of the raw material and the final product [30]. Therefore,
the thermal properties of various thermoplastic nanocomposites have been elabo-
rated in detail in the following sections.

3 Thermal Properties of Sustainable Nanocomposites
Based on Types of Sustainable Polymers

3.1 Polylactic Acid (PLA) Based Nanocomposites

PLA is a thermoplastic biodegradable polymer derived from corn. Although it is a
biodegradable polymer, its properties need to be optimized to make it suitable for
commercial packaging applications. Polylactic acid nanocomposites with improved
properties by incorporation of cellulose nanofibers (CNFs) were prepared by Frone
et al. [31]. CNFs were obtained using the most commonly used acid hydrolysis
method. Microcrystalline cellulose (MCC) with particle size 20 µm was hydrolysed
to form CNF with diameter 11–44 nm. These CNF were further surface treated to
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form silanized (CNFS) after that, both the CNF and the CNFS were added in PLA at
2.5 wt% of each nanofiller were melt blended to form the nanocomposites. The effect
of treated and untreated CNFs on nucleation characteristics of PLA was determined
through differential scanning calorimetry (DSC) analysis. There was no substantial
change in Tg, owing to the presence of nanofiller at very low concentrations.
The PLA nanocomposite with CNF as nanofiller showed higher crystallinity due to
the better nucleating effect created by CNF. In comparison, due to the better dis-
persion and adhesion of CNFS with PLA, the crystallinity was reduced as compared
to CNF. Overall the degree of crystallinity was improved for PLA with both
nanofillers, however, the effect was more pronounced with CNF nanofiller [31].

A similar study on cellulose nanocrystals (CNC) and silylated CNC (SCNC) in
PLA was reported in the literature [32]. The authors prepared the nanocomposite
with 1 and 2 wt% of each type of nanofiller through solvent casting with chloroform
as a solvent. The samples with 1 and 2 wt% of CNC were labelled as PLLA-CNC-1
and PLLA-CNC-2, respectively and the samples with a similar concentration of
SCNC were coded as PLLA-SCNC-1 and PLLA-SCNC-2, respectively. As
expected, the bulk of the measurements showed there was no change in the melting
temperature of all the nanocomposites, at around 171 °C. The degree of crys-
tallinity (Xc) was determined using the enthalpy data from DSC. The Xc values
were higher than pure PLA (14.3%) for all the nanocomposites. The Xc values were
improved slightly for PLLA-CNC nanocomposites and they increased with filler
loadings. Conversely, in the case of PLLA-SCNC nanocomposites, the Xc values
were almost doubled, but decreased slightly with the increase in SCNC loading.
The highest crystallinity was achieved for PLLA-SCNC-1 (30.4%). This was
attributed to the improvement in nucleation effect triggered by homogeneous dis-
persion of the nanofiller within the PLLA matrix [32].

A recent study described the improvement in properties of PLA based
nanocomposites with starch nanocrystals (SNC) as nanofillers at three different
loadings of SNC- 1, 3 and 5 wt% [33]. The nanocomposites were prepared by
solvent casting and evaporation techniques. The square-shaped SNC nanofiller used
in this study was derived from acid hydrolysis of waxy maize starch, which consists
of 99% amylopectin. The thermal properties of these nanocomposites were studied
by means of TGA and MDSC. The TGA study revealed that all the nanocomposites
were stable to process in the commercial processing range of polymers (25–240 °C).
The MDSC results indicated a slightly higher degree of crystallinity for PLA-SNC-3
wt% but with further increase in the concentration of SNC, it declined. Also, a
decline in the cold crystallization temperature was detected for all the nanocom-
posites. These changes were attributed to the enhanced nucleation effect created by
crystalline SNC. Beyond the 3 wt% of SNC, the nanofillers had a tendency to
aggregate and declines in thermal and rheological properties were observed. Similar
results were reported for PLA and acetylated microcrystalline cellulose (Ac-MCC)
based nanocomposites [34]. The optimum concentration obtained through rheo-
logical percolation threshold was at 2.5 wt% of Ac-MCC.

PLA nanocomposite with nanographite platelets (NGP) was prepared by melt
blending at 180 °C [35, 36]. The concentration of NGP in PLA was varied from 1
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to 10 wt%. The influence of NGP loading on thermal and crystallization properties
was studied via MDSC. The NGP was unable to exhibit any nucleating effect or
improve the overall crystallinity and thermal properties of the nanocomposites.
However, a comparatively higher crystallinity and fusion enthalpy were noticed for
nanocomposite with 5 wt% NGP. The researchers concluded that the melt com-
pounding method alone is not sufficient to obtain a well-dispersed nanocomposite.
A similar study was reported by the same group of authors [36], however, a melt
intercalation and mixing technique were used to fabricate the PLA-NGP
nanocomposites. In this study, the MDSC results showed that the melting tem-
perature and glass transition temperatures were unaffected by the presence of NGPs,
though the crystallisation temperature and degree of crystallinity were increased up
to 5 wt% loading of NGP.

3.2 Thermoplastic Starch (TPS)

There is an environmental demand to create biodegradable plastics which have
adequate properties and can replace commercial plastics. Nanocomposites prepared
from starch as a matrix have great potential as they are available in abundance and
are renewable. To overcome some of the inherent limitations of starch such as
limited gas barrier properties, low heat distortion temperature and brittleness;
polysaccharide nanofiller such as cellulose or starch nanocrystals can be incorpo-
rated in thermoplastic starch. The addition of biodegradable nanofiller not only
improves the properties of the biodegradable polymer but maintains their
biodegradability as well. Kaushik et al. [37] prepared biodegradable nanocom-
posites with thermoplastic starch as nanocomposite and cellulose nanofibers (CNFs)
as nanofiller, at three different loadings of CNF, 5, 10 and 15 wt% by solution
casting method. The CNFs reported in their study were extracted from wheat straw
through a combination of steam explosion, chemical treatments (involving alkali
and acid hydrolysis and bleaching) and mechanical treatments (homogenization).
Morphological, structural, mechanical, thermal and moisture retention properties of
the prepared nanocomposites were studied. The nano-dimensions of CNFs were
measured through TEM, which showed fiber diameter in the range of 10–60 nm
with a tendency to agglomerate. There was a significant improvement in the
mechanical property of the nanocomposite with increase in CNF concentration; this
was noted as a linear increase in tensile strength and modulus of the nanocomposite.
The barrier property improved until a loading of 10 wt% and declined after a further
increase in CNF concentration. This was credited to agglomeration of CNF fibers
within the nanocomposite. The thermal properties of nanocomposites were studied
through TGA and DSC. The thermal property study indicates the interaction
between glycerol and CNF. The TGA results showed no change in onset degra-
dation temperature until a concentration of CNF-10 wt% was reached, beyond that
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the onset degradation temperature reduced when compared to pure starch. They
presented two possible causes for this reduction- (i) the reduced flexibility of
branched amylopectin hindered by nanocrystalline cellulose and (ii) accumulation
of the plasticizer (glycerol) on the CNF surface [37].

Cao et al. [38] reported similar properties of solvent cast plasticized starch
(PS) based nanocomposite with different concentrations of cellulose nanocrystals
derived from flax fiber (FCNs). PS was reinforced with FCN at six different
loadings 5, 10, 15, 20, 25, 30 wt% of FCN. The thermal properties of the prepared
nanocomposites were recorded through DSC analysis. They focussed the thermal
analysis on the changes in glass transition temperature (Tg). Tg was associated with
two phases; Tg1—glycerol rich phase (−80 to −50 °C) and Tg2—starch-rich phase
(30–60 °C). The Tg1 remained unaffected by the presence of FCNs, however, the
Tg2 kept increasing as the FCN loadings were increased. This was ascribed to the
high interaction of FCNs with PS at the interface which hinders the molecular
mobility of PS chains.

Fig. 1 DSC curves for Acrylonitrile butadiene styrene and Acrylonitrile butadiene styrene/
organ-montmorillonite nanocomposite at 1, 3 and 5 wt% loading of nanofiller. Reprinted from Ref.
Weng, Wang [54] with permission from Elsevier
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3.3 Polycaprolactone (PCL)

Performance improvement of biocompatible polymers like polycaprolactone
(PCL) by adding nanofillers like clay or nanocellulose is studied widely. PCL based
nanocomposites were fabricated with unmodified cellulose nanowhiskers (CNWr)
and poly-ester grafted cellulose nanowhiskers (CNWr-g-PCL) at three different
concentrations of each nanofiller- 2, 4 and 8 wt% in PCL matrix [39]. The CNWr
were obtained through alkaline and acid hydrolysis of ramie fibers. Finally, the
nanocomposites were prepared by melt blending PCL and the nanofillers at 120 °C.
There was no significant change in the melting and crystallisation characteristics of
the nanocomposites with CNWr as nanofiller. The crystallization temperature
increased slightly with the increase in the concentration of CNWr-g-PCL. The
grafted nanofiller largely improved the thermo-mechanical properties of the pre-
pared nanocomposite. A similar study of melt blended PCL nanocomposites was
reported previously [40].

3.4 Polyamide/Clay Nanocomposites

In the last decade, the number of investigations about the thermal degradation of
clay-based nanocomposites has increased markedly due to the importance of this
property for polymers production. In particular, clay-based nanocomposites poly-
mers have drawn more interest recently [41]. The nanofillers are added into poly-
mers as they have a potential to improve the thermal properties, particularly
increasing the flame or chemical resistance characteristics, enhance the bulk clarity
and ionic conductivity as well as decrease the moisture, hydrocarbons or gases
permeability [42]. However, the problem of polymers thermal degradation in
nanocomposites is still an obstacle to produce anti-thermal degradation polymers.
This is due to the high temperature used in the preparation process of the
clay-nanocomposites. Normally, degradation of the clay-based-polymers occurs if
the temperature used in the preparation is higher than the stable temperature of the
organic material used to reinforce the polymer [42]. Therefore, different materials
have been used to advance the thermal and the mechanical properties of polymer
products. For example, clay modified with cationic surfactants, specifically qua-
ternary ammonium-organic surfactants, dispersed at the nanoscale into the polymer
to improve the mechanical compatibility and increase the interlayer spacing of the
clay and, hence, decrease the forces between the single platelets and thus aid
exfoliation [41].

Morgan et al. (2002) have successfully formed a clay-catalysed-carbonaceous-
char and reinforced char by clay polystyrene nanocomposites. They stated that the
enforcement of the char by clay has decreased the flammability of the nanocom-
posites of polystyrene [43]. In this case, the mass fraction of clay loading, 5%, was
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the optimal percentage amount to be loaded for improving the heat release rates
among the 0, 2, 5, 10% mass fractions used in this study [43].

3.5 Polypropylene/Layered Silicates Nanocomposites

Polymer nanocomposites, compared to traditional composites, show a dramatic
transformation in various properties at low loadings of nanofillers such as graphite
nanoplatelets, carbon nanotubes, and nanosilicate layers [44]. The performance of
these nanofillers is highly dependent on the uniform dispersion of the nanofillers
and strong interactions at the interface between the polymer matrix and nanofillers.
The graphene nanosheets, which is structurally similar to silicate layers and
chemically analogous to carbon nanotubes [45], are considered as the most
promising nanofiller in order to improve the barrier, mechanical as well as thermal
properties. In spite of great potential of graphene nanofiller, the good dispersion is
still a challenge for the effective reinforcement of polymers, specifically in nonpolar
polymers such as polypropylene. Trokeson et al. [45, 46] fabricated fully-exfoliated
polypropylene/graphite nanocomposites through a solid-state shear pulverization
method. It was noticed that 2.5 wt% loading of graphite exhibited a 100% increase
in Young’s modulus and around 60% improvement in yield strength compared to
pure polypropylene. Miltner et al. [47] successfully incorporated carbon nanotubes
in polypropylene latex by sonication for fabrication of very well-dispersed
polypropylene/carbon nanotubes nanocomposites.

Graphene-based polypropylene nanocomposite with improved mechanical and
thermal properties were successfully fabricated by previous researchers [44]. An
eco-friendly technique was utilized for preparation of polymer nanocomposite with
well-dispersed graphene sheets within the polymer matrix, through coating graphene
with polypropylene latex, and then melt-blending coated graphene with
polypropylene matrix. It was observed that yield strength and Young’s modulus of
polypropylene were improved up to 75% and 74% respectively at 0.042% loading of
graphene. It was reported that the thermal properties were improved after addition of
graphene. For instance, the glass transition temperature was increased by 2.5 °C at
0.041% loading of graphene. Similarly, the thermal oxidative stability was also
enhanced significantly up to 26 °C at 0.42% loading of graphene. Mounir et al. [48]
synthesized graphene/polypropylene nanocomposite through melt mixing and
investigated the effect of graphene loading on propylene characteristics (thermal
properties). It was observed that an increase in graphene loading resulted in a sig-
nificant improvement of mechanical and thermal properties of polypropylene.
Further, graphene showed a significant effect on thermal stability of neat
polypropylene and its composite. It was reported that the thermal degradation
temperature of both the neat polypropylene and polypropylene/graphene
nanocomposite occurs as a single step process with maximum degradation tem-
perature of 460 °C. An increase in thermal stability of polypropylene after graphene
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loading, at initial degradation stage, was observed which was attributed to the
hindered diffusion of volatile decomposition products within the nanocomposites
and is highly dependent upon the interaction between chains of nanosheets and the
polymer.

4 Thermal Properties of Sustainable Nanocomposites
Based on Various Thermal Properties

4.1 Thermogravimetric/Differential Thermogravimetric
Analysis (TGA/DTG)

TGA is an important method used to examine thermal decomposition behaviour of
polymeric materials for high-temperature applications [49]. In TGA, the weight loss
of a substance is monitored as a function with time or temperature. The weight loss
is due to the generation of the volatile product post-degradation. The thermal
properties are essential characteristics to understand the behaviour of the raw
material and the final product [30]. The thermal stability of any polymer matrix can
be improved by adding a small number of nano additives/nanofillers [40]. Wang
et al. [50] noticed that thermal stability of Acrylonitrile butadiene styrene was
improved by 5% of organ-montmorillonite.

Alemdar and Sain [51] synthesized wheat straw nanofiber/thermoplastic starch
polymer nanocomposite and studied the thermal behaviour of neat polymer and
nanocomposite at 5% loading of the nanofiber. It was observed that the degradation
temperature for both the neat polymer matrix and nanocomposite is similar but less
than that of each individual component. Similar behaviour for degradation tem-
perature of thermoplastic starch and thermoplastic starch/lignocellulosic fiber
composite was observed in the study conducted by Averous and Boquillon [52].
Yuan et al. [53] reported the effect of multiwall carbon nanotubes on thermal
stability of polyamide 12. It was found that there were two stages of decomposition
for neat polyamide 12 at 443 and 462 °C respectively. The addition of carbon
nanotube at 1% loading stabilized the polymer matrix against first degradation
stage; this is due to the carbon nanotube network capturing thermal radicals and
transferring the thermal energy effectively between the polymer chains and carbon
nanotube thus avoiding chemical decomposition of the polyamide 12. Similar
enhancement in thermal stability of nanocomposite was detected by Weng et al.
[54]. They concluded that the addition of nanofiller in the polymer increased the
thermal stability by acting as a superior insulator or barrier to the volatiles produced
during degradation. In addition, the onset temperature moved slightly to a higher
temperature than that of pure matrix confirming that the thermal stability was
improved by the reinforcement using nanofiller. Bera and Maji [55] prepared
graphene oxide/polyurethane and reduced graphene oxide/polyurethane nanocom-
posites and measured their thermal properties with the help of TGA and DSC to
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understand the effect of nanofillers on the thermal properties of end
product-nanocomposite. The results suggest that both the neat polyurethane and
nanocomposites represented a two-stage thermal degradation pattern which corre-
sponds to the degradation of hard and soft segments. Further, it was reported that
the neat polyurethane was thermally stable up to 300 °C and the degradation of the
soft segment for raw polyurethane occurred in the range of 300–405 °C, while
degradation of the hard segment took place after 405 °C. The initial degradation
temperature and Tmax for graphene oxide/polyurethane nanocomposite at 0.10%
loading of graphene oxide were increased by 6 and 8 °C; for reduced graphene
oxide/polyurethane at 0.10% loading of reduced graphene oxide initial degradation
temperature and Tmax increased by 5 and 6 °C, respectively. Based on these find-
ings, it was concluded that the graphene oxide provides more thermal stability than
reduced graphene oxide at the same loading. An increase in thermal stability by
addition of graphene oxide or reduced graphene oxide nanofillers is attributed to the
physicochemical interaction between nanofiller and polyurethane, which leads to
restricted motion of the polyurethane chains [56]. Furthermore, the volatiles pro-
duced during decomposition also remain in the material due to the high barrier
properties of nanocomposite compared to raw polyurethane. Their findings were in
agreement to literature in which a similar effect of nanofiller on thermal stability of
nanocomposite is reported [57].

Arrieta, Fortunati [58] studied the thermal properties of binary and ternary
nanocomposite films. The binary system involved neat PLA incorporated with
unmodified and surface modified CNC, coded as PLA-CNC and PLA-CNCs,
respectively. The ternary system consisted of PLA-PHB-CNC (PHB refers to poly
(hydroxybutyrate)) and PLA-PHB-CNCs. The key observation was that the neat PLA
and PLA-CNC had a single degradation step while the PLA-CNCs had dual degra-
dation step. The first degradation step of PLA-CNC takes place at temperatures lower
than the main degradation step, which might be associated with surfactant loss.

4.2 Differential Scanning Calorimetry (DSC)

DSC provides important data such as the heat capacity (ΔCp) assigned to the
polymer matrix, heat enthalpy (ΔHm) assigned to the nanofiller, glass transition
temperature (Tg), and the melting temperature (Tm). The addition of nanofiller in
polymer matrix helps to improve the DSC results. It is reported in the literature [54]
that the glass transition temperature (Tg) was improved with the loading of the
nanofiller. It is reported that the Tg of a neat ABS polymer was 99 °C, which
increased to 103, 107 and 112 °C at 1, 3 and 5% loading of nanofiller as shown in
Fig. 1. According to Yu et al. [59], the DSC results showed that the PLA used in
their study had a Tg around 57.7 °C and Tm of 149.1 °C. The Tg for neat PLA was
observed at 57.7 °C, with an increase in loading of starch nanocrystals
(StN) to grafted PCL (StN-g-PCL) it reduced to 47.8 °C for 5 wt% filler and
eventually, it disappeared for higher loadings. This was ascribed to the increased
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flexibility of the PLA chains during the melting process of the PCL. The fabrication
of nanocomposites, with PLA as a matrix, and 1 and 3%wt of unmodified
(CNC) and surfactant-modified (s-CNC) cellulose nanocrystals as fillers, using
solvent casting technique was reported by Fortunati et al. [60]. There is no sig-
nificant change in the Tg as reported in the previous literature on PLA based
nanocomposites. Conversely, a reduction in Tg values was detected in the PLA
1 s-CNC system (about 15 °C), though a less intense signal, which was hard to
perceive, was recorded for the PLA 3 s-CNC nanocomposite. This effect may be
credited to the presence of the surfactant that acts as a plasticizer of the polymer,
decreasing the glass transition temperature.

The raw polyurethane did not have a sharp melting point (Tm) for the hard
segment [61] due to its lower percentage i.e. 23%. Therefore, the Tm of second
heating was considered as true Tm because the impurities in polymer get melted in
first heating, therefore, the Tm of neat polymer or nanocomposites takes place in the
second heating [55]. On the other hand, Gabr et al. [62] found that the addition of
nanoclay as a nanofiller does not have any effect on Tm. They found that the Tm of
both the neat polymer and nanocomposite was 165 °C as confirmed by the DSC
heating curve of neat polypropylene and polypropylene/nanoclay composite as
shown in Fig. 2b. Yu et al. [59] noticed that the neat PLA has a single sharp melting
peak at 149.1 °C, however, dual peaks were observed for nanocomposites which
were assigned to the presence of PCL. The dual peaks are indicative of the presence
of interfacial layers based on the interactions between PLA, PCL, and StN. Gabr
et al. [62] synthesized a polypropylene/organoclay nanocomposite up to 5% and
studied the DSC analysis of both the raw polypropylene and nanocomposite as
shown in Fig. 2a. The results revealed that crystallization peak temperature of neat
polypropylene was 121.1 °C, which increased to 123.4 °C at 5% loading of nan-
oclay filler. An increase in crystallization peak temperature by the addition of
organoclay is assumed to be due to the layers of organoclay acting as effective
nucleating agents for crystallization of polypropylene. Due to the interaction
between layers of organoclay and polypropylene, organoclay layers absorb mole-
cule segments of polypropylene and some of the polypropylene is immobilized and

Fig. 2 a and b Cooling and heating curves for DSC of neat polypropylene and polypropylene/
organoclay nanocomposite. Reprinted from Ref. Gabr, Okumura [62] with permission from
Elsevier
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this immobilization of polypropylene molecules helps in the crystallization of
polypropylene. An increase in crystallization temperature by the addition of
nanofillers in the polymer matrix was reported by Mingliang and Demin [63].

Robles, Urruzola [64] reported six different nanocomposites based on PLA and
surface modified cellulose nanofibres and cellulose nanocrystals, obtained from
blue agave bagasse. The nanocomposites were developed using a Haake Minilab
twin-screw extruder with an L/D ratio of 24:1 at 170 °C. Two different surface
modifications were done in order to modify the hydrophilic character of the
nanofillers. The surface treatment was done using 3aminopropyl triethoxysilane and
dodecanoyl chloride for cellulose nanofibers and cellulose nanocrystals, respec-
tively. An improvement in crystallization of the PLA chains was noted with an
increase in the loading of nanoreinforcement, without altering the overall crys-
tallinity of the PLA matrix. The slight deviation in the Tc and the rise in the
enthalpy of melting are ascribed to the good nucleation of the nanocellulose filler
(fiber and crystals). This enables the PLA chains to flow freely around the crystals
whilst maintaining a stable melting temperature.

4.3 Thermal Conductivity

Thermoplastic polymers have a wide range of applications to act as electrical and
thermal insulators. To enhance the thermal and electrical conductivity of these
polymers, it is suggested to add any nanofiller to obtain a nanocomposite, which has
potential to overcome the limitations of these polymers in electrical and thermal
applications [53]. Polymeric nanocomposites have the potential for utilization in a
variety of thermal applications such as heat exchange and electronics thermal
management. It is reported that the thermal conductivity of polymers can be
enhanced significantly by reinforcement with small amounts of nanomaterials [65].
For example, single-wall carbon nanotube have thermal conductivity over
3000 W/m K; it is estimated by simulation that this value can be as high as around
6000 W/m K [66]. Another study reported that a factor of 250 enhancements in
thermal conductivity was observed at 10% loading of multiwalled-carbon nan-
otubes [67, 68]. A number of studies have been conducted for improving the
thermal conductivity of polymers by incorporating different amount of loadings of
different types of nanomaterials in a polymer matrix.

Yuan et al. [53] prepared two different nanocomposites by incorporating carbon
nanotube as a nanofiller in two different thermoplastic polymers i.e. polyamide 12
and polyurethane and investigated the effect of nanofiller on thermal conductivity. It
was reported that the thermal conductivity was improved significantly by rein-
forcing 0–1% of carbon nanotube into the polymer matrix for both the polymers as
shown in Fig. 3. Patton et al. [69] prepared vapour grown carbon nanofiber/epoxy
nanocomposite and measured the thermal conductivity of pure resin and
nanocomposite. It was found that the thermal conductivity of pure resin was
0.26 W/m K, which improved to 0.8 W/m K at 40 vol.% of carbon nanofiber. The
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small increment in thermal conductivity of nanocomposite was ascribed to the
difficulty in transmitting thermal energy from fiber to fiber. Lafdi and Matzek
produced 20% carbon nanofiber/epoxy resin and measured the thermal conductivity
and observed a rise in thermal conductivity from 0.2 W/m K of neat resin to 2.8 W/
m K of nanocomposite [70].

It is reported in the literature that the thermal conductivity depends on the
temperature [71]. They fabricated polypropylene/single wall carbon nanotube and
studied the dependence of thermal properties of both the neat polymer and
nanocomposite on temperature. The research found that both the neat polypropy-
lene and polypropylene/carbon nanotube nanocomposite showed a decreasing
thermal conductivity with increasing temperature at lower temperatures but this
trend reversed at higher temperatures—refer to Fig. 4. Further, the temperature
dependence of thermal conductivity of both the raw polymer and nanocomposite
can be modelled by bicubic regression polynomials. Also, the thermal conductivity
increases with an increase in the amount of loading of nanofiller.

5 Recycling Perspective

In the past few years, considerable effort has been devoted globally to extend the
applications of sustainable thermoplastic materials by conferring on them advanced
properties through mixing and blending them with various nanofillers.

Fig. 3 Thermal conductivities of carbon nanotube/polyamide and carbon nanotube/polyurethane
with 0–1% loading of carbon nanotube as a nanofiller. Reprinted from Ref. Yuan, Bai [53] with
permission from Elsevier
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Thermoplastic polymers like polyolefins, polyamide, polyesters, and styrene
polymers are the most representative commodity polymers for cost-efficient man-
ufacturing techniques, outstanding thermo-mechanical properties and good com-
patibility with the environment, together with easy recycling. The thermal features
of thermoplastics nanocomposites plays an important role in deciding its recycla-
bility properties. Sustainable nanocomposites are considered the polymeric mate-
rials of this era and are used with organic or inorganic nanofillers with size usually
of 1–100 nm. In particular, the higher surface area of the nanofillers than their
counterparts allows efficient interfacial interaction with the polymer. The unique
properties of the biodegradable nanofillers enhance the overall performance of the
polymer matrix. These thermoplastics nanocomposites have a wide variety of
applications due to their good thermal and mechanical properties as well as dura-
bility in the area of optoelectronic and chemiresistor devices, temperature sensors,
linear polarizers, polymeric matrices, catalytic and other chemical sensors, func-
tional materials, polyolefins, polyesters and polyamides. The current total produc-
tion of plastics is very high and will continue to increase. Hence, due to the creation
of huge quantities of plastic waste by industrial manufacturers and householders,
the world is confronting a crisis in concerns to environmental, economic and pet-
roleum affects of such production.

Old-style methods of disposal of plastics have negative influences on the
environment, for instance, the combustion of unwanted polymers in the form of
fumes and toxic gases as well as waste to underground water. The recycling
practice is the best method to treat waste polymers and recycling commonly
involves processing plastics to produce energy [72]. The overall recycling rate is
2.4 million tonnes for different polymers. Different technological processes have
been reported for recycling of polymers such as chemical or feedstock recycling
with energy recovery and mechanical recycling [73]. In plastic industries,

Fig. 4 Temperature dependence of thermal conductivity of pure polypropylene and nanocom-
posite. Reprinted from Ref. Ivan, Pavol [71] with permission from Elsevier
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mechanical recycling is a relatively simple and common method and is also
preferable for adequate quantities of homogenous and separated wastes [74]. The
conventional mechanical recycling process includes the separation, grinding and
producing another material without changing its chemical nature; therefore,
mechanical recycling is limited. Low molecular weight materials can be produced
by chemical or thermal treatment during feedstock recycling [75], which is an
attractive method to substitute for mechanical recycling. The energy recovery
techniques mainly applies to plastic disposal wastes via incineration, which also
contains a large number of combustible solids. After melting, a stray polyvinyl
chloride (PVC) bottle within 10,000 polyethylene terephthalate (PET) bottles can
cause the deterioration of the whole batch of PET bottles due to separation diffi-
culties. Therefore, the Society of plastics industry passed the numerical coding
system act in the 1980s for ease of separation to determine plastic types. Therefore,
these material and chemical recycling of plastic is an appropriate solution to the
problems of environmental pollution from various wastes on a worldwide industry
level. This can be achieved by using a wide range of different processing techniques
with low-cost parameters and has gained increasing importance in the scientific and
industrial communities for thermoplastics nanocomposites. Among European
countries, Germany has the highest number of recyclers and is globally regarded as
the most advanced country for PVC/plastic recycling. The recycling of these
polymers usually requires a suitable separation method in which polymer/plastic
materials in the mixed solid wastes are separated into a homogeneous stream, which
allows a wide range of applications from the recycling perspective.

A simple method is a separation technique of general polymers from plastic
wastes is via hand sorting. The application of low content nanofillers is one of the
widest and well-known methods to add value to recycled waste plastics to produce
thermoplastic nanocomposites, which enhance the thermal stability as well as
mechanical properties [76]. The surface area, strength, and viscosity of polymers
increase with the addition of nanofiller, which affects interfacial interactions
between the polymer and filler [77] and ultimately it increases the performance. The
interfacial interactions improve the tensile properties of composites. Titanium
dioxide was also incorporated via solution method to improve polymer stability of
recycled plastic as well as discolouration resistance [78]. The addition of small
organoclays also allows a change in chemical nature of polymer to enhance the
recyclability of the polymer [79]. In this way, degradation is minimized with an
improvement of some properties. Thus the recycling process involves different new
developments and separation techniques for waste polymers with novel
energy-recovery procedures for effective cost management.
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6 Conclusion

The concept of combining nanomaterials as filler with polymer as a matrix in order
to form different forms of nanocomposites has been gaining much recognition these
days by researchers. The nanomaterials such as nanotubes and nanoclays provide
great potential for fabrication of a variety of different forms of composites, coatings,
adhesives and sealant materials with specific properties. Incorporating small
quantity of nano additives/nanofillers tends to affect the thermal characteristics of
the polymer matrix. Both the initial degradation temperature and Tmax values for
nanocomposites are greater than the neat polymer due to the presence of nanofiller
in the nanocomposite. The thermal conductivity highly depends upon the temper-
ature and is well-modelled by bicubic regression polynomials.

Recycling is the best way to treat and minimize waste polymer products and is
achieved using various processes on plastics. Different technological processes
have been reported for recycling of polymers such as chemical or feedstock recy-
cling with energy recovery, and mechanical recycling. The recycling process
involves new development and separation techniques for waste polymers with
novel energy-recovery procedures for effective cost management from an eco-
nomical standpoint.
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Application of Sustainable
Nanocomposites in Membrane
Technology

Pravin G. Ingole

1 Introduction

Nowadays nanocomposite membrane technology is widely used in industrial
application. The developments of polymer membrane using new generation mate-
rials that broaden the industrial applications of membrane processes entail an ele-
vated level of control over a polymer base and nanoparticles addition in the support
layer. Polymeric membrane-based separation processes provide a sustainable sep-
aration technique for solid/liquid/gas permeance and selectivity [32–35]. Membrane-
based separation is economical and conventional base separation process. Especially
the nanocomposite membrane-based separation technology is environment-friendly
and economically viable. Development of nanocomposite membrane technology for
diverse application is one of the best ways to resolve the current inescapable
problems.

Currently, nanocomposite membrane technologies are used in gas separation, for
example, functionalized TiO2, SiO2 NPs incorporated thin-film nanocomposite
(TFN) membranes are widely used for mixture gas separation to enhance the gas
permeance and selectivity [13, 33, 34]. Also same type of nanocomposite mem-
brane materials are used for water purification [21], wastewater treatment [61], dye
separation [88] water vapour separation [5, 31, 33, 34] drug separation [91] etc. NPs
incorporated membranes are mechanically strong and thermally more stable com-
pared to without NPs incorporated membranes. Generally, two kinds of
nanocomposite membranes varieties are available either it is a flat sheet or hollow
fiber shape. Addition of inorganic moieties in the polymer matrix is increases the
flexibility and ductility of organic polymers. Recent decade researchers found that
the commercialization of nanocomposite membrane is easiest way compared with
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another kind of membrane over enhanced flux and selectivity. Khalid et al. sug-
gested that PEG-CNTs nanocomposite PSU membranes are more advanced for
wastewater treatment [43]. Nanocomposite membranes also provide motivation to
unite the qualities of inorganic nanomaterials and polymeric matrices for excep-
tional nanofiltration performance [55]. Recently researchers develop the low fouling
ultrathin nanocomposite membranes for efficient removal of manganese and lithium
[76, 82].

To develop the nanocomposite membrane technology in large scale, early it was
the main task of the researcher and now the commercial technology is available in
the market. The nanocomposite membranes having mechanical, thermal and
swelling properties have developed by using cellulose nanocrystals and PVA [36].
Nanocomposite membrane technology is also applicable for fuel cell applications
[7, 84, 86]. Antibacterial mixed matrix nanocomposite membranes fabricated using
hybrid nanostructure of silver-coated multi-walled carbon nanotubes by Aani et al.
[1]. Using nanocomposite anion exchange membranes, Fernandez-Gonzalez et al.
studied the valorization of desalination brines by electrodialysis with bipolar
membranes [26]. Within the broad array of commercially existing nanoscale
materials, TiO2 NPs are gained special interest for water desalination [25, 73]. In
membrane distillation perfluorododecyl trichlorosilane (FTCS) was employed to
modify the virgin polyvinylidene fluoride electrospun nanofiber membrane (PVDF
ENM) [72]. TiO2 (P25 and ST01) deposited on porous ceramic materials for
photocatalytic degradation of organic substances in water, a three-phase catalytic
membrane contactor (CMC) was implemented [47, 49].

Structural modification of the polymer membrane materials improves the mem-
brane permeability, permselectivity along with mechanical straight and thermal
stability. These properties would play a very significant role in membrane science
and technology. Thin film nanocomposite membranes are one of the best examples
in membrane science to resolve the various issues related to water [66, 70, 78],
energy [80], pharmaceuticals [39], environment [10, 33, 34] etc. Further, incorpo-
ration of nanoparticles on the thin layer while polymerization especially graphene
oxide (GO) membranes offer a wide range of opportunities. Such materials can be
engineered to exhibit the desired for the separation characteristics because of ulti-
mate thinness, flexibility, chemical stability and mechanical strength. Different to
glassy polymers with a rigid backbone and a high portion of free volume (PTMSP) or
with highly interconnected free volume polymers of intrinsic microporosity, GO
materials can achieve high-flux and high-selectivity at the same time.

Nanoparticles incorporation to a polymer matrix control the permeability [60]
throughout the subsequent sound effects: (a) they work as molecular sieves and
amended the permeability [95], (b) also they interrupt the polymeric structure and
increase the permeability [15]. One of the examples for Global warming is the result
of increasing atmospheric concentration of greenhouse gases such as carbon
dioxide (CO2), methane (CH4), nitrous oxides (NO2), hydrofluorocarbons (HFCs),
perfluorocarbon (PFC) and sulfurhexafluoride (SF6). These gases trap an increasing
portion of terrestrial infrared radiation so, it is expected that global temperature will
increase between 1.4 and 5.8 °C in 2100 if no policies on climate change are

936 P. G. Ingole



initiated. The temperature variation causes devastating effects in large and diverse
areas of the globe such as possible variations in sea levels, changes in ecosystems,
biodiversity loss, reduced crop yields and changes in global precipitation patterns,
among other. Different types of membrane gas absorption processes will be tested
for the removal of GHGs, both solid and in liquid suspension [18, 41]. Target
GHGs will be carbon dioxide, nitrous oxide and methane [46]. This elimination is
performed by adsorption and/or absorption processes. The experiment will involve
separation and kinetic experiments (isotherms) with nanoparticles and membranes
under different conditions of concentration, both in dry or in liquid media, bottled in
a small volume and operating in discontinuous (microcosm systems) and perfectly
airtight. In order to think in future industrial scale implementation, special attention
will be focused on the immobilization of the nanoparticles in porous supports or
membranes. In this chapter, the weight has been given to nanocomposite mem-
branes preparation and their implementation in diverse applications including gas
separation, water desalination, wastewater treatment, water vapour removal, and
energy generation.

Nanocomposite materials especially nanocomposite membranes are facilitating
speedy improvements in structural and functional materials diagonally all industries
and most of the applications. Recently developed a new method of incorporating
functional nanoparticles (10–15 nm) in polymer films, which has guided to the
manufacture of a new method of thin film nanocomposite (TFN) membranes
technology [33]. Super-hydrophilic nanoparticles synthesis and implementation is
the first invention of TFN-based membranes. Introduction studies verify that TFN
membranes separate the water vapour, with significant energy savings; and it has
super-hydrophilic nature. The commercialization or large-scale productions of TFN
membranes using prepared nanoparticles are possible without a major change in
TFC membrane process and even cost is also not much higher. It will affect only
5–7% higher cost compare with TFC but the results showed the significant effect.
Figure 1 represents the types of nanocomposite used in polymer and non-polymer
base materials.

2 Types of Nanoparticles

2.1 Inorganic Metal Oxide and Hydroxide

Along with the numerous groups of nanoparticles, inorganic metal oxide and
hydroxide have been of extensive attention from both technological and scientific
point of view. Compared to the untainted materials the nano size synthesized metal
oxide and hydroxides show the superior properties. Nowadays metal oxides and
hydroxides are incorporated into other supports, such as polymeric materials for the
applications like supercapacitor electrodes [42], polymer composites for aerospace
applications [65], etc. Our group have the experience to synthesize SiO2 NPs having
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particle size 10 to 15 nm and implemented it successfully in the nanocomposite
membrane materials for diverse applications. Also, amorphous hydroxylated
Silicon nanoparticles were synthesized in alcohol-based solvents to fabricate
nanocomposite membranes have excellent surface hydrophilicity and roughness.
After functionalization, nanoparticles showed higher cross-linking density, higher
loading capacity, and high membrane performance.

Even though ceramic membranes play very imperative role in water treatment
the polymer membrane technology has achieved noteworthy attention for water
treatment applications because of advanced characteristics like its high flexibility,
broad range of pore sizes and structures, easy developed process, low costs and
easy to scale up [43, 61, 97].

Fig. 1 Polymer and non-polymer based nanocomposite

938 P. G. Ingole



2.2 Inorganic Nanoparticles to Prepare Polymeric
Nanocomposite Membranes

In the polymeric composite membranes mechanical performance, lucidity, and
thermal stability still remain the controlling limit for the various applications. Thus,
the researchers need to develop strong, transparent and heat-resistant nanocom-
posite membranes for encouraging realistic outcomes. To develop the nanocom-
posite membrane, the main innovational target consist of concurrently obtaining
high permeability and high selectivity at minimum costs, uniting reactions within
the pore structures to avoid membrane fouling with avoiding further downstream
unit operations, and rising membrane physical strength [50, 69, 84, 86].

Functional polymer membranes are usually premeditated and optimized with
precise applications in researchers mind. Figure 2 represents the variety of
nanocomposite membrane materials for diverse applications. The presence of
functional groups on the surface of nanoparticles not only provides the hydrophilic
nature but also reduced the Van der Waals interactive forces between nanoparticles
[8]. Nanocomposite membranes, an innovative class of membranes prepared by
coalescing polymeric materials with nanomaterials, are rising as a capable eluci-
dation to resolve the various challenges. Especially several inorganic nanoparticles
like zirconium phosphates, heteropolyacids, clays, ionic liquids, metal or metal
oxides [4, 37, 67, 74], are of extraordinary attention for developing the composite
materials. In the fuel cell application, the inorganic nanoparticles like zirconium
phosphates, boron phosphate in the nanocomposite membranes do not only provide
the water uptake but also provide an extra proton transport pathway [45].

Fig. 2 Diverse nanocomposite membrane materials with various characteristic
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3 Thin-Film Nanocomposite (TFN)

3.1 Thin-Film Nanocomposite (TFN) Membranes for Water
Desalination

Many efforts have been dedicated to developing the advanced membrane tech-
nology to improve the performance of membrane in the form of flux, solute
rejection and antifouling properties in the last 3 decades. Year after year research is
going to progress and currently, researchers are focusing on nanocomposite
membrane to improve the membrane properties. One of the attention was selected
by researchers is to prepare the advance thin-film nanocomposite membrane along
with support for the high flux, high rejection and antifouling property. Various
conditions have been changed while interfacial polymerization (IP) to prepare TFN
membranes, changing monomers, monomer concentrations, nanoparticles concen-
tration, nanoparticles size, reaction times, applying chemical modification etc.

Nanomaterials are at present controlling the existing wave of original membrane
material development because of the intrinsic explicit physicochemical features that
make them apt for water treatment [97]. A number of nanoparticles like silica,
graphene, zeolites, carbon nanotubes (both single and multiwalled), silver,
metal-organic frameworks (MOFs), silicon and titanium dioxide are the mainly
tested nanoparticles in existing and current research. The membranes prepared by
using above-mentioned nanoparticles have been shows improved results in the form
of permeability, rejection and antifouling properties [2, 24, 102]. Nanoporous silica
incorporated membrane shown to reveal a high affinity for water and advanced
hydrophilicity of TFN membrane [81]. A TiO2 and silver nanoparticles have the
main characteristic, is strong antimicrobial property so it is important material to
develop the TFN membrane to resolve the biofouling issue [44, 96]. Biofouling is
happened due to the formation of biofilm on membrane surface due to the intrinsic
hydrophobicity of membrane materials. A metal-organic framework (MOF) is one
of the best materials for water purification. Zhe et al. prepared the thin-film
nanocomposite (TFN) membrane containing PSS-modified ZIF-8 nanoparticles via
interfacial polymerization for the nanofiltration as shown in Fig. 3 [104]. The well
TFN membrane process as shown in Figs. 3 and. 4 clearly understood that how the
membrane is developed on the substrate via interfacial polymerization [94, 104]. To
trounce this shortcoming, a variety of nanocomposite membranes are being mod-
ified to convey properties such as anti-fouling, hydrophilicity, self-cleaning, pho-
tocatalytic, and photodegradation using the nanoparticles (NPs) incorporated in
polymeric membrane matrix or use in the interfacial polymerization process.
Somehow still, it challenges the researchers to develop the cheapest nanomaterials
to fabricate TFN membranes for commercial use.
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Fig. 3 Preparation process of thin-film nanocomposite (TFN) containing PSS-modified ZIF-8
nanoparticles via interfacial polymerization. Reprinted from Ref. [104], Copyright © 2017
American Chemical Society

Fig. 4 Surface modification using different NPs to make nanocomposite layer. Reprinted from
Ref. [94] Copyright © 2017 with permission from Elsevier
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3.2 Thin-Film Nanocomposite (TFN) Membranes
for Wastewater Treatment

In the reverse osmosis (RO) thin film composite (TFC) membranes are familiar for
FO applications [14, 27, 28, 85, 87, 93, 99]. The technique used to make ultrathin
polyamide (PA) selective rejection layer on the surface of porous polymer support
is interfacial polymerization. Compare with market available commercial mem-
branes (ex. Cellulose membrane) the thin film composite membranes are shown
high permeability and also good resistance aligned with biodegradation [20, 103].
There are some disadvantages of TFC membranes while an operation like intrinsic
internal concentration polarization (ICP), solute reverse diffusion and fouling has
been found. Then researchers think there is need to develop such membranes which
will resolve the above issues. So, Jeong et al. studied the concept of fabricating
nanocomposite membranes and use it for RO application [38]. Furthermore, Ma
et al. also develop the thin-film nanocomposite (TFN) membranes using NaY
zeolite nanoparticles incorporation in the active layer while IP [57]. Later on, many
research has been done by the researchers using TiO2, silica, SiO2, clay, carbon
nanotubes, activated carbon, incorporated TFN membranes for wastewater treat-
ment. The incorporation of NPs is useful for to improved surface hydrophilicity and
because of it flux also enhanced drastically. In wastewater treatment researchers use
functionalized MOF, CNT and other NPs like TiO2 to improve the performance of
nanocomposite membranes [56, 68, 104].

Comparative results of permeation throughTFC andTFNmembranes are shown in
Fig. 5 on different operating pressure. Here in the TFNmembranes while preparation
added a different concentration ofMOFs i.e. mZIFs. As a result, the water fluxes were
increases sharply while increasing the operating pressure verifying a stable nanofil-
tration system. Based on the experimental data the water flux increases for TFC
membrane 6.94 LMH bar−1 to 14.9 LMH bar−1 for the TFN membrane containing
0.10% w/v mZIF nanoparticles [104]. As shown in Fig. 6 Yin et al. prepared a TFN
membrane containing GO nanosheets via an interfacial polymerization process. In
their study, to prepare thin selective layer, aqueous m-phenylenediamine (MPD) and
organic trimesoyl chloride (TMC)–GO mixture solutions were used [98]. A small
quantity of GO addition is shown excellent results in the form of water flux and
rejection as shown in Fig. 7. The GO NPs were added in thin film composite layer
while IP tomake TFNmembranes. Increasing the concentrations of GONPs thewater
fluxes were increases drastically as shown in Fig. 7.

3.3 Thin-Film Nanocomposite (TFN) Membranes for Gas
Separation

In the gas separation, nanocomposite proposed an innovative direction to develop
polymeric membrane with high performance. In gas separation, nanoporous
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inorganic materials demonstrate high permeability and high selectivity because of
their consistent nanopores. There are several ways to prepare the nano size, dense
layer for separation after incorporating diverse NPs into polymeric materials while
interfacial polymerization to improve gas permeation performance by troublesome
the polymer chain packing [3, 19]. Under optimized conditions, TFN membranes
performance is very high compared with TFC membranes in the gas separation due
to their hydrophilic, smoother and more negatively charged nature. TFN mem-
branes have the advantage to reduce energy consumption and make simpler oper-
ations in gas separation applications [53]. The selective TFN layer necessitates
elevated selectivity and high gas permeability to reach proficient separation. As
shown in Fig. 8, in mixture gas separation especially CO2/N2 the porous graphene
(PG) nanosheets functionalized TFN shows enhanced CO2 permeance and the CO2/
N2 selectively compared to that of the membrane without PG separately. There are
lots of literature is available on TFN membrane use in the field of water treatment
but from last decades researchers started the application of gas separation using
same kinds of membranes.

Figure 9 presents the permeability of O2 on a logarithmic scale and the O2/
N2 selectivity after adding inorganic moieties in the polymeric membranes.
Wonderful enhancement in the permeability and selectivity had been achieved
using diverse polymer materials. Similarly, our previous result also shows using

Fig. 5 Water flux of TFC, TFN-mZIF1, TFN-mZIF2, and TFNmZIF3 membranes. WP: water
permeability. (Reprinted from Ref. [104] Copyright © 2017 American Chemical Society)
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PDMS CoSalen mixed matrix membrane achieved the 7.7 ideal gas selectivity and
good permeance with defect-free membranes [17]. As seen in literature Ismail et al.
reported an MWNTs/polymer thin film nanocomposite membranes are greatly
improving the carbon capture capacity from N2 and CH4 [89, 90]. Xingwei et al.
studies on TFN membranes have focused on using silica NPs for enhanced CO2

separation from mixture gas separation [92]. The challenge is to develop TFN
membranes with high-flux and high-selectivity is an urgent basis for cost-efficient
CO2 capture.

Thus, functional graphene oxide (GO) and/or graphene sheets contain a variety
of functional groups, having excellent mechanical strength [51]. GO is a brilliant
starting nanomaterial for developing size-selective, uniform and stable TFN
membranes [16, 23, 40, 52, 59, 75, 77, 83]. In the TFN membrane, the GO
nanoparticles are responsible for enhancing selectivity because selective pores in
graphenes are allowed the separation of gas molecules.

Any TFN membranes, the NPs plays a key role in enhancing the separation
performance. Most of the cases the functionalized NPs takes part in the interfacial
polymerization process, also it is found that as a results chemical functionalization
of the NPs pore frame could drastically improve the selectivity of mixture gases
especially CO2 over N2 [77]. The O2/CO2 separation was done by using facilitated

Fig. 6 Schematic illustration of the hypothesized mechanism of GO TFN membrane. Reprinted
from Ref. [98] Copyright © 2016 with permission from Elsevier
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transport hollow fiber membranes. The hollow fiber membrane was coated by using
poly(n-butyl methacrylate) and cobalt tetraphenylporphyrin complex. The prepared
membrane shows 1.5 selectivity of O2/CO2 with a high O2 permeance of 17 GPU at
a pressure of 0.098 bar [16, 52].

3.4 Thin-Film Nanocomposite (TFN) Membranes for Fuel
Cell Applications

It is well known the fuel cells are a chief technology for the nation’s energy
portfolio. Fuel cell contribution is a cleaner, more proficient substitute for com-
bustion engines that exploited fossil fuels. Nanocomposite polymer electrolyte
membrane (PEM) made up of nanosized inorganic building blocks in the organic
polymer by the molecular level of hybridization is pertinent for fuel cell application.
The researchers have selected the combined inorganic and organic solid including
advance properties like mechanical and thermal stability containing inorganic
backbone and specific chemical reactivity, ductility, dielectric, flexibility and pro-
cessability of the organic polymer to make nanocomposites [83]. During the last ten

Fig. 7 Permeate flux and salt rejection of GO TFN membranes. The concentration of the salt
solution is 2000 mg/L and the TMP is 300 psi. Reprinted from Ref. [98] Copyright © 2016 with
permission from Elsevier
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years, zeolites have attracted a lot of attention and are more and more used in fuel
cell applications [27, 28]. There are the criteria for selection of inorganic nano-
materials for fuel cell considering the hygroscopic characteristics, porosity, and
pore connectivity, surface area these type of characteristics.

The important thing in the preparation of effective proton conducting nanocom-
posite membrane for fuel cell application is a covalent bond in between organic
moieties and inorganic fillers. One more thing is required to make nanocomposite
membrane for a fuel cell is the hydrolytically stable covalent bond between inorganic

Fig. 8 Mechanism of gas molecules through PG-TFN membranes. Reprinted from Ref. [53]
Copyright © 2017 with permission from Elsevier
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and organic moieties [62]. There are the several ways to modify the organic com-
ponents for the formation of a stable chemical bond with inorganic components for
e.g. silylation (substituted silyl group (R3Si) to a molecule). Reinholdt et al. studied
the composite membranes prepared by using synthesized silica nanoparticles and two
SPEEK polymers with sulfonation degrees of 69.4 and 85.0% are characterized for
their proton conductivity and water uptake properties [71].

Nafion is one of the key materials for the fuel cell application. Modification of
Nafion membrane, the inorganic nanoparticles such as zirconium oxide (ZrO2),
silica, and titanium dioxide (TiO2) have been used successfully. Modified

Fig. 9 Relationship between the O2/N2 selectivity and O2 permeability for polymeric mem-
branes and inorganic membranes (the dots indicate the performance of polymeric materials).
Reprinted from Ref. [19] Copyright © 2007 with permission from Elsevier
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membrane from Nafion/ZrO2 is homogeneous and shows high water uptake
capacity and high conductivity compare with the unmodified membrane at high
temperature [64]. Sulfated zirconia (S-ZrO2) is also used by the researchers to make
the Nafion/S-ZrO2 nanocomposite membrane with enhanced properties [22].

In addition, the use of S-ZrO2 nanomaterial in Nafion based nanocomposite
membranes also enhanced the high-temperature response [63]. Proton conducting
mixed matrix membrane (PC-MMM) is the well known an example for fuel cell
applications. In PC-MMM the metal oxides (MOs) have been under scrutiny to
develop polymer electrolyte membranes (PEMs) because they hold exceptional
mechanical and thermal stability, outstanding hygroscopic ability and are in nature
abundant [48, 54]. Figure 10 demonstrates the diverse directions used to modified/
functionalized MOs for PC-MMM preparation [12]. The different types of MOs
form into nanoparticles with a variety of arrangements such as nanohorns, nanor-
ods, nanospheres, and nanotubes, in sort to augment specific surface area to volume

Fig. 10 Illustration of functionalization strategies used to modify metal oxides (MOs) for
PC-MMM. Reprinted from Ref. [12] Copyright © 2016 adapted with permission from Elsevier Ltd
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ratio. Figure 11 summarizes the PC-MMM based Nafion® matrix and different
inorganic fillers proton conductivity and methanol permeability. These types of
inorganic fillers added membranes revealed advanced selectivity evaluated to
pristine Nafion® membranes. The mesoporous fillers i.e. zeolites, aluminosilicate,
MesoSiO2, CNT that unites the benefit of porous and layered structure, was more
successful in dropping the methanol permeability and rising the proton conductivity
of the PC-MMM-based Nafion® matrix.

3.5 Thin-Film Nanocomposite (TFN) Membranes
for Flue Gas Dehydration

Removal of the water vapour from the flue gas is a hard task for the researcher. Solid
adsorbent materials are well known for water vapour adsorption but yet no low-cost
technology is available in the market for high scale utilization. To develop the
thin-film nanocomposite membranes, Ingole et al. used different types of NPs with
various NPs sizes in a range of 10–100 nm in a polyamide (PA) thin film selective
layer via in situ interfacial polymerization on the top of various polymer porous
supports like polysulfone, polyethersulfone, polyethylene, polyetherimide etc.
[29–31]. Various polymeric membrane studies for the flue gas dehydration had
also been done byMetz et al. in details [58] (Fig. 12). Their studies teaches about the

Fig. 11 Proton conductivity versus methanol crossover of PC-MMM composed with Nafion®

matrix and inorganic particles at 30 °C and 100% relative humidity (RH). Reprinted from
Ref. [12] Copyright © 2016 adapted with permission from Elsevier Ltd
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measurement of the permeation properties of highly permeable and highly selective
polymers for water vapour/nitrogen gas mixtures, and also they reported the analysis
of the mass transport of a highly permeable polymer is complicated by the presence of
stagnant boundary layers at feed and permeate side. Sijbesma et al. reported that
polymer membrane prepared by PEBAX® 1074, a block copolymer, and sulfonated
poly(ether ether ketone) (SPEEK) polymers give extremely high separation factors
and fluxes for the removal of water vapour from flue gasses [79]. Yun et al. also
reported that hydrophilic thin film composite membranes are shown superior per-
formances for flue gas dehydration by water vapour permeation [100, 101].

Furthermore, the flue gas dehydration using polymeric nanocomposite mem-
branes was started by our group in detail. Thin film composite and thin film
nanocomposite both types of membranes was targeted to achieve the best result.
TFN membranes shows significant performance in the form of permeance and
selectivity for flue gas dehydration. For the preparation of TFN membrane, Fig. 13
represented a general procedure for the interfacial polymerization to synthesize the
TFN selective barrier layer. TFN membrane is more hydrophilic than TFC mem-
brane so more water vapour has been collected on TFN layer as shown

Fig. 12 Water vapour permeability and water vapour/N2 selectivity for various polymers at 30 °
C. Reprinted from Ref. [58] Copyright © 2005 Adapted with permission from Elsevier Ltd
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schematically in Fig. 14. Hydrophilicity of both types of membranes was confirmed
by contact angle measurement. After adding Si nanoparticles, TFN prepared from
m-phenylenediamine and trimesoyl chloride (with 0.05% Si NPs) is more hydro-
philic than TFC prepared from same monomers without Si NPs. The contact angle
of TFC and TFN membranes were found 55.0° and 37.0°, respectively [9, 11].

The water vapour permeation test was conducted at 2 bar of pressure and 30 °C
temperature with N2 as a carrier gas. The feed gas was fed from the shell side while
the permeate side was kept under vacuum. Relative and absolute humidity was
measured using the Dew Point meter (HMT 334). At first, the dry gas was passed
through the fibers till the steady state of humidity was attained in the membrane.
The total flow rate was kept constant at 1000 cc/min. To study the effect of water
activity, the wet gas was introduced into the module by using MFC (mass flow
controller). The flow rate of wet gas was increased gradually to increase the relative

Fig. 13 Schematic illustration of the interfacial polymerization to synthesize the TFN selective
barrier layer

Fig. 14 The comparison, surface of the membrane in a saturated water vapour (TFN) with
non-saturated water vapour (TFC)
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humidity in the feed side while keeping the total flow rate constant. Retentate and
permeate flow rates were measured via bubble flow meters. The experimental
operating conditions are summarized in Table 1.

The membrane specifications are mentioned in Table 2.
The calculations was done using the below equations.
Water vapour permeance was calculated by first calculating the water vapour

flow rates at the feed, retentate and permeate streams by using Eq. (1).

Qvapour ¼
QN2 cH2O Vm

MW;H2O
ð1Þ

where QN2 (cm3/s) was precised by bubble flow meter following retentate and
permeate streams conceded during the iced cold trap. cH2O is the absolute humidity
(g/m3) and Vm is the volume of 1 mol penetrant at standard temperature and
pressure (22.4 L/mol), MW;H2O is the molecular weight of water (18 g/mol) and
Qvapour (cm3(STP)/s) is the water vapour flow rate at the desired stream.

The permeance of a component Pi in the mixed gas stream can be premeditated
by using Eq. (2).

Pi ¼ QP

DPi � A
ð2Þ

As results are shown in Fig. 15, the water vapour permeance and selectivity both
increases until certain Si NPs concentrations but further after specific concentration
of Si NPs the permeance become increases but selectivity decreases. The water
vapour permeances ascended due to increased surface roughness coupled with
lower contact angles contribute to excellent hydrophilic properties of TFN mem-
branes [9, 11]. Due to more hydrophilic nature, the TFN membranes shows good
water vapour permeance and selectivity until connections of Si NPS was 0.5% but
furthermore, the permeance was increases but selectivity was decreased. The reason
for this type of results is the agglomeration of NPs. After 0.5% NPs concentration in

Table 1 Operating conditions

Operating conditions

Feed pressure 2 kgf/cm2

Oven temperature 30 °C

Carrier, dilution gas N2

Feed gas flow rate 1000 cc/min

Table 2 Membrane specifications

Membrane Fiber strains I.D. (µm) O.D. (µm) Area (cm2)

PSf TFN membrane 5 1000 1400 47.5
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monomer solution the NPs agglomeration started and while TFN membrane
preparation its shows the disadvantageous towards selectivity because of both N2

and water vapour permeance increases so as a side effect the selectivity decreases
[6, 9, 11].

TFN membranes prepared on the inner surface of the polymeric hollow fiber are
extremely terrific materials for water vapour separation from flue gas because of
their advanced selectivity. The TFN membranes prepared by using MPD and TMC
as monomers along with the incorporation of functionalized MOF (NH2–MIL–125
(Ti)) shows very interesting results [35]. The TFN selective layer was prepared the
inner surface of the hollow fiber membrane. The schematic representations of the
TFN membrane preparation on the inner surface of the PSf hollow fiber membranes
are shown in Fig. 16. After incorporation of MOF (NH2–MIL–125(Ti)) nanopar-
ticles in the TFN layer, the performance of membranes was drastically enhanced.
Results as shown in Fig. 17, the concentration of MOF (NH2–MIL–125(Ti)) NPs
increases from 0.01 to 0.1 w/w% in TFN membranes, the water vapour permeance
was enhanced from TFC 785 GPU to TFN 2244 GPU, and the selectivity also
jumped from 116 to 542 [35]. Furthermore, after addition of 0.1% NH2–MIL–125
(Ti) NPs, the permeance is decreased because of agglomeration of nanoparticles in
the monomer solution. Because of agglomeration of NH2–MIL–125(Ti)) particles,
the membrane structure become interrupted.

Fig. 15 Effect on the water vapour permeance and selectivity of TFN membranes at various Si
nanoparticles concentration. Experimental conditions: temperature = 30 °C, operating pres-
sure = 3 kgf/cm2, feed water vapour activity = 0.7 * 0.8, total feed flow rate = 1000 cm3/min.
Reprinted from Ref. [9, 11] Copyright © 2017 adapted with permission from Elsevier Ltd
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Fig. 16 Interfacial polymerization reaction between MPD (containing NH2–MIL–125(Ti) MOF
nanoparticles) and TMC to form a cross-linked structure on the inner side of PSf hollow fiber
membrane. Reprinted from Ref. [35] Copyright © 2018 adapted with permission from Elsevier Ltd
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Fig. 17 Effect of NH2–MIL–125(Ti) MOF nanoparticles concentration in TFN membranes on the
performance as water vapour permeance and selectivity. Experimental conditions: tempera-
ture = 30 °C, operating pressure = 3 kg-f/cm2, feed water vapour activity = 0.7−0.8, total feed
flow rate = 1200 cm3/min. Reprinted from Ref. [35] Copyright © 2018 adapted with permission
from Elsevier Ltd
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4 Conclusions

Application of sustainable nanocomposites in membrane technology is the book
chapter to bring a wide study of nanocomposite membrane technology. This
pioneering book chapter text offers a fluent introduction to the field as well as an
inclusive overview of fundamental facets and application area of nanocomposite
membrane. Approaching the subject from the materials point of view, this book
chapter:

• Discusses the history, synthesis, and characterization of nanocomposite
membranes.

• Examines nanocomposite membranes for water desalination, wastewater treat-
ment, gas separation, fuel cell applications, and flue gas dehydration
applications.

• Judges processing challenges, including scalability issues and real
implementations.
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Reliable Natural-Fibre Augmented
Biodegraded Polymer Composites

Ritu Payal

1 Introduction

Since the early 19th century investigations on natural fibre composites have been
going on but get an acknowledgement in 1980s. Fibres are hair alike materials
which are similar to thread pieces, continuous filaments or can exist as distinct
extend pieces. They may be twisted into filaments, yarn or cord, as a component of
composite materials, can also be matted into sheets to yield a wide variety of
products. Biodegradable polymer composites obtained by incorporating natural
resources have witnessed a tremendous research interest nowadays. The biocom-
posite polymers are widely emergent areas in polymer science which perceived
huge attention for their use in various applications such as automobiles, fossil
plastic materials, building industries, railway coach interiors, packaging, storage
devices and aerospace [1, 2].

Compared with traditional fibres (glass, aramid and carbon fibres), natural fibres
(e.g. banana, coir, flax, hemp, henequen, kenaf, jute, sisal, kapok, and many more—
Fig. 1) offers many advantages, for instance, abundance and lower cost of mate-
rials, decrease in density, biodegradability, nominal health hazards, sustainability,
flexibility and less machine wear during processing, comparatively high tensile and
stretch modulus, extraordinary stiffness and strength [1]. Additionally, biodegrad-
able, eco-friendly and renewable properties of natural fibres assist their disposal by
incineration or composting and alleviate the use of non-biodegradable polymers. In
addition, these fibres are environmentally benign as their dimensional structure
encompass confiscated atmospheric carbon dioxide and emit lower energy com-
parative to industrially manufactured synthetic fibres [3].

R. Payal (&)
Department of Chemistry, Rajdhani College,
University of Delhi, Delhi 110015, India
e-mail: ritupayal.10@gmail.com

© Springer Nature Switzerland AG 2019
Inamuddin et al. (eds.), Sustainable Polymer Composites and Nanocomposites,
https://doi.org/10.1007/978-3-030-05399-4_33

961

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-05399-4_33&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-05399-4_33&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-05399-4_33&amp;domain=pdf
mailto:ritupayal.10@gmail.com
https://doi.org/10.1007/978-3-030-05399-4_33


BPC’s also showed fairly good mechanical properties, has high specific strength,
and a good amount of tensile strength as an outcome of interfacial adhesion amid
the matrix and fibres. Generally, the tensile strengths of BPC’s increase on
increasing the fibre content reached an optimum value and later a drop in value is
witnessed. Also, the tensile properties of composites are prominently boosted by
adding fibres to a polymer matrix as fibres have the much greater strength and
stiffness relative to the matrices. Furthermore, it was established that the composites
having fibres in the perpendicular direction deliver inferior tensile strength com-
pared to the composites having fibres in the parallel direction [3–5]. Hence, it is
required to alter the surface of fibre by means of chemical modifications to enhance
the adhesion amid fibre and matrix by employing suitable processing methods and
parameters to produce optimum composite products.

This chapter briefly deals with the reported works on the characterization of
natural fibres, along with the comparative properties of natural and synthetic fibres
(Table 1), advantages and disadvantages of BPC’s in addition to manufacturing
techniques, chemical and physical treatments and their applications in several areas.

Biodegradable Polymer 
Composites (BPC’s)

Matrix Reinforced 
Fibers

Natural Fibers

• Cellulose
• Polyhydroxy alkanoates
• Polylactide
• Polyester amide
• Polyvinyl Alcohol
• Thermoplastic Starch

• Coir
• Flax
• Hemp
• Jute
• Kinaf
• Sisal

Fig. 1 Classification of biodegradable polymer composites
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2 Classification of Fibres

Mostly, polymers may be categorized into two diverse classes: thermoplastics and
thermosetting. Both types of materials were widely used as matrices for fabrication
of bio-fibres. Polyethylene (PE), polyvinyl chloride (PVC), and polypropylene
(PP) are frequently used thermoplastics; whereas epoxy, phenolic, and polyester
resins are generally used thermosetting polymers for the manufacture of compos-
ites. Now a day, fibres obtained from natural sources like jute, flax, coir, hemp,
kenaf, sisal etc. are extensively used in the fabrication of composites.

2.1 Drawbacks of Natural Fibres

The natural fibres suffer limitations, namely: (1) strength, (2) water absorption,
(3) thermal stability

1. Strength: The tensile strength of BPC’s formed using natural fibres is very low
comparative to glass, aramid and carbon fibres. This is due to the incompati-
bility amid the fibre-resin matrix, which in turn reduces the wettability of the
fibres and creates a challenge in their productions. Although, by comparing the
specific strength of both natural and synthetic fibres, it is observed that there is
barely any difference.

Table 1 Properties of various natural-and synthetic fibres [1, 7–9]

Fibre Density
(g/cm3)

Elongation Elastic
modulus
(GPa)

Specific elastic
modulus (GPa)

Tensile
strength
(MPa)

Aramid 1.4 3.3–3.7 63–67 33–36 3000–3150

Carbon 1.4 1.4–1.8 230–240 164–171 4000

Cotton 1.5–1.6 7.0–8.0 5.5–12.6 3.1–5.8 400

Coir 1.2 30 40 20.4 593

E-glass 2.5 0.5 70 28 2000–3500

S-glass 2.5 2.8 86 41.2 4570

Flax 1.5 2.7–3.2 27.6 26–46 500–1500

Hemp 1.47 2–40 70 47 690

Jute 1.3 1.5–1.8 26.5 7–21 393–773

Kenaf 1.45 1.6 53 36.5 930

Polyester 1.2–1.5 2.0–4.5 2 – 40–90

Polyhydroxy
alkonates

1.1–1.4 1–6 3–6 – 35–100

Sisal 1.5 2.0–2.5 9.4–22 6.3–14.7 511–635
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2. Water absorption: Another limiting factor for the assembly of BPC’s is the
absorption of water from the atmosphere or direct contact with the surroundings.
The difference in the polarity of hydrophilic natural fibres and hydrophobic
polymer matrix provides minimal interactions and results in the formation of
aggregates. The absorption allows the distortion of surfaces of resulting com-
posites via swelling and forming voids, thereby alleviating the interfacial
adhesion and weakens the strength in addition to proliferation in the mass of
composites. The wettability also permits the growth of fungi on/in the com-
posites resulting in decay of their structure [6]. The high water absorption
indicates inadequate resistant to moisture, which provides reduced tensile
properties to reinforced natural fibre composites (Table 1).

3. Thermal stability: Natural fibres are of restricted thermal stability and lead to
microcracking and, consequently, thermal degradation may possibly occur in the
course of BPC’s processing at an elevated temperature, specifically in the cases
of hot compression and thermal extrusion processes.

2.2 Advantages of Natural Fibres

The biggest advantage of using natural fibres for the fabrication of BPC’s is the low
cost of materials, reduced density, and sustainability. Natural fibres are easy to
cultivate and can be grown within few months and are cost effective. They also
have the perspective as a cash crop for the agriculturalists. Natural fibres are
eco-friendly, lightweight, consumes lesser energy, non-abrasive, non-carcinogens,
strong, renewable, less health risk, non-irritation to the skin, recyclable and
biodegradable, and have small processing time [2].

The fabrication of biocomposites uses various techniques which include: com-
pression moulding, extrusion (extensively used for green biocomposite), filament
winding, injection moulding, machine press, pultrusion, resin transfer moulding,
sheet moulding compound. Thermoplastic bio-composites can be mainly processed
through compounding, compression moulding, extrusion, injection, and vacuum
consolidation. Alternatively, thermosetting biocomposites are manufactured by
compression moulding, vacuum assisted resin transfer moulding, hand lay-up,
pultrusion, resin transfer moulding, and vacuum bagging [10–12].

2.3 Strategies for Surface Modification in Natural Fibres

Surface modification is one of the crucial processes in the fabrication of biocom-
posites since natural fibres possess hydrophilic characteristic and with the aim of
improving the compatibility of a hydrophobic polymer matrix with the natural
fibres, this surface modification is needed. Surface modification is categorized into
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types, namely chemical and physical methods. The surface modification eases fibre
dispersion within polymer matrix along with enhancement in their interaction.
Various techniques described in the literature surveys for altering fibre-matrix
adhesion consist of acetylation [13], acrylic acid treatment [14], bleaching [15],
esterification [16], grafting of monomers using maleic anhydride [17], and using
bi-functional molecules [18]. The usage of coupling agents such as isocyanates
[19], chitosan [20], maleated polypropylene [21], silanes [22], titanates [23], zir-
conates [24], etc. have been testified in previous studies for the improvement of
conventional polymer composites.

2.3.1 Chemical Techniques

A wide range of chemical techniques is reported in the literature but alkaline-,
silane-, esterification-, and isocyanate treatments are some of the frequently used
chemical techniques, which are described as follows:

1. Alkaline treatment: Alkaline treatment is a unique approach to be used as a
chemical treatment of BPC’s. This method is also known as mercerization and is
usually used to reinforce thermoplastics and thermosets with natural fibers by
removing lignin, wax and oil from the external surface of the fibers. This
methodology disrupts the hydrogen bonding in the structural framework of
BPC’s, providing surplus positions for mechanical interlocking, henceforth
support surface irregularities and boost fibre and matrix diffusion at the
boundaries. In alkaline treatment, the fibres are dipped in sodium hydroxide
(NaOH) solution for a fixed time period depending upon the interaction between
the two. The resulting interaction facilitates the ionization of the hydroxyl group
to the alkoxide group (Fig. 2), which is then stirred continuously in a binary
solvent such as water-ethanol solution (80:20) for 1 h and the solution is kept
undisturbed for *3 h. Consequently, the fibers are washed repeatedly with
distilled water followed by drying in a hot air oven at 80 °C for *5 h [25, 26].

The literature surveys reported that the natural fibers such as coir, ramie, sisal,
jute were utilized to fabricate BPC’s using alkaline treatment and it was established
that these composites possess high storage as well as significant flexural modulus
[27].

Fig. 2 Ionization of the
hydroxide group used in
alkali treatment of the fibers
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2. Silane treatment: Earlier silanes (with chemical formula SiH4) were reinforced
with glass fibres for the augmentation of polymer composites. Silanes reduce the
prevalence of hydrogen bonding in the matrix-fiber structural complex. Presence
of moisture allows hydrophilic alkoxy groups to form silanols, which in turn
responds to the hydroxyl groups of the fibre and form a stable, cross-linked
network due to the covalently bonded structure with the cell wall (Fig. 3a, b).

As a consequence, hydrophobic fibre surface is generated; consecutively
intensify the compatibility with the polymer matrix (Fig. 3c). A significant
enhancement in tensile strength was discovered as a consequence of strong inter-
facial bond produced by the acid and water conditions during the course of fibre
pretreatment [22]. The modification of kenaf and polyester fibre composites finds
mention in the literature using silane treatment method [28, 29]. The fiber modi-
fication offers higher storage modulus and lowers tan d values than those with
untreated fiber indicating a greater interfacial interaction between the matrix resin
and the fiber.

3. Esterification: Esterification involves the modification of the surface of fibres
especially wood composites with organic acid anhydrides (Fig. 4). Acetylation
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Fig. 3 Interaction of silanes with natural fibers via different processes: a hydrolysis, b conden-
sation, c adsorption [30]

966 R. Payal



with acetic anhydride (non-cyclic anhydrides) and maleic anhydride (cyclic
anhydrides) is broadly defined in the literature [17]. In Acetylation process, a
hydroxyl group is converted into an ester group via association of the free
hydroxyl groups present in wood composites with the carboxylic group of the
anhydrides.

4. Isocyanate treatment: Isocyanates are organic compounds having isocyanate
group–N =C=O in their structure. These are highly reactive with polar groups
such as hydroxyl (–OH), amino (–NH2) and others (Fig. 5). Isocyanates are not
considered feasible treatment method for natural fibres but testified a meek
improvement in strength of polymer matrix relative to the unaided matrix.

2.3.2 Physical Techniques

Physical approaches [29, 31] mentioned in the literature involves the corona or
plasma treatments for amending conventional polymers. In recent years, a “greener”
alternative is available for the expansion of polymer composites, which comprises
plasma treatment for reinforcement of natural fibres. Some of the chemical tech-
niques mentioned previously proved to be harmful, e.g. isocyanates are hazardous,
and as a result, such agents are not viable for the augmentation of BPC’s. Therefore,
physical methods involving plasma treatment provides a better option for treating
natural fibres. Plasma has the tendency to modify the properties of surface/interface
of natural fibres via formation of free radicals (for instance electrons, ions, etc.) on
their surfaces by the bombardment with high energy particles inside the stream of
plasma (Fig. 6) [32].

Using physical techniques various surface properties, for example, chemistry,
wettability, and surface irregularities of composites can be improved without using

O Si (CH3)3

O

O

HN +
O

2 O Si (CH2)3

O

O

N
CH2

CH2

C
H
H
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OH

OH
Modified Fiber Cyclic Anhdrides Resulting Biocomposite

Fig. 4 Coupling reaction of modified natural fibers with anhydrides
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O

NHR
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Fig. 5 Isocyanation of fibers
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solvents or employing any other harmful materials. An alternate approach for
surface modification by plasmas is to alter the carrier gas or by depositing free
radicals or other reactive species on the shells of natural fibres [33]. Furthermore,
this can be stimulated by embedding monomers or polymers on the surface of the
reactive natural fibre, which accelerates its aptness for the polymer matrix.

3 Types of Biodegradable Polymer Composites (BPC’S)

Over the decades with the accelerated progress of biocomposites, a considerable
interest has been developed for polymer matrices that are reinforced with natural
fibres. Owing to difficulties in discarding the non-biodegradable polymers, resear-
ches are continuously carried out to fortified new biodegradable polymer composite
materials from natural resources.

Conversely, natural fibre reinforced composites (BPC’s) are manufactured from
biodegradable polymers to overcome the shortcomings of non-biodegradable
polymers composites. Biodegradable matrices were enclaved with natural fibres to
amplify the properties of BPC’s and they are scientifically sound, lightweight, high
mechanical properties and cost-effective. Some of the BPC’s along with their
synthetic method and properties are explained as follows.

(a) generation of free radicals

(b) surface modification

(c) fabrication

Fig. 6 Fabrication of silanes onto polymer surface by free radicals (where Et = ethyl group)
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3.1 Coir Fibre Reinforced Composite

Coir is generated by the husk of coconut fruit fibre. The life expectancy of coir is
more comparative to other natural fibres as a result of high lignin content. Coir fibre
reinforced polyester matrix was tested for their interfacial adhesion characteristics
against different ageing solutions and was found to display excellent interfacial
adhesion under arid conditions [34]. Coir fibre reinforced polymer composites are
developed for industrial and various household applications such as automotive
interior, helmets and post boxes, packing material, paneling and roofing as building
materials, mirror casing, projector cover, storage tank, paperweights, voltage sta-
bilizer covers.

The efficiency of coir fibre fabricated epoxy composites is dependent on alkali
treatment in addition length of the fibre. Coir fibres having lengths 10, 20 and
30 mm were cured with NaOH for 10 days. Fibre length was Alkali treated com-
posite along with increased fibre had Coir fibre having length of 30 mm and 8%
alkali concentrations showed better impact strength (27 kJ/m2) [35, 36]. Pretreated
coir based composite have far better mechanical and flexural properties than the
untreated one. On increasing fibre content the flexural strength of composite
decreases as the matrix is inadequate to shield the complete surface of the coir fibre
(Fig. 7).

Coir fiber Polyester

Compression 
Moulding

Coir-Polyester 
Composite

Fig. 7 Coir reinforced polyester composite formation via compression moulding
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3.2 Cellulose Fibre Reinforced Composite

Cellulose and its derivatives (lignin, hemicellulose, pectin etc.) are semi-crystalline
polysaccharides that impart hydrophilic nature as well as tendency to hold the fibre.
These materials have found wide use in the potential matrices-composites as strong
molecular interactions exist at the interface of cellulose fibres-polymer matrix
composites, which in turn results in strong interfacial adhesion. The composites
may be treated via blow and rotation moulding, extrusion, injection moulding, etc.
to form fundamental components [18, 33].

3.3 Jute Fibre Reinforced Composite

Jute has wood like characteristics, has a high aspect ratio, good insulation prop-
erties, strength to weight ratio. In view of above-mentioned properties, jute fibre
reinforced polymer composite has tested for grooved sheet, door, furniture, roofing,
floor tiles, I-shaped beam, recovery of underground drain pipes, window, and water
pipes [37].

The jute fibre reinforced PP composites were analyzed for their mechanical
properties. The washing of fibres preceded by alkaline treatment and bleaching
revealed intensification in tensile strength and tensile modulus with an increase in
% weight fraction and NaOH % of fibres in the PP matrix (Fig. 8a).

Jute fibres stiffen epoxy composites were examined and results were also
compared with bamboo fibre supported epoxy composites and formers were found
to have a higher strength. Additionally, upon alkaline treatment jute fibre reinforced
epoxy composites encompass enhanced mechanical properties of bamboo fibre
reinforced epoxy composites (Fig. 8b, c).

3.4 Poly Lactide (PLA) Fibre Reinforced Composite

The blend of natural fibre and PLA bids an excellent response to preserve the viable
economic and ecological development. Ochi [38] carried out a study on PLA
composite and explored that PLA fabricated unidirectional biodegradable com-
posite materials showed tensile strengths of 223 MPa. He also evaluated the
biodegradability of same via composting and the conducting tests revealed a 38%
decrease in composites weight after a time period of four weeks. Oksman et al. [39]
reported the fabrication of PLA-Flax composites and matched them with frequently
used polypropylene (PP) flax fibre composites (PP-Flax). The comparative study
marked 50% higher mechanical properties of PLA-Flax fibre composites over
PP-Flax fibre composites.
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PLA-Natural fibre composites containing >30% weight fibre showed an
improved tensile modulus with lesser tensile strength on comparing with untreated
PLA. This was ascribed as a result of poor interfacial interaction flanked by
hydrophilic cellulose fibres and hydrophobic PLA matrix, as well as an insufficient
fibre dispersion caused by the elevated amount of fibre agglomeration [40]. Hu and
Lim [41] inspected that tensile properties of hemp fibre enforced PLA composite
significantly improved upon alkali treatment than that of untreated composites. The
composites produced using 40% treated fibre has approximately twice tensile
modulus comparative to neat PLA (35 GPa). Fabrication of PLA with natural fibres
is most likely done by conventional methods such as blow- and injection moulding,
extrusion, as well as film-forming operations.

PP Jute

fabrication

PP-Jute 
Composite  

Epoxy 
resin

(b) epoxy-bamboo
composite

(c) epoxy-jute composite

(a)

Fig. 8 a Jute enforced PP composites, b epoxy-bamboo composites, c epoxy-jute composite
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3.5 Polyhydroxyalkanoates Fibre Reinforced Composite

Polyhydroxyalkanoates (PHAs) are found to be renewable and biodegradable and
represent a class of polyesters that are manufactured by bacterial action [42]. The
fabrication of the green composites was carried out by Singh and Mohanty [43] by
means of injection moulding succeeding the extrusion compounding of bacterial
polyester (PHBV) i.e., poly(hydroxybutyrate-co-valerate) with 30–40 weight per-
centage of bamboo fibre. They also examined morphological, mechanical, and
thermomechanical properties and corroborate that the tensile modulus and storage
modulus of PHBV composites amplify progressively with increasing fibre loading.
Moreover, the tensile strength of bacterial polyester was reduced by adding bamboo
fibre due to insufficient interfacial interaction amid fibre and matrix.

3.6 Thermoplastic Starch (TPS)

One of the utmost popular eco-friendly biodegradable polymer-thermoplastic starch
can be used as a matrix in fabricated of biocomposites [44, 45]. In the quest for
improved performance of biodegradable and environmental acceptable TPS poly-
mer, natural clays can be accumulated on to its surface to produce nanocomposites.
Ecologically acceptable filler (such as clay) improve the properties of TPS so that it
can be used in various applications. It has been established that the tensile strength
of TPS showed an increase from 2.6 to 3.3 MPa on treatment with 5 wt% sodium
montmorillonite (Fig. 9).

4 Conclusions

Natural fibre fabricated biodegradable polymer composites (BPC’s) are becoming
scientifically sound for a plethora of applications as they are lightweight, envi-
ronmentally benign, and possess good mechanical properties. The modification of
the surface of fibres is presently an area of research. The mechanical properties of
biodegradable fibres such as sisal, kenaf, hemp, coir, jute, reinforced composites

Themoplastic starch 
(TPS)

Flax TPS-Flax 
Composite

Compression 
Moulding

Fig. 9 Thermoplastic starch-flax composite using compression moulding
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have been discussed. It was established from the various studies that the tensile
modulus and strength raises with an increase in fibre content. It was also accepted
that the specific properties of natural fibre composites were far superior relative to
synthetic fibre reinforced composites (glass, carbon and aramid). This advocates
that the natural fibre composites would prove to be a potential candidate to sub-
stitute glass and alike materials in various applications. However, hydrophilic
characteristics of biodegradable polymers challenge them to be a good candidate for
outdoor applications due to reduced adhesion between natural fibres and matrix
resins. However, BPC’s are in demand these days and open their possibilities as an
excellent candidate in a wide range of applications, such as an automobile, con-
structional and household applications.
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1 Introduction

Herbaceous plant fibers are known to humanity since pre-historic times. Evidence
suggests they were being used for 34,000 years back, where flax fibers were used
for fabrication of clothes, ropes, and baskets [34]. Trough ages, the utilization of
fibers evolved, and their use expanded for different applications. Around the third
millennium BC, bricks were fabricated using wheat straw, flax and papyrus as
reinforcement in a mud matrix, allowing for more resistant constructions [19, 59].
During the European expansion, beginning in the fifteenth century, hemp fibers
played a critical role in the manufacturing of strong and durable sails and ropes,
allowing ships to cover great distances [55].

Fiber technology continues to expand in many different applications even today.
From the well known textile industry to high-performance fibers used as rein-
forcement in polymer composites. The latter being characteristic of our current
global scenario, where economic and environmental concerns related to the
exhaustive use of fossil fuels are driving a change towards a sustainable and
eco-friendly replacement for the currently used synthetic fibers.

With this current research trend on plant fibers for composite materials, different
areas are working together, and the literature is getting richer every day.
Nevertheless, this richer literature brings some recurring problems, often including
a poor understanding of subjects that do not comprise the author’s background.
Areas presenting this issue often include plant fiber morphology in relation to
structure and composition, polysaccharide chemistry and its interactions, turning
the contribution of many works restricted to very particular aspects of fiber
application.

Thus, the objective of this work is to contribute to the interdisciplinary research
of plant fiber for potential use as composite reinforcement. The scope of this paper
will be on herbaceous plant fibers (non-wood) and will provide knowledge about
morphology, chemical composition, mechanical behavior, and application. The
work also aims to overcome the lack of accurate information about those types of
fibers, in contrast to the well-established research of wood fibers provided by the
paper and forest industry.

2 Biology of Plant Fibers

A common misunderstanding in the literature is regarding the biology of what is
called fibers. As a complex organism, plants present different tissues systems.
Fibers are a specific type of cells belonging to sclerenchyma tissue, possessing an
elongated shape with thick cell walls, often dead at maturity, functioning as a
mechanical support for the plant [40].

Botanically speaking, true plant fibers are divided into two main categories,
xylary and extraxylary fibers. As the names suggest, xylary fibers are found
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associated with the conductive tissue xylem; and the extraxylary fibers can be found
associated with the phloem or in the cortex. The fibers of monocotyledons are
classified as extraxylary whether or not associated with the vascular bundles (xylem
and phloem) [20].

For sake of convenience, many fibers are classified by their location in the plant,
listed as: bast fibers (jute, flax, hemp, ramie and kenaf), leaf fibers (abaca, sisal and
pineapple), seed fibers (coir, cotton and kapok), core fibers (kenaf, hemp and jute),
grass and reed fibers (wheat, corn and rice) and all other types (wood and roots)
[21].

One should be careful when characterizing plant fibers to follow the proper
scientific classification, since many apparent fibers are not fibers at all, like cotton,
which are individual epidermal trichomes around the seeds of Gossypium, and raffia
fibers, which are leaf segments of the Raphia palm. What is also common to find in
the commercial form of monocotyledons fibers, is an aggregate of fibers and vas-
cular bundles [20, 40].

A critical point in understanding the fiber structure is how to differentiate a
single fiber cell, a fiber bundle, and yarns. The natural aggregate of fiber cells, with
variable dimensions, constitutes a bundle. The bundle is the most common form of
commercially extracted fibers. To become a yarn, a bundle has to be segregated
mechanically, sometimes with the aid of chemicals, into single fiber cells, this cells
will then be spun into a twisted aggregate, which will display other properties like
twist/angle degree (Fig. 1) [42].

Plant fibers are the outer cell wall remaining of dead plant cells. They are
arranged in a tube-like manner, where many elongated cells overlap and stack
together to form a macroscopic “single fiber” or as explained before, a bundle
(Table 1).

All properties exhibited by plant fibers are, therefore, an expression of the
properties of their cell walls. So, a careful study of cell wall formation, composition,
and interactions inside the fiber bundle are of higher importance.

Plant cell walls are divided into three main regions: middle lamella, primary
wall, and secondary wall. Plant cells originate from specialized dividing cells
grouped into regions called meristems. In this region, cells will divide to form a
new cell, which will then expand until reaching its final size.

In the cytoplasm of the dividing cell, after nucleus division, an equatorial
alignment of vesicles originated from the Golgi apparatus, containing hemicellu-
loses and pectins, will fuse together to form a cell plate, which will extend up to the
point where it will connect to the cell wall, separating the cell content into two new
cells [15]. Upon cytoplasm division, cellulose microfibrils are synthesized by a
protein structures known as “rosettes”, which are located in plasma membrane, the
newly synthesized cellulose will be deposited in the cell plate and then interact with
hemicellulose (forming the cellulose/hemicellulose network) giving origin to the
primary wall [7]. The innermost region of the cell plate (free of cellulose), will give
origin to the middle lamella, which is pectin-rich at the growth stage.

The fiber cells will grow in the axial direction, achieving an elongated shape.
When growth is complete, fiber cells will further reinforce its walls with the
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deposition of a secondary wall between the primary wall and the plasma membrane.
The secondary wall will compress the outer primary wall to the adjacent middle
lamella and reduce the cytoplasm, which at the end of wall deposition, will dis-
appear, leaving a space called lumen. We can easily visualize the transition between
the different cell wall regions in a cross-section view (Fig. 2).

Both primary and secondary cell walls present a lamellate structure consisting of
progressing deposition of cellulose layers, being the layers adjacent to cytoplasm
the most recent ones. Secondary walls are further differentiated in three regions,
called S1 (adjacent to the primary wall), S2 and S3 (adjacent to cytoplasm). For
fibers, usually, the S2 layer is the most conspicuous layer and can comprise more
than 80% of the total thickness of the cell wall, thus dictating much of the fiber
properties (Fig. 3).

Fig. 1 Schematic of a longitudinal and cross-section view of single fibers (fiber cell), fiber
bundles and yarns

Table 1 Dimensions of
single fibers and fiber bundles
from common herbaceous
plants used for fiber extraction
[42, 49]

Plant Fiber structure Length (mm) Diameter (lm)

Flax Single 9–70 5–38

Bundle 100–1500 40–620

Hemp Single 5–55 10–51

Bundle 650–5000 25–500

Jute Single 2–5 10–25

Bundle 150–3600 25 – 200

Coir Single 0.3–1.2 10–20

Bundle 36–330 50–460
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Fig. 2 Transmission electron microscope (TEM) image from an ultrathin cross section of kenaf
fiber in low a and high b magnification (reprinted from industrial crops and products, 31/1, H. P. S.
Abdul Khalil, A. F. Ireana Yusra, A. H. Bhat, M. Jawaid, Cell wall ultrastructure, anatomy, lignin
distribution, and chemical composition of Malaysian cultivated kenaf fiber, 113–121, Copyright
(2010), with permission from Elsevier). Legend: L = Lumen; ML = Middle Lamella; CML =
Compound Middle Lamella; P = Primary wall; S1–3 = Secondary wall layers

Fig. 3 Lamellar deposition of cell wall layers and average microfibrillar angle (MFA) within the
secondary wall. The layers are numbered in order of deposition, being the S1 the first (in contact
with the primary wall, P) and S3 the last (lumen side) [45]
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During secondary wall deposition, occurs the impregnation of cell corners,
middle lamella, primary wall and secondary wall by lignin, giving an extra struc-
tural stability and impermeability throughout the whole fiber structure. With lig-
nification, the middle lamella and primary wall can be hard to distinguish, being
then called as compound middle lamella (CML) [33].

2.1 Fiber Quality

Plant fibers are a result of a living organism, thus the life cycle of plants will affect
how those fibers will form and which properties they will present. Plant health
depends on how favourable the environment is and variables like soil composition,
climate conditions, water and nutrients available will indirectly affect fiber quality
[54].

For practical use of the fibers, they need to be extracted from the rest of the plant.
Usually, a degrading process (retting) is used for loosening the fibers from the other
plant tissues, thus facilitating fiber extraction. Retting is based on the action of
microorganisms that proliferate in a moist condition and secrete specific enzymes
that rot away much of plant biomass. Because fibers constitute a less susceptible
tissue for degradation they will withstand the whole process. Due to this natural
degradation separation, some heterogeneity is expected in the extracted fibers,
besides that, climate conditions can also play a role in fiber quality if the same are
subjected to field retting (dew retting), where fibers are left on the field (2–3 weeks)
for retting using the moist conditions of night dew [65].

Besides field retting, water retting is another typical procedure, plant parts
containing the fibers are directly immersed and kept under water, resulting in a
shorter retting time (4–6 days) and in a more constant degradation, yielding fibers
with more homogeneous properties. Important to notice that an extended retting
time will result in damage to the fibers, so a proper retting schedule optimized for
each fiber type is necessary to assure good properties [38, 39].

Further refinement of extracted bundles can be achieved by a mechanical process
like scutching and combing, by chemicals like the mercerization (NaOH) or by
enzymatic treatment. Those process aims to separate bigger bundles into smaller
one or even to single fiber cells, depending on the final product desired. For
composite applications, a higher aspect ratio (length/width) that maintain the same
or better properties of the large bundle is desired to increase the relative contact area
with the composite matrix [4, 42].

Fiber extraction is a crucial point in fiber quality, being the previous step to
commercial availability, it dictates the final properties of the product before its use.
Many drawbacks of using plant fibers for engineering applications, like in com-
posite materials, is due to the high heterogeneity of properties presented in the
fibers, thus, reliability should be pursued in areas including fiber extraction and
plant cultivation, allowing plant fibers to compete in the market of custom-made
synthetic fibers [23, 63].
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3 Fiber Chemistry

Cellulose is the main constituent of plant cell walls, its content on fibers varies
conform species and values can be found in the range of 43% (coir fibers from
coconut) to 92% (cotton fibers) [6]. The presence of cellulose confers high
mechanical properties to the cell walls, allowing plants to achieve impressive sizes
above ground.

The improved mechanical properties of cellulose found in plant cell walls are the
result of its chemical structure, where 6–10 b-(1!4)-glucan chains hydrogen bond
to form 2 nm diameter fibrils, this initial structure is directly correlated to the 6–10
enzymatic subunits of the rosette structure. Six of this fibrils, parallel to each other,
form a 36 glucan chain microfibril, which possesses a modulus of elasticity in the
axial direction of *134 GPa [10]. The length of cellulose microfibrils varies in the
order of few micrometres, commonly the degree of polymerization (DP) from the
glucose units is used to express microfibril length. The DP found in secondary walls
is in the range of 14,000 (*7 µm) while the DP in primary walls is often in the
order of 8000 (*4 µm) [56] (Fig. 4).

Each glucose unit bear three reactive hydroxyl groups (–OH), which give a
single cellulose chain a hydrophilic nature, in contrast, when in crystalline
microfibrils, hydroxyl groups present in the interior of the structure will not be
available for interaction with water molecules, thus crystalline cellulose present a
more hydrophobic profile [24].

The highly ordered cellulose microfibril patterns of crystalline and
non-crystalline regions are not completely understood and are thought to be either
an amorphous shell surrounding a crystalline core, a crystalline and amorphous
segments alternating along the axis length of the microfibril, or a combination of
both [50, 51]. The amorphous cellulose region is quite similar to highly ordered
linear hemicelluloses or with short side chains, probably leading to a gradual
nanostructured transition between them [10].

Microfibrils can be composed of two types of cellulose, named cellulose Ia and
Ib. Ia has a single chain triclinic unit cell, whereas cellulose Ib has two chains
monoclinic unit cell (Fig. 5). In both forms, cellulose chains are parallel to each
other but in high alkaline concentrations, cellulose fibrils can rearrange in an
antiparallel alignment, called cellulose II with the respective forms IIa and IIb. It is
reported that the ratio of cellulose a and b can be influenced by the interaction of
cellulose microfibrils with hemicelluloses [29].

Microfibril cellulose is synthesized in spirals around the elongation axis of fibers
cells, those spirals stag onto each other and pile up to form layers. The angle formed
by those microfibrils spirals in relation to the fiber elongation axis is called
microfibrillar angle (MFA) (Fig. 3). The MFA has a direct correlation with
mechanical properties of the fiber cell and bundle, since cellulose is a polymer
which has the strongest linkages (covalent bonds) oriented along its chain, when a
load is applied in the fiber axis direction, microfibrils with lower angles, will result
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in higher stiffness (Fig. 6). Because the S2 layer is the region with higher cellulose
content and lower MFA, it will dictate the mechanical properties of the fiber [9, 10].

Closely associated with cellulose, the heterogeneous group of polysaccharides
called hemicelluloses shows a branched b-(1!4) linked backbone of glucose,
mannose or xylose. This structure allows the non-covalent interaction by hydrogen
bonding between themselves and to cellulose chains, acting as cross-linking
polysaccharides [47]. The branched (amorphous) region is the main responsible for
fiber moisture absorption [6].

In plant fibers, total hemicellulose content usually lies in the range of 0.25%
(coir) to 30% (bamboo) [21], but lack of proper definition of its heterogeneous
components is often noticed in fiber characterization works, resulting in scarce
information regarding fiber cell wall composition of different species.

The essential difference between cell walls of dicotyledons and monocotyledons
(grasses) plants is well known, where hemicellulose polysaccharides are markedly
different (Table 2). Regarding cell wall distribution, is known that secondary wall
of both monocots and dicots are more abundant in hemicelluloses than the primary
wall, probably following the high concentration of cellulose [11].

Fig. 4 Cellulose hierarchical structure in the cell wall. The micro-arrangement of cellulose chains
is equal for both primary and secondary wall, but the difference in microfibril length and
orientation arise at the ultrastructure level
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The chemical structure of polysaccharides present in this work was drawn
having as basis the standard provided by the Consortium for Functional Glycomics
(Fig. 7), which provides a useful method for an easy visualization of polysaccha-
rides components.

Fig. 5 Cellulose Ia a and Ib
b chain arrangement,
reducing end of the chain
showed in red [61]

Fig. 6 The relation between MFA and elasticity modulus (values adapted from reviews of [1, 43])
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Xyloglucan found in the primary wall of dicots resembles the cellulose structure,
where the same b-(1!4)-glucan backbone is present, the addition of a-D-Xylose-
(1!6) in the glucan backbone give rise to a branching pattern that alternates with
unbranched glucose. Xylose residues can be even further branched with the
attachment of galactose, fucose and arabinose units (Fig. 8).

Transitioning to the secondary wall, xylose residues are now linked in a b-(1!4)
backbone, known as xylans. In dicots, a frequent xylan modification is an a-(1!2)-
linked glucuronic acid, when this is the prevalent substitution, they are known as
glucuronoxylans (Fig. 9). Acetylation of glucuronoxylans at position O-3 of xylose
residues is also a characteristic feature of this hemicellulose polysaccharide.

Hemicellulose of monocot plants are dominated by xylans in both primary and
secondary wall, and they present substitutions with L-arabinose and glucuronic
acid, being then known as glucuronoarabinoxylans (GAX) (Fig. 10). A particular
feature of monocot GAX is the presence of ferulic acid attached to O-5 of some
arabinose residues. They confer a significant cross-link ability between GAX
molecules and between GAX and Lignin, possible by dimerization through ester
and ether linkages [25, 62]. The typical properties of monocot fibers, like coarse
texture and recalcitrance towards lignin extraction, is then directly correlated to
feruloylation degree of GAX, which is also believed to serve as a nucleation site for
lignin formation [25].

Table 2 Main hemicellulose polysaccharides found in dicot and monocot cell walls, other
hemicelluloses are also present but in lower concentrations [18, 62]

Wall location Plant type Primary wall Secondary wall

Dicots Xyloglucan Glucuronoxylan

Monocots Glucuronoarabinoxylan Glucuronoarabinoxylan *

*Fewer side chains

Fig. 7 Monosaccharide symbols in part from the consortium for functional glycomics. Adapted
from Varki et al. [60]
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There is an apparent pattern of hemicelluloses shifting from a glucan backbone
in the primary wall to a xylan backbone in the secondary wall, xylan backbones
found in the secondary wall are less branched, leading to a more efficient surface
with cellulose chains [62].

Pectins are another polysaccharide group present in plant cell walls and are
characterized by the presence of galacturonic acid units covalently linked in a
repeating backbone or in a dimer repeating backbone together with rhamnose [41].
Regarding the backbone and side chains, pectic polysaccharides can be divided
mainly into homogalacturonan (HG), rhamnogalacturonan I (RG-I) and rhamno-
galacturonan II (RG-II) (Fig. 11).

Fig. 8 Xyloglucan polysaccharide structure. A b-(1!4) glucan backbone with xylose side chains

Fig. 9 Glucuronoxylan polysaccharide structure. A b-(1!4) xylose backbone with predominant
substitution with glucuronic acid

Fig. 10 Glucuronoarabinoxylan polysaccharide structure. The major hemicellulose polysaccha-
ride structure present in monocots, with a b-(1!4) xylose backbone and characteristic feruloylated
arabinose side chains
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They can be presented in a range of 0.2–6.6% [40], during fiber cell elongation,
pectins are the main constituent of the middle lamella, bonding adjacent cells. It is
also present in the primary wall and to a lesser extent in the secondary wall, acting
as a cross-linking polymer, connecting hemicelluloses, lignin and proteins [46, 58].
At the end of cell expansion, during deposition of the secondary wall, there is
usually a decline in pectin content, where the function of bonding adjacent fiber
cells becomes eclipsed by the cementation and densification of middle lamella and
primary wall by lignin. In most plant fibers the pectin contribution to fiber prop-
erties is not of much importance, but care should be taken in fibers with diminished
lignification, like in Flax (Linum usitatissimum), where pectin plays a significant
role in fiber cells cohesion and consecutively mechanical performance of the fiber
bundle [5, 12].

When fiber cells reach their final size, the deposition of the secondary wall
begins, reinforcing the current structure. At this point lignification occurs, with
lignin precursors synthesized in the cytoplasm and then transported to initiation
sites at middle lamella, cell corners, and cell wall, filling voids in the intercellular
space and between polysaccharides [14].

The lignification of cell corners, middle lamella, and the primary wall is rela-
tively fast, probably due to the high porosity of those regions [14]. Lignification of

Fig. 11 Pectin major components. Homogalacturonan (HG) is the most abundant form and
present a backbone of D-GalA linked in an a- 1,4 configuration, is partially methyl-esterified at
O-6 and acetylated at O-2 and O-3 positions. Rhamnogalacturonan I (RG-I) constitute a backbone
of [4)-a-D-GalA-(1, 2)-a-L- Rha-(1,]n in which the GalA residues are highly acetylated at O-2 or
O-3 positions. Rhamnogalacturonan II (RG-II) have an HG backbone and complex side chains,
generally exist in an RG-II borate diester dimer, cross-linking HG in the wall [3]
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the secondary wall is slower and usually completes after deposition of the S3 layer.
In fiber cells, because the difference in volume between the compound middle
lamella and secondary wall, around 70% of the total lignin is located in the cell
wall, but not as concentrated as in the CML. The cohesion provided by lignification
of fibers will enhance the load transfer capability between cellulose microfibrils by
cross-linking of anchored hemicelluloses, as well as transfer load between fiber
cells inside the bundle, through the CML [8].

Lignin is the second most abundant polymer found in nature, second only to
cellulose, in non-wood fibers, lignin percentage is found in the range of 0.6%
(Ramie) to 45% (Coir) [21] and is composed of three types of phenyl propane
precursors, the so-called monolignols (hydroxycinnamyl alcohols) (Fig. 12), p-
coumaryl (4-hydroxycinnamoyl), coniferyl (3-methoxy-4-hydroxycinnamoyl) and
sinapyl (3,5-dimethoxy-4-hydroxycinnamoyl) alcohols. They differ only in the
degree of substitution by methoxyl groups in the aromatic ring at C3 and C5

positions. Those monolignols will be initially oxidized by laccases and peroxidases
to form a resonance-stabilized phenoxy radical, which will then polymerize into
lignin through either a b-O-4, a-O-4, 5-5, b-b, 4-O-5, b-5 or b-1 linkage (Fig. 13)
[35].

In the polymerized form, lignin assumes a very complex and branched structure
without a repeating backbone like in the other polysaccharides. The aromatic
constituents of the monolignols in the polymer are called p-hydroxyphenyl (H),
guaiacyl (G) and syringyl (S) moieties [36] (Fig. 12). Generally, for herbaceous
plants, all lignin moieties can be found, differently than wood lignin, which mainly
consists of G/S and traces of H [13].

Fig. 12 Hydroxycinnamyl alcohols precursors of H, G and S lignin. R1 and R2 can be a hydrogen
atom or another lignin molecule
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The proportions of H/G/S moieties vary greatly by species and by region of the
cell wall, for example, is know that H lignin content is higher in the middle lamella
than in the cell wall. The proportions of those moieties will determine the type of
linkage and the degree of branching, which provides a valuable knowledge of the
lignin reactivity [17].

The overall chemical composition of plant fibers greatly depends on the part of
the plant and age, for instance, fibers extracted from the bottom of the plant will
have a higher lignin content compared to fibers from the top, due to the fact that
cells from the top are younger and did not have enough time to undergo lignifi-
cation. This dependence and variation also influence the levels of cellulose,
hemicellulose and pectin contents, contributing to fiber heterogeneity [49].

Fig. 13 Chemical bonds in lignin polymeric structure
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4 Engineering Aspects of Non-wood Fibers in Composite
Applications

When talking about plant fibers as an engineering material, a complete knowledge
of fiber biology, structure, chemistry, and physical properties is required for
effective use. In the view of fibers as reinforcement in composite materials, some
critical factors are oblivious for many scholars and researchers. This is often the
case with cellulose crystallinity (amorphous material removal), lignin removal and
defibrillation.

As mentioned before, cellulose is the main constituent of plant fibers and is
arranged in a microfibril structure with crystalline domains. Those domains have
excellent mechanical performance due to the extensive hydrogen bonds formed
between cellulose chains [26], which suggests that increases in the crystalline
content reflect on increases of the mechanical performance of the cell wall and thus
the mechanical performance of the entire fiber.

Extensive works have been published in the area of fiber treatment for composite
applications, most of them report effects in crystallinity of alkaline treated fibers,
which can remove amorphous domains (hemicellulose and lignin), increasing the
crystallinity index [53].1

The concern is in understanding that the fiber structure behaves as a composite
material by itself at two levels, at cell wall, with cellulose as reinforcement in a
hemicellulose/lignin matrix, and at bundle level, with secondary cell walls acting as
reinforcement in a compound middle lamella matrix (Fig. 14). Utilizing a higher
crystalline fiber in a bundle format may not correspond to the total performance
which one single fiber could present, due to discontinuity of cellulose-rich sec-
ondary walls [8].

To obtain higher length per diameter ratios (which provides excellent perfor-
mance for fibrous reinforcement elements), a complete delignification of the
compound middle lamella is required. With current methods, which involves higher
alkaline concentrations at higher temperatures, there is also disruption of lignin
present in the cell wall. This results in premature exposure to water sensitive
regions of hydrogen bonding between cellulose and hemicellulose cross-linkages,
significantly affecting the mechanical performance of the cell wall [48].

For this reason, delignification processes are limited to gentler extractions,
preserving the bundle structure in the centre and defibrillating single fibers at the
surface (Fig. 15), enhancing surface roughness, which promotes mechanical
interlocking with the matrix in the manufactured composite material.

The challenge in the use of herbaceous plant fiber as reinforcement in polymer
composites is due to its incompatibility at interface level with the matrix, this zone
is where fiber and resin (matrix) are chemically and/or mechanically combined.
Interfacial strength plays a significant role in mechanical properties of composites.

1Relation between amorphous and crystalline regions, which can be calculated from x-ray
diffraction analysis, most commonly by Segal’s Method [52].
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If the adhesion between phases is weak, then relatively weak load transfer occurs,
resulting in a decrease of the mechanical properties [57].

This incompatibility arises from the hydrophilic profile of the chemical con-
stituents of the plant fiber, which are rich in OH groups. To overcome this issue,
engineering of the fiber properties can be done using chemical treatments, which
can modify fiber chemistry by external agents like sodium hydroxide, acetic
anhydride, silanes, etc.

The aforementioned mercerization treatment (NaOH), will interact with OH
groups of the fiber through the ionization of the hydroxyl group to alkoxide. The

Fig. 14 Composite Bundle. The secondary wall presenting lower MFA and extensive lamella
deposition assume a role of discontinuous reinforcement material due to its higher mechanical
performance in relation to the compound middle lamella (CML), which acts as a continuous
transferring stress matrix

Fig. 15 Curauá (Ananas Comosus var. erectifolius) fiber bundle untreated (a) and NaOH treated
(b). With the removal of lignin by NaOH, defibrillation of single fiber cells occurs at bundle
surface
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removal of those hydrophilic hydroxyl groups improves the overall moisture
resistance of the fiber, but the most desired effect will be the increase in contact
surface, facilitating the already mentioned mechanical interlocking with the resin
[37, 44].

Similar to mercerization, is the acetylation treatment, which will provide a more
extensive hydrophobization of the fiber by means of the introduction of an acetyl
functional group at the free hydroxyl groups (Fig. 16), taking out existing moisture,
improving compatibility with hydrophobic matrices and bringing dimensional
stability to the composite [32].

Another approach for modification of plant fibers is the use of coupling agents,
which can provide a bridge at the chemical level between the fiber structure and
resin used in the composite, one example of those agents are the silanes.

These chemicals are hydrophilic compounds with different groups attached to
silicon, presenting a bi-functional structure, where one end can react with hydroxyl
groups of the fiber and the other end interact with the matrix components [30].

Chemical structure of silanes can be generalized as follows:

Rð4�nÞ � Si� ðR0XÞn n = 1; 2ð Þ

Where R is a group that can be hydrolyzed to form a silanol group in aqueous
solution and further reacts with hydroxyl groups present in the fiber (Fig. 17), R
groups can be chlorine, methoxy, ethoxy, etc. X is organofunctional that is able to
react with the matrix, they can be a vinyl, y-aminopropyl, y-methacreloxypropyne,
etc. R’ is an alkyl bridge (alkyl spacer) which, depending on its length, can
influence the hydrolysis of the silane [64].

During hydrolysis, the produced silanol molecules undergo a self-condensation
process, where the formation of O–Si–O bonds take place, generating oligomers of
increasing size depending on reaction time (ageing). This is important to get a total
cell wall modification since, depending on the silanol oligomers size, the pene-
tration in the dense cell wall can be blocked. To avoid this condition, the pH of the

Fig. 16 The schematic reaction of acetic anhydride with hydroxyl groups present in plant fiber
cell walls
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solution can be lowered to slow down the condensation reaction, giving enough
time for the solution to penetrate into the fiber [28].

Once the proper fiber modification is done, the fiber will bear matrix reactive
groups linked to its components, decreasing fiber hydrophilicity, increasing
dimension stability and fiber-matrix adhesion via primary covalent bonds, giving
molecular continuity across the interface region of the composite [24].

Commercial application of non-wood fibers as reinforcement in polymeric
composites is growing every day, notably in the automotive industry [31, 66] where
concerns on weight reduction give plant fibers an edge over the more dense glass
fibers. Nevertheless, when manufacturing plant fiber-reinforced composites, atten-
tion should be taken to consider the composite processing, plant and fiber format to
be utilized, each of them is more appropriate for a specific use (Table 3).

Compression moulding is still the most common process method for plant fibers
reinforced polymer composites due to its low cost and low requirements on fiber
format, being able to use the raw fiber bundles directly after extraction [16]. Some
other process like resin transfer moulding (RTM) require certain stability of fibers in
a predetermined format, usually utilizing fibers yarns in a textile format (woven or
non-woven) [27]. Fibers that permit the spun process to become a yarn can also be
used for a continuous process, like pultrusion with thermoplastic resins [22].

Fig. 17 Silane Modification. a Formation of silanol trough hydrolysis. b The initial interaction of
the silanol groups with the OH groups of fiber components is done by hydrogen bonding, but
under heating conditions, the hydrogen bonds are converted into primary covalent bonds, releasing
water (Grafting process)
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5 Conclusion

In our continuously connect society, every day more multidisciplinary groups are
working on shared issues, which can only improve our complete understanding of
the subject. With plant fiber technology, this kind of approach is a must and the
demand for eco-friendly and renewable materials in light of climate changes and
depletion of fossil fuels makes this topic a global interest.

The present work provided a broader view of the key aspects involving herba-
ceous plant fiber research, consolidating the biological, chemical and engineering
knowledge to this interdisciplinary field of study.

Basic research is still in demand due to the not complete elucidation, especially
regarding differences between herbaceous and wood fibers as well as the chemical
structure of plant cell walls, which is still being updated as our current technology
develops more sophisticated characterization techniques.

Acknowledgements The authors wish to thank the CNPq, Capes and FAP-DF for financial
assistance during this work.

Table 3 Composite processing and application of some important plant fibers utilized as
reinforcement

Plant Botanical structure Comercial
format

Composite
Processing

Application

Sisal Perivascular fibre
from vascular
bundle caps

Bundle,
fabrics and
Non-woven

Compression
moulding

Semi-finished parts in
automotive industry; house
interior roofing

Hemp Secondary phloem
and pericyclic fibres

Bundle,
fabrics and
non-woven

Compression
moulding

Semi-finished parts in
automotive industry

Fabrics and
non-woven

SMC Bus body component

RTM Signposts; forniture;
automotive industry

Flax Pericyclic fibers Bundle,
fabrics and
non-woven

Compression
moulding

Semi-finished parts in
automotive industry

Fabrics and
non-woven

SMC Spoilers, fenders and funnels

Fabrics and
Non-Woven

RTM Housing for radar units;
speaker boxes; automotive
industry

Yarn Termoplastic
pultrusion

Semi-structural profiles

SMC = Sheet Molding Compound; RTM = Resin Transfer Molding [2, 22, 27]
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1 Introduction

The use of wood panels is increasing in two ways. The first is by limiting the
dimensions of the log diameters, by the anisotropy and other natural defects that
solid wood possesses and the second by the search for greater use of the wood
[93, 107]. Therefore the production of panels of reconstituted wood represents a
rational use of this raw material [18].

There are several types of wood panels, which include: laminated wood panels,
agglomerated wood panels or wood fiber panels [53]. It is reported that 416 million
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m3 of wood panels were produced in 2016, of which 42% were wood panels and
the remaining 58% were fiber based panels [35]. It is interesting to note that each
panel has an application such as internal or external use, in furniture or civil
construction. Depending on the environment to which the panels will be exposed,
there are different types of adhesives that should be used, the most common ones
being urea formaldehyde for indoor use and low moisture content, while phenol
formaldehyde resin for external use [54].

Improvement of adhesive bonding is a routine process in the wood industry [29]
as it is one of the key steps in the production of panels. Changes in adhesion to
wood are desirable in terms of performance improvement and adhesive economy
[43]. Among the several opportunities offered by nanotechnology for the forest
products industry [15] the reinforcement of adhesives with nanocellulose has been
already identified as an opportunity, which has been explored. This has shown
improvement in both the physical and mechanical properties of the panels [43].

Obtaining nanoscale cellulose fibers and its application as reinforcement in the
preparation of biodegradable composites as well as nanocomposites has attracted
great attention during the last years [101, 116]. This is attributed to the unique
properties of nanomaterials such as high aspect ratio, crystallinity and surface area,
excellent mechanical properties combined with less weight and biodegradability
[29, 76].

With this background, this chapter presents an overview of the use of
nanocellulose in wood-based panels, with examples, of the use of different types of
nanocelluloses as reinforcement in several types of adhesives in the production of
different types of panels. This chapter also presents some important concepts and
properties of all the raw materials used, viz., adhesives, wood, and nanocelluloses.

2 Wood-Based Panels

The solid wood presents some disadvantages, because it is a heterogeneous and
anisotropic product, i.e., It possesses different physical properties in its tangential,
longitudinal and radial axes [13, 39, 108]. It should also be taken into account that
the dimensions of the wood pieces limit their use besides the natural defects, such
as knots, grain inclination, the percentage of juvenile and adult wood and reaction
wood, among others, all of which interfere with the rheological behaviour of the
wood [54]. Also, it is reported that many times the mechanical properties of wood
are unsatisfactory for certain uses [104]. Because of the above-mentioned limita-
tions of solid wood, reconstituted wood products have been produced by gluing of
veener, boards, slabs, particles or fibers, and these elements are joined by adhesive
bonds [13]; Industrial Research [78]. With the use of glue utilization of the wood
has been increasing because the glue allows the use of pieces of small dimensions
to obtain products with greater added value.

Reconstituted products, such as particle board, oriented strand board (OSB, also
known as flakeboard) and plywood panels, among others, appear as an alternative
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to solid wood, rendering improvement in the characteristics of the raw material.
This is because, they allow greater homogeneity of the physicochemical properties,
dimensional stability, full use of wood and residues, thus contributing to the con-
servation of forests [18]. However, the quality of the final product depends mainly
on the adhesion technology [89].

Reconstituted wood panels can be divided into three types: laminated panels
(plywood and Laminated Venner Lumber-LVL), particle board (wafer board
and OSB), and fiberboard (Medium Density Fiberboard-MDF, High-Density
Fiberboard-HDF, and insulation board). The plywood panels are composed of
wood overlapping and bonded with adhesives, mainly phenol-formaldehyde and
urea-formaldehyde, under pressure and temperature so that they cross their fibers at
an angle of 90° [54, 119]. The wood veneer can be of different thicknesses and are
always in odd numbers (Finnish along the length of the part, in which the thickness
of the blades should not exceed 6.4 mm—0.25 Forest Industries Federation [33].
According to the Standard Specification for Evaluation of Structural Composite
Lumber Products [5], LVL can be defined as a structural compound composed by
layers of thin wood assembled with adhesives with wood fibers oriented mainly
inches. In the bonding of the LVL panels synthetic adhesives used are resistant to
humidity; the most commonly used adhesive being the phenol-formaldehyde [75].
Both plywood and LVL are gaining visibility for their benefits in structural and
non-structural use [10, 65, 73]. These are already used in applications typically
dominated by steel and concrete [83].

Particleboard wood panels may be defined with randomly arranged small par-
ticles, agglutinated using adhesives and glued using heat and pressure [54, 87]. The
most used adhesives in the production of panels of particleboard wood are the
synthetic ones such as urea-formaldehyde, phenol-formaldehyde and melamine-
formaldehyde [44] with phenol-formaldehyde is recommended for external use and
the urea-formaldehyde recommended for internal use [44]. The waferboard used as
a structural material is produced with larger wafer type particles of square or
slightly rectangular shapes, glued with random particle distribution and consoli-
dated through hot pressing [54]. While in the waferboard the particles are arranged
randomly, the particles are used as layers in the OSB with perpendicular directions
[87]. In view of this arrangement, the superior structural behaviour is exhibited in
OSB-type panels having high dimensional stability compared to the waferboard
[53, 93]. Accordingly, the OSB wood panels are used for structural applications,
considering the evolution of the waferboard differs from its precursor in the
direction of the particle [49].

The fiber panels are dry-fabric panels made of lignocellulosic fibers, combined
with an adhesive under pressure and temperature [53, 78, 87]. In such type of
panels primary adhesion occurs through the interlacing of the fibers and the
adhesive properties of some chemical components of the wood [46]. When fabri-
cated with low density, these panels can be used for insulation purposes [60], called
‘insulation board’, with a mean density between 0.02 and 0.40 g cm−3 [54]. Natural
fiber insulation is known for the good thermal insulation it promotes, but this
material also presents good acoustic insulation [80].
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Medium density fiberboard (MDF) panels are normally bonded with
urea-formaldehyde adhesive and consolidated with hot pressing [78]. Density of
MDF varies from 0.50 to 0.80 g cm−3 [7, 54]. This is one of the most well-known
wood panels, commonly used as a raw material for furniture, carpentry and building
products [70]. Panels having a density varying from 0.80 to 1.10 g�cm−3, called as
high-density fiberboard (HDF), are similar to the MDF [107]. These are used as a
panel for structural purposes commonly used as a core of laminate flooring [86].

3 Adhesives and Adhesion

3.1 Adhesives

Kinloch [62] defined adhesive as any substance applied to the surface, or both
surfaces, of two separate objects that bind them and offers resistance to their sep-
aration. On the hand, Peschel et al. [87] added to this concept of the condition of
adhesives, these being non-metallic substances with which other materials are
solidly bonded together by adhesion and cohesion.

Wood adhesives can be classified according to their origin in natural and syn-
thetic [28, 74]. Natural adhesives can be proteins of animal or vegetable origin, while
synthetic ones have the petroleum raw material and, although they resemble the
natural adhesives in the physical characteristics, they can be formulated to meet
specific requirements and have a higher resistance to humidity [28, 82].

Synthetic adhesives can be classified into two types: Thermoplastic adhesives
and thermoset adhesives. The two types differ in their chemical structure and
response to heat [81, 88]. Table 1 shows the classification of some adhesives
including natural adhesives used in the wood panel industry.

Another type of classification of adhesives that can be made according to their
purpose of use involving the environment to which each adhesive would be
exposed. Accordingly, Table 2 shows the types of adhesives, the environment in
which they are used and the name of adhesives for each of these used in the
preparation of wood panels.

Thermoplastic adhesives are liquid adhesives whose aggregate state depends on
temperature. The curing and melting are reversible, i.e., if heated after curing they
will return to the liquid state since they are adhesives that do not form reticles (net
of fibers). These adhesives may also be dissolved in a solvent and then reactivated
with solvent evaporation [88]. But, the use of this type of adhesives is limited, i.e.,
they can only be used in non-structural applications, in low-temperature climate and
are not resistant to heat or fire [81]. Of this polyvinyl acetate (PVA) adhesive is the
most commonly used in wood glueing [34]. Figure 1 shows the polyvinyl acetate
monomer.

PVA is a yellow-white liquid adhesive available in a ready-to-use form and
which can be applied directly to the wood and cured at room temperature or through
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Table 1 Adhesives used in the wood panel industry

Types of adhesives Adhesives

Natural Animal protein derivatives (glutin, casein and albumin)

Derivatives of vegetable origin (soybean meal)

Derivatives of starch (wheat flour)

Cellulose ether

Natural rubber

Thermoplastics Polyvinyl acetate

Polyvinyl/acrylate

Polyethylene

Polystyrene

Synthetic rubber

Thermosets Urea formaldehyde

Melanin-formaldehyde

Phenol-formaldehyde

Resorcin-formaldehyde

Tannin-formaldehyde

Phenol-resorcin-formaldehyde

Table 2 Classification of the use environment of the wood panels according to the type of
adhesive (Adapted from [36])

Application
area

Name of environment where the adhesive
is used

Used adhesive

Structural Exterior use without any restriction Phenol-formaldehyde

Resorcin-formaldehyde

Phenol-resorcin-formaldehyde

Polímeros de emulsão/
Isocianato

Melanin-formaldehyde

Exterior use with a restriction Melanin-urea formaldehyde

Isosyante

Epoxy

Interior Urea-formaldehyde

Casein

Semi-structural Exterior use with limitations Polyvinyl acetate
“crosslinking”

Polyurethane

Non structural Interior Polyvinyl acetate (PVAc)

Construction elastomers

Contact elastomers

Hot-melt
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high frequency. After curing this adhesive exhibits high mechanical resistance;
however, its use is not recommended in environments with high temperatures and
high humidity [36]. Polyvinyl acetate adhesives are fixed by the loss of water
mainly by diffusion of water from the adhesive in the wood [34]. This type of
adhesive is used for any and all wood glueing operations. Major areas include
bonding of corrugated panels, finger-jointing, laminating and assembling [48].

Unlike the thermoplastic adhesives, thermosets are plastics when cured of a soft
solid or viscous liquid prepolymer results in a molecule of higher molecular weight
and with higher melting point and therefore, will not have the cure reversed by heat
[88, 121]. The cure of thermoset adhesives is heat induced, reaching 200 °C. These
adhesives generally are stronger than the thermoplastic adhesives and more rec-
ommended for high-temperature applications [88] and are more commonly used in
wood structures [121]. In spite of a large number of adhesives available for wood
panels, the most used are synthetic ones, such as phenol-formaldehyde, urea-
formaldehyde, resorcinol-formaldehyde and melamine-formaldehyde [54, 107].
These four adhesives make up approximately 90% of all adhesives used in wood
panels and all of these are derived from fossil fuels [14].

Phenol-formaldehyde (PF), applied in a broad spectrum of engineered wood
products, is very strong and resistant to dry and humid conditions and exhibits
strong adhesion to wood [41, 89, 121]. Figure 2 shows part of a polymer chain of
the phenol-formaldehyde adhesive.

Fig. 1 Polyvinyl acetate
(PVA) adhesive monomer.
Reproduced from [9] with the
kind permission of the
publishers

Fig. 2 The molecular structure of the polymer chain of phenol-formaldehyde. Adapted from
[124] with the kind permission of the publishers
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It can be cured hot or cold; however, for the cold setting process, it is necessary
to reduce the pH with the addition of an acid. The PF adhesive is mainly applied to
particle or fiberboard, plywood, pressed laminated wood, glued laminated wood,
waferboard and OSB [54, 107].

Urea-formaldehyde (UF) is a low-cost, structural and internal-use adhesive [54,
89]. Figure 3 shows part of a polymer chain of the urea-formaldehyde adhesive.

This adhesive is fast hardening, high resistance to dry bonding and presents
colourless glue joints. This adhesive can be hardened hot or cold; however, when
fast hardening is desired a hardener should be applied [61]. The glue joints of this
adhesive are high strength, but brittle and inelastic. Therefore, the stress of the
wood, caused by changes in humidity and temperature, impairs glue joints and
decreases adhesive performance [41, 121, 74].

Resorcinol-formaldehyde (RF) is a brown, cold-curing, catalyst-requiring
adhesive. Figure 4 shows part of a polymer chain of the resorcinol-formaldehyde
adhesive. This adhesive is much more reactive than PF [54]. Adhesive bonds of RF

Fig. 3 The molecular
structure of the polymer chain
of urea-formaldehyde.
Adapted from [85], with the
kind permission of the
publishers

Fig. 4 The molecular
structure of the
resorcinol-formaldehyde
polymer chain. Adapted from
[47], with the kind permission
of the publishers
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are resistant to moisture, boiling water, oil and many other solvents, i.e., an
adhesive suitable for exterior use [88]. This adhesive used in the production of
rolled beams, shipbuilding, and aviation. However, due to its high cost of pro-
duction, it is hardly used in pure form. Therefore, it is usually mixed in the same
proportion with PF [41, 54, 121].

Melamine-formaldehyde, a product between the condensation of melamine and
formaldehyde, is a white-coloured adhesive classified as an intermediate between
PF and UF. Figure 5 shows part of a polymer chain of the melamine-formaldehyde
adhesive.

RF is a more resistant material than wood [88]. It is a hot curing around (93 °C)
structural adhesive Melamine-formaldehyde has the advantages of being more
resistant to moisture than UF and curing faster than PF [24, 89]. This can be used
outdoors without any restriction [36]. However, its cost is higher than that of these
two resins and therefore is commonly used as an additive to improve the perfor-
mance of UF glue beating, even this form of use is marketed under the nomen-
clature melamine-urea-formaldehyde [54, 89].

Formaldehyde, present in the four synthetic adhesives mentioned above, is one
of the most common chemicals in current use, with the simplest aldehyde of
molecular formula H2CO and the boiling point of −19 °C [97]. It is a colourless gas
with pungent, inflammable and highly reactive odour [51] and highly carcinogenic
[52]. The use of these resins can lead to the emission of formaldehyde into the
atmosphere, generating occupational hazards to the workers involved in the man-
ufacturing process, as well as users of the installations where these panels are used
[49]. Exposure to formaldehyde may cause irritation to the mucous membranes of
the eyes, nose, nasal cavity, pharynx and larynx, and may also cause drowsiness,
nausea, and skin irritation through frequent contact and prolonged exposure [112].
Even coated panels can emit formaldehyde, these emissions are regulated by panel
buyers countries [49]. Regulatory standards establish maximum emission limits and
analytical methods for gaseous formaldehyde measurements [95].

Fig. 5 The molecular
structure of the polymer chain
of melamine-formaldehyde.
Reproduced from [90] with
the kind permission of the
publishers
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3.2 Adhesion

It is understood that adhesion is the force of attraction between molecules of
different materials, such as the force between adhesive substance and the junction
piece, and cohesion force of attraction between molecules of the same type, such as
forces inside a layer of glue [87]. These authors have defined that cohesion is the
force of attraction between molecules of the same type, as for example, the forces
inside a layer of glue. Therefore, a good adhesive must adhere to the surface of the
solid and have sufficient cohesion to ensure the bonding of the solids. According to
Schultz and Nardin [100], Petrie [88] and Ebnesajjad and Landroch [27], there are
six main adherence theories, viz. mechanical theory, electrical theory also known as
electrostatic theory, wetting theory, theory of the diffusion of polymers, also known
as diffusion theory, chemical bonding theory and weak boundary layer theory.
These are explained below:

• Mechanical theory: According to this, the fluidity and penetration of the
adhesive into porous substrates leads to the formation of hooks or a mechanical
interlacing of the adhesive tightly attached to the substrate after curing and
hardening of the adhesive.

• Electrical theory (Electrostatic theory): According to this, the forces of attraction
in adhesion in terms of electrostatic effects at the interface between the adhesive/
bonding system is compared to a capacitor, in which the armatures are the two
electrical layers formed by the contact of the two substrates. The adhesion
results from the forces of attraction developed between the two armatures.

• Wetting theory: According to this, adhesion results from the molecular contact
between two materials that develop surface attraction forces. The process of
establishing continuous contact between an adhesive and a substrate is called
‘wetting’, which can also be defined as the adhesion of a liquid to a solid.

• Theory of the diffusion of polymers (diffusion theory): According to this,
adhesion occurs through the diffusion of segments of polymer chains. Adhesive
forces can be visualized as those produced in mechanical adhesion but on a
molecular scale. However, the applications of this theory are also limited. The
mobility of long polymer chains is very restricted, severely limiting the
molecular interpretation proposed in this theory.

• Chemical bonding theory: According to this theory, adhesion occurs through
chemical bonds (covalent and metallic ionic). It is currently believed that
adhesion at the interface, from the molecular point of view, is due to the action
of secondary forces.

• Weak boundary layer theory: This theory proposes the existence of a finite
boundary layer composed of absorbed molecules at the interface, which is
different in their constitution from the constituent molecules of the adhesive and
the adhesive.

The mechanisms related to the adhesion process and wood panels can be
explained by the mechanical theories, chemical adhesion and diffusion of polymers
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[37]. In the bonding of porous surfaces, such as wood, the initial process is done
mechanically [37]. There is penetration of the adhesive at the cellular scale, filling
void intercellular spaces, increasing the bonding durability in the wood, especially
when the adhesive is diffused into cellulose and hemicellulose molecules.
According to this author, deeper the penetration of the more resistant adhesive,
greater is the bond, which may even exceed the resistance of the wood. According
to the theory of polymer chain diffusion, adhesion occurs through ionic or covalent
primary bonds, and/or by secondary intermolecular forces; however, there is no
evidence that primary bonds between wood and adhesive occur [37]. After adhesive
penetration into the wood, the adhesion is chemically strengthened by attractive
intermolecular forces such as Van der Waal forces, dipole-dipole forces and
hydrogen bonding [37]. If the polymer chain extends between the molecules of the
wood, the adhesion is reinforced by the diffusion theory. Adhesion is a very
complex field beyond the reach of any model or theory. In practice, several
adhesion mechanisms can occur simultaneously [100].

3.2.1 Factors Influencing the Adhesion Process

The adequate bonding of wood is directly related to various physical-chemical
characteristics of the adhesive. These include viscosity, gelatinization time, solids
content and pH, and the intrinsic characteristics of the wood, anatomical, physical,
chemical and mechanical properties.

Physico-Chemical Characteristics of the Adhesive

The viscosity is one of the most important properties of an adhesive [25], and can
be defined as physical property that characterizes the resistance of a fluid to the
flow, high viscosity liquids have low fluidity, such as honey, while those already
having low viscosity have high fluidity, such as water. According to Peschel et al.
[87], this parameter depends on the temperature, decreasing with the elevation of
the temperature of the liquid. According to Iwakiri [54] and Gonçalvez and Lelis
[45], when the adhesive viscosity is high, the uniform distribution of the adhesive
on the wood is difficult, with insufficient penetration into the wood structure,
damaging wetting and leaving a thick tail. However, adhesives with low viscosity
have higher penetration and their absorption by the wood is also greater, and in
extreme situations, can result in excessive absorption of adhesive by the wood
[4, 45, 54, 107]. The gel time is important for the quality of the adhesive since it is
related to the maximum admissible viscosity for its application. The gel time is
measured in seconds, minutes or hours, and corresponds to the period from the
preparation of the adhesive to the application to the hardening “point”, or gel phase,
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when it reaches maximum elasticity [20]. In the industrial scope the gel time is a
characteristic foundation, since, from this time on, it is no longer possible to
manipulate the resin [22].

In general, the working time of the adhesives should not be very long, as it
would require a longer pressing time. However, the short working time results in
the difficulty of applying and spreading the adhesive in the wood, due to its rapid
polymerization, causing a decrease in the strength of the glue line [22, 54]. The
content of solids corresponds to the number of solids contained in the adhesive,
which is composed of solid components and volatile liquids. When the panel is
subjected to hot pressing, evaporation of the liquid components occurs, which is
called “cure”, that is, solidification of the adhesive, forming the glue line that is
responsible for the bond between the substrates [54]. The pH, hydrogen potential,
of an aqueous solution is defined as the concentration of dissociated H+ ions [97]
and its determination is made by direct reading in apparatus called pH meters. In the
case of bonding of wood, it is important to consider the influence pH of both wood
and resin [54]. According to Wang et al. [114, 115] and Wang et al. [113] the pH of
the adhesives should not exceed the range of 2.5–11, because beyond these limits
the resin causes degradation of the fibers of the wood.

Intrinsic Characteristics of Wood

The anatomical structure is very diversified, especially in hardwood species,
composed of cellular elements that are arranged in various ways to constitute the
wood [30]. This cellular organization depends on the botanical species, the age of
the plant and the environmental conditions in which it develops [17]. In addition,
each cell element has a characteristic of the shape and dimensions being linked to
the genotypic characteristics of the species, function of the cellular element and
phylogenetic position [110]. The anatomical properties of the wood have a sig-
nificant influence on the bonding, such as the variability in density and porosity that
occurs in early wood (also called spring wood ! less dense due to larger cells and
thinner cell walls) and latewood (also called summer wood ! produced in spring
and later), core and sapwood, juvenile and adult wood. Also, the influence of the
dimensional instability of the reaction wood, as well as the direction of the grain, in
which the penetrability relates to the cutting direction [3] is highlighted.

For the production of particleboards and fiber panels, the wood density is a very
important factor since it is related to the compaction ratio of the panel. The com-
paction ratio and indicates the degree of densification of the wood particles in the
panel structure and will affect the properties and qualities of the wood [107].
According to these authors, the compaction ratio should be in the range of 1.3–1.6
so that proper densification and consolidation of the panel in the desired final
thickness occurs.

According to Thoemen et al. [107], the characteristics of the growth rings,
heartwood and sapwood, tree age, porosity, reaction wood and angle of inclination
of the cellular elements are favourably or unfavourably involved, since they may or
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may not favour the bonding process. In the process of bonding, several adhesion
mechanisms occur simultaneously in the wood. The influence of the wood anatomy
on the bonding process is related to its structure with respect to the differences of
dimensions of the cellular elements, size, disposition, and frequency of the cellular
cavities that, in turn, are related to the porosity and permeability of the wood [2].
The interaction between adhesive and substrate occurs mainly by vessels and voids,
but there is an effective participation of the rays and, to a lesser extent, the axial
parenchyma in this process [2, 103]. Figure 6 shows the glue line adhesive pene-
tration of a plywood panel.

The pH of the wood varies according to the species and is around 3–6, and there
may be changes of pH inside a piece of wood as a result of the migration of
extractives from lower layers to superficial layers, altering the bonding conditions
[54]. The capability is a characteristic of the adhesive and refers to its ability to
tolerate contact with more acidic or more basic materials without altering its pH
[89]. Some woods may present extractives with pH that inhibit the hardening of the
adhesive, impairing the development of resistance and adequate cohesion in the
glue line. While in some woods, the pH may favour the pre-hardening of the
adhesive, impeding the movement and mobility functions, such as the fluidity,
penetration, and wetting of the adhesive in the wood [67]. The most important
physical properties of wood in terms of bonding are the density and moisture
content of the wood. Antagonistic to porosity and the penetration of adhesives, the
density can cause significant effects on adhesion. In low-density woods, there is
greater penetration of the adhesive and may result in greater consumption of
adhesive. In the case of high-density wood, there are larger dimensional changes

Fig. 6 Penetration of adhesives on the various types of wood cells. Reproduced from [103] with
the kind permission of the publishers
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resulting from variations in moisture content, generating higher glue line stresses,
making the glueing process difficult [54, 77].

The influence on the moisture content of the wood in the cure of the adhesives is
related to the amount and the rate of absorption of liquid adhesive by the wood, the
lower the moisture content in the wood, the higher the rate of absorption, cure rate
and solidification of the wood adhesive [54, 89]. According to Almeida [4], good
adhesion between adhesive and wood is obtained provided the moisture content of
this adhesive should not exceed 20%. In the wood/glue system, the tensions gener-
ated in the bonded product are of extreme importance in the general balance of the
resistance. The greater the resistance of the glue line in relation to the strength of the
wood, the greater the percentage of rupture or faults in the wood in the interface with
the glue line [11]. The tension generated in the glue line is manifested by shear
stresses in the plane of the adhesive bond and in the direction perpendicular to it [54].

3.3 Adhesive Additives

In the search for improvements in the adhesion process, specific properties in the
panels or reduction of the cost or consumption of adhesives in the industry, additives
are commonly used in the tailings formulations. Among the main additives is hard-
ening accelerating agents one generally one comes across. Adhesive curing is influ-
enced by the pH of the environment, in that sense pH modifiers may be employed to
promote an acid or alkaline environment, depending on the type of adhesive used.
Typically, with UF and melamine-urea-formaldehyde adhesives that cure in an acid
environment, ammonium sulfate is used because of the fact that in addition to pro-
moting proper pH for a cure, it leads to the formation of a less hydrolyzable
microstructure [84]. For the PF adhesive, sodium hydroxide is used as a hardening
accelerator because curing occurs in the basic media [32]. Types of the addition of
some reagents and their effects on the final characteristics of paper are listed below:

• Paraffin emulsion: This is used to control the dimensional variation of the panels
in the short term, preventing the entry of water into the liquid form by capillarity
[19, 117].

• Preservatives: The insecticides and fungicides are commonly used to increase
the durability of the panels. Some researchers have already employed the use of
nanoparticles loaded with biocides, such as tebuconazole or chlorothalonil,
aiming at the slow release of these preservatives [26, 69].

• Filler materials: These are non-stickable materials that are added to the adhesive
in order to increase the total volume of the adhesive and reduce the cost without
affecting the viscosity of the adhesive. These act as penetration controlling
agents, avoiding excessive adhesive penetration in the case of the production of
laminated panels; however excess extender may impair adhesion. Kaolin, nut
shell flour, coconut husk flour are other commonly used filler materials [54].
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Improvements in the rheological properties of adhesives increased mechanical
and moisture resistance, reduction of formaldehyde emissions and lower production
costs of wood panels are some of the goals that can be achieved with the use of
additives. In this context research on the use of nanocelluloses as adhesive additives
has shown promising results [6, 38, 111]. These are discussed in the next Section.

4 Nanocellulose

Nanocellulosic materials can be extracted by different methods from different plant
biomasses [29, 1]. According to Fujisawa et al. [40], the nanocelluloses can be
divided into three groups, viz. Nanocrystalline cellulose (CNC), microfibrillated
cellulose (CMF) and nanofibrillated cellulose (CNF). The first CNC is a highly
crystalline material with free of defects. This is extracted by the hydrolysis of the
amorphous regions present along the axis of cellulosic fibers, by means of a
chemical process of acid or enzymatic hydrolysis followed by mechanical agitation
of the suspension of nanocrystals in water. The most common nanocellulose pro-
duction process is by acid hydrolysis, while the most commonly used acid being
sulfuric acid. Nitric acid, hydrochloric acid, phosphoric acid and hydrobromic acid
can also be used in acid hydrolysis, although on a smaller scale [96, 120].

The second one CMF, obtained by a method of the mechanical disintegration of
the cellulosic pulp in water. Finally, the third NCFs are extracted laterally in its
nanoscale substructural units (nanofibrils) using combined processes of chemical
oxidation with the reagent 2,2,6,6-tetramethylpiperidine-1-oxy, followed of
mechanical disintegration in water, or only by the method of mechanical disinte-
gration. It may be noted that the process of obtaining CMF and CNF is similar,
differing only in the final dimensions after the processing of the cellulose [99].
According to Samyn et al. [99], the CMF is commonly produced by homoge-
nization, where the fiber shear is performed by a strong pressure drop and impact
forces inside the processing chamber. A similar effect has been observed by the use
of grinding processing [66], where processed suspensions generally contain a
heterogeneous mixture of CMF and CNF which are characterized by different
diameters and aspect ratios (length/diameter) [99]. The different aspects of the
nanocelluloses described above are shown below in Fig. 7.

When isolated and prepared, CNCs have excellent physicomechanical, optical,
magnetic, electrical and conductimetric properties, covering a wide range of uses,
different from those obtained by materials seen on a macroscopic scale. The
advantages of CNC are related to its properties, such as high mechanical strength
and stiffness, low density, durability, uniform size distribution, high specific surface
area, low coefficient of thermal expansion, high hydrophilicity, optical transparency
and self-molding that enable them to be used in a variety of uses [125, 98]. Due to
its crystalline arrangement, this form of nanocellulose has a high mechanical
resistance, the modulus of elasticity being estimated between 50 and 145 GPa [106,
64] and comparable to the resistance of extremely rigid materials [29] indicating its
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significant potential as reinforcement material, important, for example, in the
automotive industry. However, herein the reported results in the literature are
presented in this Chapter.

According to some researchers working on MFCs, they consist of a material
obtained by the disintegration of the cellulose subjected to a mechanical process of
homogenization, where it is degraded, promoting the exposure and opening of the
surfaces previously located inside fibers, fibrils and microfibrils [109] cited by [63,
99, 105]. This process causes an increase in the external surface, allowing a greater
area of contact and better bonding between microfibrils, increasing the resistance
properties, with a value of modulus of elasticity of 145–150 GPa [55]. On drying,
films with lower opacity, high density and transparency would be produced [56].
Reported definition of MFC is fibers with a diameter between 25 and 100 nm, while
CNF is nanocelluloses with a diameter between 5 and 30 nm and of a variable
length between 2 and 10 µms [96, 101]. Both CMF and CNF have amorphous and
crystalline zones composing their structure. On the other hand, CNC refers to
cellulose nanoparticles that underwent hydrolysis under controlled conditions and
that lead to the formation of structures in the form of small crystalline cylinders and
depending on the source of extraction has a diameter of 3–50 nm [101].

Further detailed information on the production of wood pulp and nanocellulose
can be found in the following sections: 3.1 Pulping, 4: Cellulose, 5: Nanocellulose,
5.1 Method of NFC and MFC production and 5.2 Method of CNC and MFC
production in the chapter on Nanocellulose in paper making in this volume.

Fig. 7 The mechanism of chemical and mechanical methods for producing CNC, CMF and CNF
from cellulose. Reproduced from [79] with the kind permission of the publishers
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5 Nanocellulose-Reinforced Adhesives Performance
and Properties

The possibility of using nanocellulose in the adhesive formulation can be a way of
promoting gains in the properties of these adhesives. This is because, the adhesion
between wood components, as well as among other materials, depends on a series
of parameters related to the physicochemical characteristics of the adhesive and the
material to be bonded, besides the operational parameters in the bonding process,
the geometric form and the size of the pieces to be bonded [29]. Although modi-
fications in the chemistry of adhesives are a path of optimization of mechanical
characteristics, the addition of filler or fibrous particles presents a possible alter-
native route of modification [43]. By adding fillers, the limitations imposed by
polymer chemistry can be overcome, and this approach is common in high- per-
formance adhesives, which can be reinforced with nanoparticles [122, 59, 58, 91,
92, 118].

5.1 Effects of the Addition of Nanocellulose on Adhesives

The addition of nanocellulose to the adhesives affects the physicochemical prop-
erties of the adhesives, except for the unchanged pH. In general, the percentage
increase of nanocellulose in the glue causes an increase in the viscosity and the
solids content. Then, the gel time is the property that varies most with this additive,
since the partially acidic load in the case of CNC can delay or delay the curing,
according to the type of resin to be used.

Damásio et al. [23] evaluated the addition of CNC in the glue mixture of
formaldehyde urea glue observed that only the viscosity showed variation,
increasing with the increasing percentage of addition in the glue mixture. A similar
result has also been reported recently by Ferreira [31], who observed that the
increase in the percentage of CNC added (0–8%) in the synthesis of UF adhesives
provided an increase in their viscosity, solids content and gelatinization time, in
comparison to the synthesis of UF without the addition of CNC. According to the
author, the viscosity and solids content gains were marked with a CNC addition up
to 6%, although only physical interactions were observed. That is, there was no
chemical interaction of the CNC with the other elements present in the adhesive.
Similar results were also reported by Liu et al. [68] while evaluating the addition of
CNC in lignin PF adhesives. The author has concluded that there was no chemical
reaction between the adhesive and CNC since the DSC curves presented only a
similar peak at all the compositions and that the addition of the nanocellulose did
not affect the energy of the adhesive. Mahrdt et al. [72] found that the addition of
CMF in the glue bead of the UF resin caused a delay in the formation of the
chemical and mechanical bonding of the resin curing, in addition to increasing the
viscosity of the adhesive. However, the addition of CMF allowed better distribution

1016 E. C. Lengowski et al.



of the adhesive in the wood, with less formation of clots of glue, which do not
contribute to the adhesive bond, besides presenting the same penetration in the
wood.

Gindl-Altmutter and Veigel [43] contend that the adhesive cure is not exces-
sively prolonged due to the presence of nanocellulose. On the other hand, the severe
increase of the viscosity caused by the addition of nanocellulose can represent a
serious obstacle for resin spraying and impregnation in the wood. Cardoso et al.
[16] have evaluated the addition of CNC produced without the neutralization of the
surface charge on the UF glue mixture. They observed that acidic nanocellulose
reduced the curing time of the UF resin. Cui et al. [21] produced CNF-reinforced
particle boards in tannin-based adhesives. They observed increased gelatinization
time and the viscosity of the glue mixture with the addition of CNF (1–3%).

Zhang et al. [123] modified the CNC with 3-aminopropyltriethoxysilane
(APTES) and 3-methacryloxypropyltrimethoxysilane (MPS) and evaluated bond
strength as well as formaldehyde emission from compensated panels. The results
showed higher efficiency for modification with APTES, where 1.5% of modified
CNC reduced formaldehyde emission by 53.2% and increased binding resistance by
23.6%, while for MPS modification, the results were 21.3 and 7.0%, respectively.

Ayrilmis et al. [8] used CMF produced from pine sawdust and evaluated the
emission of volatile organic compounds (VOC) at different temperatures in LVL
panels. The addition of CMF was efficient to reduce the emission up to 35 °C and
could be used for furniture for internal use.

Hu et al. [50] have reported that hydrogen bonds between the –OH ends of
nanocrystals promote an increase in the frequency and number of hydrogen bonds
between UF-nanocrystalline cellulose (UF-CNC) and UF-CNC-wood. In addition,
they also promote a higher frequency of the effective hydrogen bonds during the
polymerization of the adhesive, allowing gains in resistance of the panels. An
American patent [12] claims the use of only nanofibrillated cellulose as an adhesive
for the production of particleboard panels. The advantages go beyond the
non-emission of VOC, but also advantages in the carbon fixation by the trees
producing cellulose used for CNF production.

5.2 Wood Composites with Nanocellulose-Reinforced
Adhesives

Damásio et al. [23] have evaluated the addition of CNC in the glue mixture of
formaldehyde urea glue. They have observed that the strength of the glue line of dry
compaction panels increased with increasing percentage of CNC in the adhesive,
where the maximum CNC addition (8%) resulted in an increase of 56% when
compared to the control. This shows that the nanocrystals increase the
wood-adhesive-wood bonding and interaction [50]. For wet strength, all additions
increased this property in relation to the control, but the highest gain occurred with
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the addition of 2% of nanocellulose. Eichhorn et al. [29] found significant gains
when 5% of CNF was added to UF adhesive for the production of bonded joints. In
another work, the addition of CNF from 0.5 to 5% UF resin allowed a significant
gain in stress and strength until composite failure [29]. According to these authors,
the UF adhesive belongs to a class of low-priced, widely used wood adhesives,
which are well known for their pronounced fragility and their tendency to develop
microcracks that limit their mechanical performance. In addition, the UF adhesive is
less moisture-resistant due to the reduction of the molar ratio urea: formaldehyde,
leaving free urea groups that bind to water molecules [42]. The addition of CNC
contributed to the improvement of the two weaknesses of this type of adhesive, both
the resistance of the glue line to the dry and its resistance to moisture [23].

Cardoso et al. [16] have evaluated the addition of CNC in the UF resin and
observed a reduction in the swelling in thickness, compared to the panel produced
with ammonium sulfate only. However, the water absorption was higher for the
panels with the addition of nanocellulose.

Eichhorn et al. [29] have stated that the research group led by Wolfgang Gindl
and Josef Keckes has been investigating the reinforcement of adhesives with
nanocellulose. To this end, the group tested the addition of CMF and hardwood
fibers as resin reinforcement. By adding 5% of untreated pulp fibers and found no
significant effect on the value of shear strength of 9.9 MPa. In stark contrast, the
addition of 5% nanocellulose, which resulted in a significant increase in shear
strength to a value of 13.8 MPa. The researchers justify this increase in the absence
of cracks commonly observed in UF glue lines. In addition, they claim that the
improvement of the properties of UF resin can open doors to panels of structural
uses.

The addition of 2% CNF (m/m) in tannin-based adhesives significantly have
been found to improve the mechanical properties of the wood panels produced,
since the water absorption did not change significantly [21] In adhesives based on
polyurethane or isocyanate, the CNF without chemical modification cannot be
dispersed due to the high polarity. For addition of CNF in polyurethane-based resin
Richter, et al. [94] did not find significant gains, while some others such as
López-Suevos et al. [71] and Kaboorani et al. [57] have observed significantly
improved binding strengths and durability of the panels by adding CNF and CNC.

In addition, the CNC increased the dry strength [57] and the CNC increased the
resistance to wet and high temperature [71]. Cellulose nanofibrils obtained by
high-pressure homogenizer mill added to the UF and melamine urea formaldehyde
resins used in the production of agglomerate and OSB showed an increase in their
mechanical properties. The improvement was significant mainly for OSB, not as
pronounced for MDP [111]. However, in the case of physical properties, there was
a reduction in swelling after 24 h in contact with water, and significantly increased
internal bonding, flexural strength, and rupture, with the most significant results for
OSB panels [111]. This result shows that the combination of larger particles with
the enhanced MUF resin contributed to this significant gain. For the addition of
CNC as reinforcement in lignin PF resins, Liu and collaborators [68] concluded that
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the best properties of dry and wet tested glue lines occurred with the addition of
0.25–0.5% CNC.

New MDF panels produced by the addition of 1 and 3% nanocellulose produced
from old MDF panels using 8 and 12% new fibers some promising results have
been observed [102]. The results showed that values of the highest modulus of
rupture (14.47 MPa) and modulus of elasticity (1359.09 MPa) for the panels pro-
duced with 12% of glue and 3% of nanocellulose, as well as the highest internal
bond strength (0.5 MPa), the lowest swelling in thickness (4.72 and 9.86% after 2
and 24 h on water immersion) and the lowest water absorption (33.11 and 80.63%
after 2 and 24 on water immersion).

In the production of particleboard panels and bonded sheet joints, Ferreira [31]
has stated that due to the best adhesive and resistance properties observed in the
particleboard panels prepared using 4% CNC added UF adhesive, these panels have
already been used for applications in glue joints. But, the physical and mechanical
results were inferior to those obtained for panels produced with commercial UF
adhesive.

In addition to CNF as reinforcement in polyurethane adhesives and water-based
polyvinyl acetate (PVAc) adhesives, the good rheological stability of the mixture
without the CNF sedimentation after a long preparation time has been reported [94].
However, despite the increase in mechanical properties, the authors believed that
new research applying the superficial chemical modification of the CNF should be
performed to obtain improvements in properties and justify the industrial applica-
tions. Similarly, López-Suevos et al. [71] while producing CNF films with
PVAc-latex have observed significant improvements in the storage modulus and
thermal properties. Atta-Obeng [6] have found improved shear properties of MDP
panels with the addition of MCC in the proportions of 0–10% in PF adhesives;
however, the static bending strength was impaired. The authors believe that the
presence of MCC resulted in a less pronounced spring back effect during hot-
pressing. As pressure decreased, the authors have observed the spring effect
occurred resulting in an increase in the thickness of the panel, less interaction of
wood particles and adhesive, which resulted in the drop in static bending of the
panels.

6 Final Considerations

Cellulose is considered the most abundant renewable polymer on the planet, has
many advantages such as biodegradability and low cost and the products obtained
from cellulose have wide application, especially in paper production. However,
because it is a renewable and widely available resource, there is growing interest in
the application of cellulose as an additive in activities with more advanced tech-
nologies that use nanotechnology for product development. Within the constant
search for better performance of adhesives, the use of nanocelluloses appears as a
viable option. The benefits of using nanocelluloses as reinforcements in adhesives
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for the production of reconstituted wood panels include: the possibility of altering
the properties of adhesives, gain in mechanical and physical properties of panels
and reduction in formaldehyde emissions by panels using synthetic adhesives.
However, despite all the advantages mentioned above, there are still some points to
be considered. Therefore, it is concluded that more research needs to be done, either
in the application of nanocellulose and its modification in different types of resin, as
well as application technologies appropriate to the new conditions of the adhesives.
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Nanocellulose in the Paper Making

Elaine Cristina Lengowski, Eraldo Antonio Bonfatti Júnior,
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and Kestur Gundappa Satyanarayana

1 Introduction

Paper has been defined as a material having two dimensions, which is produced
from an aqueous suspension of fibers, which in turn are ‘artificially interlaced and
subsequently dewatered through mechanical and thermal processes’ [79]. It may be
noted that the art of producing paper began more than two millennia ago due to the
dire need felt at that time to communicate and record the discoveries in materials
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that can be transported [53]. Of course, today the paper is being used for a lot of
diverse uses, which include printing, hygiene, writing, and packaging.

In a simplified way, modern paper production can be divided into three stages:
pulping, bleaching of the pulp and the production of the paper itself. It is possible to
disregard the bleaching of the pulp while producing brown pulp, which will be used
for papers of packaging applications. One of the earliest milestones for the
industrial production of cellulosic pulp was the development of the Kraft process in
1879 [63], starting from this, the paper industry has consistently sought to improve
the quality of the paper.

It is interesting to note that like in many fields, the paper industry is charac-
terized by investing a lot in research and development. This includes research in
search of new raw materials of the high industrial profile, modification and addi-
tives for the Kraft process, reduction or non-use of chlorine compounds in
bleaching and, more recently, biorefinery. Van Heiningen [167] defines the term
‘biorefinery’ as an industry that transforms raw materials from renewable sources,
such as sugarcane bagasse, wood, forest residues and black liquor into higher
value-added products such as biofuels and biomaterials. In this sense obtaining
nanocellulose from biomaterials for the most diverse commercial applications fits
very well in this concept.

In fact, the credit goes to Wegner et al. [180], who put the use of nanotech-
nologies in the forest-based industry as one of the main novelties to be developed in
the 21st century. Besides, they also suggested two paths for the application of
nanotechnology to forest producers, viz., the first path is for nanotechnologies and
nanomaterials developed in other industrial sectors to be adopted and deployed in
materials, processes, and products used or produced by the forest-based industry.
The second path is the development of completely new materials or product plat-
forms using nanoscale structures and properties derived from wood. Although it
was still unknown about the exact economic impacts and opportunities for wood as
nanomaterials, but it was expected that all nanomaterials and nano-enabled products
would grow to exceed one trillion dollars per annum as technology would be
developed in the 21st century [64].

While in the last few decades, traditional uses of paper have been found to
decline, other new avenues have opened up during the last decades or so. These
include incorporation of nanotechnology since the 1990s into papermaking leading
to lower energy costs, development of low-cost products with improved paper
quality, biocompatible and flexible with sophisticated functionalities [17, 133]. It
may not be exaggerating to state that the use of nanotechnology makes it possible to
improve the sustainability of paper making processes for the following reasons:

• More efficient use of resources whereby more resistant papers can be formed
with the smaller amount of fibers (by weight);

• Use of secondary materials such as recycled fibers or fibers with inferior
properties, which can be converted into nanofibers and used as additives in
papermaking, or produce high-quality papers using secondary fibers with the
addition of nanofibers;
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• Development of new materials such as papers with unique properties, such as
films with plastic characteristics, good barrier properties for smart packaging,
etc.

Considering the above and published reports on the preparation, characterization
and various applications of nanomaterials in general and nanocellulose in particular
and the latters’ use in paper making, this Chapter will present characteristics of the
most used wood in the world for pulp and paper production, main methods of
obtaining cellulose in nature, process of bleaching of pulp, paper making, processes
to obtain different types of nanocellulose (microfibrillar, nanofiber and cellulose
nanocrystals), applications of nanocellulose in the paper making, applications of
nanocellulose in paper making through coating and films as well as by
nanocellulose-reinforced pulp and the resulting effects of the use of nanocellulose in
paper production. The Chapter will also present marketing aspects and possible
future opportunities and finally concluding remarks.

2 Wood for Pulp and Paper Production

Although a variety of woods are available, only certain types are used in the paper
industry. The basic wood density is considered the most important parameter in its
quality evaluation since it has a strong relationship with the other wood properties
[61]. Besides, it has a strong effect on the variables of the pulping process and the
characteristics of paper pulp [138]. This property is defined by the ratio of the
absolute dry weight of the wood to its fully saturated volume. The ideal types of
cellulosic pulps for papers for printing and writing and for absorbent papers have
been distinguished [134]. According to these authors, the most required criteria for
printing and writing papers are lower energy consumption in the mechanical
refining, greater specific volume and greater opacity. On the other hand, high
capacity for water absorption and increased softness are important in the case of
manufacturing of absorbent papers. The authors further state that pulps originating
from wood with lower basic densities are ideal for the production of the first type of
paper since they have fibers with a smaller thickness and smaller mass per length.
For the second type of paper, pulps from denser woods are suitable, because these
woods possess fibers with higher thickness than the low-density woods and
therefore these would present the greater potential of liquid absorption, and greater
mass per length of fibers.

In hardwoods, penetration of liquids occurs rapidly through the vessels, but
penetration in the transverse direction practically does not exist. This is because of
the fact that the pit membranes of the punctures (Depressions in the secondary cell
wall is called ‘pit’) prevent the passage of the cooking liquor (This is a mixture of
chemical reagents-NaOH + Na2S). It may be noted that in the case of softwood the
penetration of the cooking liquor already occurs through the tracheids cells that,
unlike the cellular elements of the hardwoods and therefore have good permeability,
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even in the transverse direction [166]. Considering the dimensions of the chips, it is
emphasized that the thickness should be in the range of 4–6 mm, in different sizes
so that both impregnation and diffusion are compromised and, consequently, the
delignification rate is decreased [103]. The wood is chemically constituted by
polymers that perform the structural functions. These are cellulose, hemicelluloses,
and lignins [49]. In addition to these structural components present in wood, there
are other constituents, which include starches, proteins, pectins beside other sub-
stances soluble in water or other organic solvents called extractives or accidental
compounds of wood. From the chemical point of view, the amount and type of
lignin directly interfere with the conditions of the pulping process. In general, lignin
is classified according to the relative amount of the monomers guaiacila (G), syr-
ingyl (S) and p-hydroxyphenyl (H), derived from coniferyl, synapyl and
p-coumarilic alcohols respectively. Structures of these are shown in Fig. 1.

In the Eucalyptus wood, lignin is generally formed by the siringila and guaiacila
units (SG lignin), while in conifers it is formed by units guaiacila and
p-hydroxyphenyl (lignin GH) [15, 49]. The syringyl/guaiac ratio (S/G) significantly
affects the degradation and solubilization of lignin from hardwoods, to the point that
increasing this ratio allows the use of a lower alkali load, resulting in higher yields
[60].

With fibrous structure and length between 2 and 5 mm, the cellulose originated
from the conifers, such as species of the genus Pinus, is called ‘long fiber pulp’ and
has application in the papers that demand greater resistance, as is the case of paper
used in the manufacture of packaging. On the other hand, the short-fiber pulp can
range from 0.5 to 2 mm and is produced from hardwoods, such as Eucalyptus,
Acacia, Propulos and Betula, and is used for the production of printing and writing
papers and tissue paper for sanitary purposes. Table 1 presents the technological
characteristics of the main forest species planted in the world for pulp and paper
production.

Fig. 1 Precursor alcohols of the phenylprazoid units’ p-hydroxyphenyl (H), guaiacyl (G) and
syringyl (S). Reproduced from Barbosa et al. [15] with the kind permission of the publishers

1030 E. C. Lengowski et al.



3 Paper Making

3.1 Pulping

The production of cellulosic pulp can occur from processes that use different types
of energies, viz., mechanical, thermal and chemical or the combination of these.
Despite the great diversity of these pulping processes, the alkaline ones have
become the main ones used extensively. With a well known and most used
worldwide the ‘Kraft’ process, developed by the German chemist Carl F. Dahl in
1879 [63] and patented in 1884 [150], it is reported that today 90% of the whole
cellulose pulp produced in the world comes from this process [111]. The Kraft
process was the result of the evolution of the soda process and aimed at dissolving
the middle lamella by means of the removal of lignin with consequent individu-
alization of the wood fibers. For this purpose, the wood chips are placed in a
digester that is pressurized with the alkaline cooking liquor (NaOH and Na2S). The
hegemony of its use stems from its advantages over other processes and this process
is adaptable to different types of lignocellulosic materials, producing high-quality
pulp and of high bleachability with high efficiency of recovery of chemical reagents
and energy.

It is interesting to note that the increase in the rate of delignification and yield are
opposite to each other. This is because the reagents used in the pulping processes
are not specific for lignin removal; they also remove carbohydrates, which con-
tribute to a reduction in yield [150]. Advantages, the Kraft process demands precise
control of its parameters. There are several parameters that affect the delignification
rate, the most important are: type of wood, chip quality, alkaline load, cooking time
and temperature.

The impregnation of the cooking liquor in the chips aims to distribute the
cooking liquor evenly into the wood [184]. The impregnation consists of two
different phases: pore penetration and diffusion [84]. These phases are very

Table 1 Characteristics of the most used wood in the world for pulp and paper production

Type of wood Species Location A BD TE TL HL

Hardwoods [137] E. grandis x E. urophylla Brazil 6 0.47 3.1 28.1 68.9

Eucalyptus globules Chile 12 0.63 5.6 25.9 68.5

Eucalyptus nitens Chile 12 0.52 4.5 27.1 68.4

Acacia mangiun Indonesia 6 0.52 5.2 28.0 66.8

Acacia crassicarpa Indonesia 6 0.57 4.1 29.4 66.5

Populus tremulloides Canada 55 0.37 6.9 22.1 71.0

Betula pendula Finland 67 0.50 4.8 17.4 77.8

Softwood [171] Pinus taeda Brazil 21 0.43 2.8 26.7 70.5

Pinus silvestris Finland 45 0.43 6.4 25.6 68.0

A age in years; BD basic density in g�cm−3, TE total extractives in %; TL total lignin in %; HL
holocelullose content in %
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important for the efficiency of delignification and are directly related to the quality
of wood and chip size.

In pulp obtained by chemical processes, the degree of delignification of the pulp
is measured by the kappa number, which expresses the residual lignin present in the
pulp after cooking [161] and is dependent on the alkaline load, cooking time and
temperature. The alkaline charge is applied proportionally to the amount of wood in
the digester by seeking a predetermined target kappa number. According to
Almeida [7], the increase of alkaline charge leads to greater delignification with
consequent reduction of the kappa number. However, greater delignification pro-
motes the greater generation of fines, possibly resulting from the fragmentation of
fibers. Time and temperature have been combined into a single control parameter
called ‘H factor’, which represents the extent of the reaction [172]. Even though
different temperatures can be used, delignification can be estimated accurately by
‘H factor’, provided that the other parameters of the pulping process remain con-
stant. According to Sixta [148] the ‘H factor’ is defined as follows:

H ¼
Z

t0

t

kL � dt

where kL is the relative reaction velocity of the pulp. Assuming that the activation
energy of the reaction is 134 kJ � mol1, the H-factor can be expressed as:

H ¼ Zt

t0

kL Tð Þ
k100 �C

� dt ¼ Zt

t0

Exp � 43:19� 16113
T

� �
� dt

where t is time and T is temperature, the above equation is valid for temperatures
above 100 °C.

According to Sixta [148], the H factor is the area under the relative reaction
velocity curve versus time. This parameter is designed to predict the temperature or
cooking time required to reach a given kappa number. The result is valid only when
the other cooking conditions, such as the effective alkali concentration and the ratio
of liquor to wood, remain constant [148]. Figure 2 shows a graph of a conventional
Kraft cooking having a maximum temperature of 170 °C, the heating time of 80 min
and time of 60 min at a constant temperature, culminating at an H factor of 1100.

H-factor is a useful process control tool for Kraft pulp industries. Even the most
modern plants use this parameter to control the degree of delignification of the pulp
[136].

3.2 Bleaching

This process follows the previous one. It should be noted that the pulp obtained as
explained in the previous Section is so intense without the modification, which
compromises the mechanical strength of the fiber. Accordingly, bleaching process,
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which is a chemical process that aims to improve the brightness and cleanliness of
cellulosic pulp by removing and/or modifying chromophore and leukoprophic
groups are used [55, 72]. After the reactions with the cooking liquor, the lignin in
the wood, which is almost colourless, is coloured due to the release of chro-
mophoric groups [55, 72]. Bleaching generally occurs in stages and its progress is
always followed by brightness, which is a measure of reflectance of visible blue
light at the wavelength of 457 nm, of pulp sheets or paper under standard condi-
tions [31]. The most used method to measure this process is the standard described
by ISO 2470: 1999—Paper, board, and pulps. It may be noted that measurement of
diffuse blue reflectance factor is expressed in % ISO, while the non-reflective
material, absolute black, has a brightness of 0% and a perfect reflectance of light is
considered 100%.

Over the years the bleaching chemistry has been changing rapidly, starting with
the discovery of bleaching power of chlorine on vegetable fibers, being used in its
elemental form (chlorination, C), as calcium hypochlorite (hypochlorination, H)
and as chlorine dioxide (dioxidation, D). Table 2 shows the evolution of bleaching
sequences over the years. However in the 1990s, due to environmental reasons, the
industries had to develop chlorine-free bleaching sequences or sodium hypochlorite
[31], as these compounds are the main contributors to the formation of chlorinated
organic compounds (Absorbable Organic Halides, AOX) [22]. After this environ-
mental concern, elemental chlorine free (ECF = elemental chlorine free) sequences
were created, which is the main technology used today, and totally chlorine free
(TCF) sequences, which do not use elemental chlorine or any other chemical
reagent that contain chlorine in the molecule. At this stage, oxygen (oxygenation,
O), caustic soda (alkaline extraction, E), hydrogen peroxide (perioxidation, P) and
ozone (ozonolysis, Z) associated with chelation (Q) and acid hydrolysis (A) are the
most commonly used in industries.

Fig. 2 H-factor plot of a conventional Kraft cooking. Eraldo Antonio Bonfatti Jr. unpublished
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The choice of the bleaching sequence will depend on the kappa number after
cooking, the type of raw material used in the pulping process, the end use of the
bleached pulp and the desired final brightness. As the bleached pulps present on the
market have an average brightness of 90% ISO.

3.3 Drying

After bleaching, the cellulosic pulp will be in aqueous suspension, with a consis-
tency of 10–12%. This needs to be transformed, into cellulose bales with final
humidity of 10% for the purposes of commercialization and transportation. It may
be noted that this step of drying the bleached pulp is the final stage of the manu-
facturing process of the bleached cellulosic pulp. The process consists of the wet
process step followed by the forming step, where the cellulose sheets are formed

Table 2 Historical evolution of bleaching sequences (Prepared by authors using the information
from [9, 149])

Time With element
chlorine

ECF TCF

1880 H

1910 HEH

1930 CEH, CEHEH

1950 CEHDED, CEDED

1960 (CD)EHDED

1970 CD(EP)HD(EP)D,
OC/DEDED

1980 O(CD)(EP)D(EP)D,
OC/DEODD, OC/D
(EO)DD

O/OD(EPO)D(D)

1985 O(DC)(EO)D(EP)D O/OD(EPO)DND, O/OA/
D(EPO)DND, O/
ODHOT(EPO)-DND

1990 O(DC)(EPO)D(EP)
D

O/OA/D(EOP)DP

1995 O/OZ/QPZ/QP, O/OQPQP, O/OQ
(PAA)QP, O/OQZQZP, O/
OQZQP, O/OAZPZP

2000 O/OD(EPO)D(EP)D, O/
AO/D(EPO)D

2005 O/OZQD(EPO)D, O/AO/
D(EPO)D, O/OD(EPO)D
(D)

2010 O/OA(EOP)DP

ECF elemental chlorine free, TCF totally chlorine free
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and finally, the dewatering step. The gradual removal of mater happens through the
use of force of gravity, heating, and vacuum. It should be noted that in these steps
the pulp is arranged on a permeable forming screen which is also responsible for
conducting the pulp along the dryer [48]. The final step of drying the pulp is the
removal of the water by the compressor rolls in the pressing step, with water not
being withdrawn in the forming step would be removed. Then, a stronger pulp sheet
is cut, packed and finally transported.

3.4 Paper Production

3.4.1 Preparation of the Cellulosic Pulp

It may be noted that when there is the production of integrated pulp and paper, the
cellulosic pulp will be transported by piping. In pulp industries, which are separate
from that of paper, it is necessary to dry the cellulosic pulp to make the transport for
the paper mill. Therefore, if the paper mill is integrated with the pulp mill (nor-
mally, both paper and pulp are produced using the same mill), the drying step
described above does not happen. In that case, the wet cellulosic pulp is pumped
through pipes until the production of paper. If there is no integration between the
pulp mill and paper mill, the pulp bales will remain dry and packaged for paper
production. The first stage of paper production is the mass preparation. At this
stage, for non-integrated paper mills, the cellulose bales are placed in the hydra-
pulper to be disaggregated and reduce the consistency of the mass. In the case of the
integrated industries the cellulose used is already moist and are ready for the next
stage, i.e., refining. This is a mechanical treatment in which cellulose pulp fibers are
broken into fibrils, thus increasing the surface area and, consequently, the binding
capacity between the fibers allowing the formation of a strong network [157]. In
this way, the refining allows changing the structure of the fibers of the pulp,
resulting in modified properties and increasing the mechanical properties of the
finished paper. Figure 3 shows the scanning electron micrograph of the refined
bleached cellulosic fibers obtained from Eucalyptus wood by one of the authors.

In addition, the energy used in refining causes changes in the fibers, leaving
them more prone to collapse during the paper forming process, thereby decreasing
the thickness and specific volume of formed sheet. However, refining should not be
excessive as it can damage the fibers to the point of reducing the same mechanical
properties that have been expected to improve the refining process. It has been
recommended that when searching for high brightness pulps, it is necessary to
avoid excess during the mechanical refining, as this causes a decrease in the
brightness and opacity of the paper [101]. The degree of refining is measured
through the Schopper-Riegler grade of drainage, which indicates the ease of the
pulp in water shoring and is an important parameter for the evaluation of fiber
interweaving—the greater the drainage of the pulp, the lower its capacity to drain
water. The most widely used method for determining drainage is described by ISO
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5267-1: 1999—Pulps—Determination of drainability—Part 1: Schopper-Riegler
method. In order to reach the desired degree of refining, the mass passes through the
purification process. This step is aimed at reducing cellulose pulp contamination,
and impurities such as plastics, metals, and sand are removed [66] followed by
cleaning of pulp to prepare the dough.

In the preparation of the mass, the other components of the paper-making pro-
cess are added (chemical additives) to improve the mechanical, physical and optical
properties of paper as is followed normally in the paper industry [52]. Among the
products that may be employed are starches, mineral compounds, vegetable gums,
carboxymethylcellulose (CMC) and synthetic polymers [52, 141]. Recently
nanocelluloses have also been used as additives in paper production [175].

3.4.2 The Paper Machine

A paper machine consists of different mechanical sections, each of them driven by
one motor or an arrangement of one master motor and one or more helping drives,
which conventionally speed or torque regulated. Typical sections are represented by

Fig. 3 Surface of a sheet formed by fibers: a, b—without refining at two magnifications; c, d—
with refined fibers at two magnifications as of (a, b). Eraldo Antonio Bonfatti Jr—unpublished
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fourdrinier, press, dryer, calender, and reel [48, 168]. A schematic drawing of a
fourdrinier paper machine is shown in Fig. 4.

With the recipe of ready-made paper, the mass is transferred to the head box of
the paper machine, where a uniform jet of mass is cast on a constantly moving
conveyor belt forming screen flame [48]. At this stage, the first control of the paper
thickness takes place; more the dough, the thicker would be the paper. The mass
thrown on the mat forms a 5% layer of cellulose and additives and 95% water with
water being drawn on the flat table. This stage of the process, known as ‘leaf
formation’, promotes fiber entanglement and gradual water drainage, giving suffi-
cient strength to the paper, so that it can leave the flat table and run through the
various cylinders that make up the rest of the process [150].

In this part of the process, the paper passes through hydraulic presses wherein
the excess water is removed, increasing the resistance and reducing the thickness of
the paper [48, 150]. With the above process steps, the more resistant the paper
reaches the drying step, which is promoted by a series of steam-heated cylinders;
water would get evaporated from the pressed sheet, leaving it with the required
moisture content for its final application [48]. Upon reaching required moisture
content, the paper will receive one more layer of the surface additive according to
its final use, and after another drying step, it will proceed to the calendar, which will
have uniform thickness together with a better surface finish [48]. After this step, the
paper is wound in smaller reels and can be commercialized, both in reels and in the
form of sheets of sizes standardized for the final consumer.

4 Cellulose

Cellulose is the most abundant organic polymer on the planet and the largest
component of plant biomass [89], with an estimated production of 7.5 � 1010 tons
per annum [54]. It can be found in pure form, as in cotton, but is commonly found
associated with hemicellulose and lignin in the cell wall [35, 89], as in wood,
corresponding to approximately 40 to 45% of mass [149]. In addition to plants, it
can also be synthesized by bacteria, algae, and fungi, but in lesser amounts [1].
Figure 5 depicts the main routes of obtaining cellulose in nature. Cellulose can also
be obtained by synthesis in vitro and should be highlighted with important

Fig. 4 A schematic drawing of a fourdrinier paper machine. Adapted from Lai [87] with the kind
permission from publishers
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development today [82]. The first report of cellulase-catalyzed cellulose formation
was based on cellobiosyl fluoride [83] and the first chemosynthesis was performed
through polymerization of substituted D-glucose and with open rings followed by
deprotection [108].

Figure 6 shows schematically the ultrastructure. It can be seen from the figure
that primary and secondary walls differ in the arrangement of cellulose chains. The
secondary wall consists of 3 layers, S1, S2, and S3, and the S3 layer has the lowest
cellulose content, being composed mainly of xylan. In the primary wall, the fibers
are less ordered and essentially composed of chains in all directions within the
plane of the wall. At layer S1 showing the very thin lamellae, the arrangement of
the fibrils may be visible as is helical (spiral) in nature with a cross-arrangement in
certain species. In layer S2 the cellulose chains are grouped in parallel microfibrils,
giving a denser arrangement and aligned with the axis of the fiber. About 40–45%
of the dry matter of the secondary wall is composed of cellulose [160].

Cellulose is composed of b-D-anhydroglucopyranose units which bond to each
other through the carbons 1–4, forming a basic unit called ‘cellobiose’, which
consists of the binding of two molecules of anhydroglucose [54, 145, 149]. The
cellulose chain is linear and high molecular weight, which tends to form hydrogen
bonds between the molecules [1].

The degree of polymerization (DP) is up to 20.000; however, it varies widely,
and the value is around 10.000 in wood [74]. The hydroxyl groups of the cellulose

Fig. 5 Main ways of obtaining cellulose
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molecules form hydrogen bonds that may be intramolecular or intermolecular.
Their ability to form hydrogen bonds play a major role in leading the crystalline
packing which also governs the physical properties of cellulose [74] and are these
bonds that make cellulose a stable polymer and appreciated as reinforcement in
composites [37, 54].

About 36 individual cellulose molecules are brought together by biomass into
larger units known as elementary fibrils or microfibrils, which are packed into larger
units called microfibrillated cellulose [54, 89]. The latter are in turn assembled into
cellulose fibers. All these are shown in Fig. 7. The diameter of elementary fibrils is
about 5 nm whereas the microfibrillated cellulose (also called nanofibrillated
cellulose-NFC) has diameters ranging from 20 to 60 nm [6, 89]. The microfibrils
are formed during the biosynthesis of cellulose and are several micrometres in
length. This microfibrillar aggregates which allow the creation of highly ordered
regions (i.e., crystalline) form the core alternate with disordered domains (i.e.,
amorphous) present at the surface [132]. It is these crystalline regions that are
extracted, resulting in nanocrystalline cellulose (NCC). The inter- and
intra-molecular interactions networks and the molecular orientations of crystalline
regions can vary, giving rise to cellulose polymorphs or allomorphs [23, 89].

As mentioned earlier, the most common way to obtain pulp from wood is
through the Kraft chemical pulping process [111], followed by bleaching steps to
remove residual lignin on the cellulose surface. This pulp obtained in the paper
industry is commonly used to obtain nanocellulose, since pulping and bleaching are

Fig. 6 Ultrastructure of wood. Reproduced from Taiz and Zeiger [160] with the kind permission
of the publishers
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characterized as pre-treatments necessary to obtain Nanocellulose, whether
microfibrillated, nanofibrillated or nanocrystalline [50, 69, 91, 92, 95, 98, 109, 117,
169, 170, 185, 186].

5 Nanocellulose

The term “nanocellulose” refers to cellulosic materials having at least one of their
dimensions in nanometer scale. Nanocelluloses can be produced by different
methods and from various lignocellulosic sources [1].

According to Fujisawa et al. [46], so far nanocelluloses can be divided into three
groups: cellulose nanocrystals (CNC), micro-fibrillated cellulose (CMF) and
nano-fibrillated cellulose (CNF). While the first one (CNC) is produced by a
chemical process of acid hydrolysis followed by mechanical agitation of the sus-
pension in water, the second (CMF) is obtained by mechanical disintegration of the
cellulosic pulp in water and finally third one CNF is prepared using the combination
of chemical oxidation followed by mechanical disintegration in water, or only by
the mechanical disintegration method. These mechanisms are shown in Fig. 8.

Reported definition of CMF is fibers with a diameter between 25 and 100 nm,
while CNF are nanocelluloses with a diameter between 5 and 30 nm and a variable
length between 2 and 10 lm [125, 139]. Both CMF and CNF have amorphous and
crystalline zones composing their structure.

According to Samyn et al. [133], the microfibrillated nanocelulose is commonly
produced by homogenization, where the fiber shear is performed by a strong

Fig. 7 Hierarchical structure of cellulose extracted from plants. Reproduced from Rojas et al.
[125] with the kind permission of the publishers
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pressure drop and impact forces inside the processing chamber. A similar effect is
observed by the use of grinding process [91], where processed suspensions gen-
erally contain a heterogeneous mixture of CMF and CNF which are characterized
by different diameters and aspect ratios (length/diameter) [133]. The CMFs are
usually characterized by a smaller aspect ratio than the CNF [86, 85, 107, 177].
Depending on the number of processing steps, or passes through the mill, the
geometry of the fibers in a suspension is reduced, generating more CNF, which
leaves the suspension more homogeneous [91, 133]. Larger nanocellulose sus-
pensions (CMF) present a large tendency to aggregate and flocculate microfibrils, a
fact also justified by the surface charge of nanofibrils [91]. Non-uniformities in the
suspending media are constructed by the high tendency of aggregation of single cell
microfibrils and/or flocculation with larger fibers. According to Kumar et al. [86,
85] the CMF is generally produced by a single mechanical treatment of the cel-
lulosic pulp, while the CNF is produced by mechanical treatment after the chemical
pretreatment of the original pulp fibers [86, 85].

On the other hand, CNC refers to cellulose nanoparticles that underwent
hydrolysis under controlled conditions and that lead to the formation of structures in
the form of small crystalline cylinders [139]. Depending on the source of extraction,
these crystallites will have a diameter of 3–50 nm. The CNFs, as well as the CMFs,
exhibit zones with high fibrillation intensity due to the shear forces that the fibers
undergo in the production process, whereas the nanocrystals are exclusively from
the crystalline regions of the cellulose molecule. Nano-fibrillated cellulose has
amorphous and crystalline regions that make up its more elongated chain in the
longitudinal direction. In this way, the long length of nano-fibrillated cellulose
chains associated to its surface containing a wide range of hydroxyl groups, which

Fig. 8 The mechanism of chemical and mechanical methods for producing CNC and CNF from
cellulose. Reproduced from Sofla et al. [151] with the kind permission of the publishers
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exposes the formation of numerous hydrogen bonds [114]. The type of processing
and the raw material used results in nanocellulose with different morphologies and
dimensions, as presented in Table 3.

Figure 9 shows scanning electron micrographs of cellulose microfibrils (CMFs),
cellulose nanofibrils (CNFs), cellulose nanocrystals (CNCs) and others microfib-
rilatted cellulose that can be applied in papermaking, such as MCC and microfibril.

5.1 Method of CNF and CMF Production

As a semi-crystalline polymer, cellulose allows the extraction of nanostructures
with different morphological properties (length, diameter, and aspect ratio),
depending on mechanical and physical, depending on the extraction method applied
[125]. The methods for producing nanocelluloses can be divided into chemical,
physical and biological [44]. Some forms of procurement, various types of
equipment and also combinations of chemical, enzymatic and/or mechanical
treatments have already been tried for the production of nanocelluloses [57, 71,
114, 130]. The nanocellulose can be produced by mechanical methods such as
grinding, cryoencation with high-pressure homogenization with liquid nitrogen,
steam explosion, high-intensity ultrasound etc. Some pre-treatments may be used
prior to mechanical processes to promote the accessibility of the hydroxyl groups,
increase the internal surface, alter the crystallinity, break the hydrogen bonds of the
cellulose and thus increase the reactivity of the fibers. The pre-treatments are dif-
ferent chemical hydrolysis (alkali or acid) or enzymatic [125].

5.1.1 Mechanical Methods

According to Rojas et al. [125], the mechanical treatments can isolate nanofibers
from the primary and secondary cell wall without severely degrading cellulose. It is
reported that depending on the types of mechanical treatment and levels of
mechanical force used, inter fibrillar hydrogen bonding is broken [70, 123, 131,

Table 3 Nanocellulose derivatives and their dimensions (Reproduced from [75] with the kind
permission of the Publishers)

Nanocellulose derivate Diameter (nm) Length (nm) The aspect ratio (L/d)

Microcrystalline cellulose—
MCC

>1000 >1000 1

Micro fibrillated cellulose—CMF 10–40 >1000 100–150

Microfibril 2–10 1000 >1000

Cellulose nano crystalline—CNC 2–20 100–600 10–100

TEMPO-oxidized nanocellulose 3–4 >1000 200–100
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179]. For example, microfluidization and high-intensity ultrasonic treatments pro-
duce a high shear degree, causing transverse cleavage along the longitudinal axis of
the cellulose fibers. This process tends to damage the microfibrillar structure,
reducing the molar mass and the degree of crystallinity of cellulose.

The mechanical methods would involve high production costs, besides they
being less efficient and requiring higher energy inputs compared to that of chemical
methods [96]. In view of these, it is reported that a chemical pretreatment would be
necessary, which reduces energy consumption besides obtaining more hydrophobic

Fig. 9 TEM images of nanocelluloses extracted by: a—CNC prepared by sulfuric acid
hydrolysis, b—cellulose nanocrystals isolated by formic acid hydrolysis, c—CNF prepared by
2,2,6,6- tetramethylpiperidine-1-oxyl (TEMPO)-mediated oxidation, and d—cellulose nanofibrils
fabricated by pulp refining. Reproduced from Liu et al. [97] with the kind permission of the
Publishers
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surface [125]. Further, the degree of polymerization (DP) is reported to get usually
reduced from 1200 DP to 1400 DP between 850 and 500 by the mechanical
treatment. It may be noted that a high cellulose DP is desirable because of corre-
lation of cellulose with the tensile strength of the nanofiber, which is reported to be
at least 2 GPa [26, 118].

The following are some of the mechanical methods used to produce
nanocellulose:

(i) High-Pressure Homogenization (HPH): In this process, first known quantity
of the cellulose (2–7% w/v) is passed through slurry at high pressure into a
vessel through very small spring-loaded valve assembly using low velocity.
This is then exposed to a pressure drop to atmospheric condition with the
valve opening and closing in a cyclic motion [45]. This method is reported to
be an efficient method for refining of cellulosic fbers in view of its high
efficiency, simplicity and without requiring any organic solvents [78].
Nanofibers having 20–100 nm of diameter and several tens of µm long are
normally produced by this method. However, clogging of the homogenizer,
high energy consumption, and mechanical damage of the crystalline micro
fibril structure are some of the limitations of this method [96, 174, 178].

(ii) Microluidizer: This method uses the equipment, which consists of an
intensifier pump and an interaction chamber. While the first is for increasing
the pressure, the second is for defibrillating the fibers using two types of
forces, viz., shear and impact against colliding streams and the channel walls
[42]. Dimensions of CNFs produced by this process are of several µm long
and less than 100 nm [125].

(iii) Grinding: In this method mechanism involved is fibrillation of cellulose
using a suitable equipment say, grinder to break the hydrogen bond and the
cell wall structure of the cellulose by shearing force besides individualization
of pulp to nanoscale fibers [146]. Accordingly, this method uses grinding
equipment consisting of a static and rotating grindstone (1400–3000 rpm).
The process involves passing of the pulp slurry between these two stones
[92, 125]. Accordingly, the cell wall structure would break down by the
shear and compression forces, which generate a gel due to the suspension of
nanocelluloses. Therefore, a number of cycles to be passed by the pulp/fibers
through a grinder or the amount of energy for processing the fibers is
important parameters which affect the quality of resultant NFC produced by
this method. The diameters of NFCs produced by this process range from
about 5–157 nm [56, 155, 182].

(iv) Cryocrushing: This method involves immersion of water swollen cellulosic
fibers into liquid nitrogen followed by its crushing by mortar and pestle [45].
Accordingly, in this method, high impact forces would be applied in order to
the freeze the cellulosic fibers leading to rupture of cell wall due to the
pressure exerted by ice crystals and thus, liberating nanofibers [146].
Nanofibers of soya beanstalks have been produced by this method by
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cryocrushing and high-pressure defibrillation procedures [175, 176].
Normally, this method produces CNFs with diameters from 30 to 80 nm [3].

(v) Steam explosion: This method is a thermomechanical process. In this
method, cellulose is kept at 200–270 °C is exposed to a high pressure of
steam maintained between 14 and 16 bars. Then, the steam penetrates the
biomass by diffusion for short periods of time between 20 s to 20 min. This
is followed by applying sudden decompression (explosion), which would
generate shear forces hydrolyzing the glycosidic and hydrogen bonds,
between the glucose chains [77, 125]. The diameter of CNFs produced by
this methods lies in the range of 10 µm–50 nm [30, 36].

(vi) High-intensity Ultrasonication: This method is a mechanical process wherein
oscillating power is used to isolate cellulose fibrils by hydrodynamic forces
of ultrasound [28]. According to Rojas et al. [125], the cavitation during the
process leads to a powerful mechanical oscillating power. The gas bubbles
formed would expand and explode breaking down the cellulose fibers [27].
The diameter of the nanocellulose produced by this method lies in the range
of 5–35 nm [57].

It is reported that the mechanical treatment causes changes in fiber structure [32].
The author suggests following four phenomena can be observed due to the defib-
rillation process. First one is the internal fibrillation (IF), which is difficult to
observe by microscopy techniques. Here, loosening of the fiber bundle takes place,
which causes swelling and increased fiber flexibility. The swelling of the cellulose
increases its accessibility to reagents, and consequently their reactivity. The second
effect is the external fibrillation (EF) at the surface of the fiber. This is basically the
defibrillation process of the fibrils, but without their complete removal. It may be
noted that when these fibrils extend completely from the fiber there is the generation
of the nanofibers (CMF), as the third phenomenon showing the structural alteration.
And finally, the fourth one involves the dimensional reduction of the fiber itself by
mechanical wear through fiber cutting (FC). The entire phenomenon mentioned
above can be observed by microscopy techniques as is evident from Fig. 10, which
is a transmission electron micrograph of nanocellulose obtained from Lengowski
[91].

5.1.2 Electrospinning

This is a method to form the fibers using an electrical rather than a mechanical
driving force and is termed as an ‘electromechanical’ method. Here, the cellulose
dispersion is extruded and electrospun under the effect of a high electric field [43],
following a 3D spiral trajectory. Once the solvent evaporates, it leaves behind
randomly oriented nanofibers in the collector. The CNFs morphology produced by
this technical depends on the strength of electric field, solution feed rate and the
tip-to-collector distance [125].
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5.2 Methods of CNC and MCC Production

5.2.1 Acid Hydrolysis

The mechanism for obtaining CNC by acid hydrolysis involves the removal of the
amorphous regions from the cellulose elementary fibrils by hydrolysis, leaving only
the crystalline regions [114]. This cellulose is obtained by cutting the elementary
fibrils into small fragments followed by bleaching. Subsequently, CNC is extracted
from bleached samples by strong acid hydrolysis under strictly controlled condi-
tions of concentration, temperature, agitation, and time [125]. A typical production
process involves acid hydrolysis, washing, centrifugation, dialysis, and sonication
to form a suspension followed by drying by freeze-drying or heat-drying [54, 92].
CNC is also known as whiskers or cellulose nanocrystals.

The difference between the production of CNC and MCC by acid hydrolysis lies
in the reaction time or in the concentration of the reagent, where less time and lower
concentrations are used for MCC compared to those to produce CNC [38, 173, 185,
186]. MCC can be characterized as a white powder of fibrous particles with sizes of
about 40 µm with a DP 100–200 and about 80% crystallinity, while the CNC has
dimensions of 5–10 nm wide, 100–300 nm long with 90% crystallinity when made

Fig. 10 Effects of refining on the production of nanofibers by the mechanical process.
Reproduced from Lengowski [91]
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from cotton and wood cellulose. On the other hand, other sources like bacteria,
algae, and tunicin produce nanocrystals with larger size distributions and dimen-
sions comparable to those of CMF (width: 5–60 nm, length: 100 nm to several µm)
[10].

It may also be noted that CNC and MCC are similar to small cylinders or
crystalline characters, isolated from acid hydrolysis of the fibers. This is illustrated
in Fig. 11, which shows scanning electron micrographs of CNC obtained from
Beauvalet [21] (Fig. 11a) and MCC obtained from Thoorens et al. [162] (Fig. 11b).

It may be noted that the hydrolysis processes rely on the fact that the crystalline
regions are insoluble in acids under the conditions in which they are employed. This
is due to their inaccessibility because of the high organization of the cellulose
molecules in their nanostructure. On the other hand, the natural disorganization of
the molecules in the amorphous regions favours the accessibility of the acids and
consequently the hydrolysis of the cellulose chains present in these regions [132].
Sulfuric and hydrochloric acids are the most commonly used for acid hydrolysis,
but phosphoric and hydrobromic acids have also been used [90].

The most commonly used method for the preparation of CNC is acid hydrolysis
of cellulosic materials using sulfuric acid (64% w/w). Cellulose nanofibers have
also been produced from hardwood by treatment with the 2,2,6,6-
tetramethylpiperidine1-oxyl radical in combination with sodium bromide and
NaClO [130].

The CNC has a high aspect ratio, a high modulus and good compatibility with
matrix materials [127]. Your morphology is the elongated crystalline rodlike shape
and has a limited flexibility because it has no amorphous regions. These CNCs have
a degree of crystallinity (55–90%). However, it should be noted that the degree of
crystallinity, aspect ratio, and morphology depends on the source of cellulosic
material and preparation conditions [144]. The colloidal behaviour and superficial
charge of CNCs depend on the acid used for their production [90].

Fig. 11 a—Nanocrystalline cellulose morphology b—microcrystalline cellulose. Reproduced
from Beauvalet [21] (Fig. 11a) and [162] (Fig. 11b) with the kind permission of the publishers
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5.2.2 Enzymatic Hydrolysis

It is well known that enzyme is generally used to modify and/or degrade the lignin
and hemicelluloses contents in biomass without altering the cellulose portion. It is
known that enzyme helps in the restrictive hydrolysis of several elements or
selective hydrolysis of specified components in the cellulosic fibers [71]. These
enzymes are produced by cellobiohydrolases. There are two types. The first cate-
gory is A- and B-type cellulases, which are capable of attacking the crystalline
portion of cellulose. On the other hand, the second category is C and D type
endoglucanases, which are capable of attacking the disordered structure (amor-
phous) of cellulose [8]. It is reported that enzymatic methods are highly expensive
as these methods take long treatment time for a successful hydrolysis and also due
to the isolation process of the enzymes [77]. Actually, this process can be used as a
pre-treatment for production of nanocellulose by the mechanical method to reduce
the energy consumption to produce CNF.

6 Applications of Nanocellulose in Paper Making

6.1 Nanocellulose-Reinforced Pulp

The development of strength in paper is influenced by several factors, viz., length
and strength of fiber used, degree of adhesiveness, fiber-fiber contact area and
bonding agents in the formation of dry or moist [11, 12, 81, 159]. Due to the unique
properties of nanocellulose, there is a growing tendency to use it as a paper rein-
forcement additive [112]. Many researchers have been using nanocellulose as an
additive and films in paper making, either to improve (i) strength properties, barrier
properties in food packaging, paper brightness, printability [80] or (ii) to reduce
paper weight without loss in mechanical properties, while improving thermal
properties and to provide antimicrobial capacity in packages. The functionality of
the nano paper emerges from the intrinsic properties of the nano fibrous network,
the additional loading of specific nano materials or the additional deposition and
modelling of thin films of nanomaterials on the paper surface [17]. According to
Zimmermann et al. [187], reactive sites exposed on the surface of the cellulose
micro fiber (CMF) perform the formation of a network of nanofibers due to the
hydrogen bonds formed. Because of the nanometer scale, the amount of these bonds
is enhanced by the larger contact surface between nano and microfibers. This
increases the apparent density of the paper, making it more resistant to the passage
of air and humidity besides the gain in the mechanical properties [86, 85, 106, 115].

As an additive, the nanocellulose has a similar effect to that produced by the
refining of the pulp, reducing paper porosity [50, 91, 117]. This is evident from
Fig. 12, which shows scanning electron micrographs of cellulose sheet with and
without any additive highlighting the effect of the addition of CMF to the paper
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[91]. It may be noted that Fig. 12a is micrograph of cellulose sheet without any
additive, while Fig. 12b, c are micrographs of cellulose sheet with CMF additive
and CMF coating. Besides, such addition of CMF to cellulose gives significant
gains in the mechanical properties of the paper, whether produced by virgin fibers
[117] or by secondary fibers [116]. It is also reported that wet strength is the main
functionality for tissue paper, paper towels, cardboard and other papers [129].
These authors have also reported that the cationic polyelectrolyte (Poly
Amideamine Epichlorohydrin—PAE) developed in the 1950s has been used as a
wet strength additive in the paper making process. In order to increase the
mechanical properties of the paper, the use of nanocellulose and additives such as
PAE [4, 5] and amphoteric starch [93] have already been reported.

Investigations have also been carried out on the possibility of using CMF and
CNF as a reinforcing and filler in a pilot experiment using different degrees of
fibrillation and filler mixtures (CMF, CNF, precipitated calcium carbonate, cationic
polyacrylamide and two types of starch) [164]. The author has observed that the
CNF improved the resistance properties (Scott Index and tensile index) more than
the CMF, and also that the CNF associated to the starch presented better resistance
to traction being wet. Finally, the author has concluded that in conjunction with
CMF or CNF, the filling content could be increased from 30 to 40%, which would
imply a potential savings of 3–6.5% compared to conventional sheets. A dose of
6% of applied CNF has been found to promote about 40% energy savings, while the

Fig. 12 Effects of nanocellulose on papermaking a cellulose sheet without nay additive;
b cellulose sheet with CMF such additive; c cellulose sheet with CMF such coating. Reproduced
from Lengowski [91]
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12% dose reduced energy expenditure by 85% compared to the control to produce
pulps at 35 ºSR [34].

Compared with micro-sized cellulose, nanocellulose is more effective as an
additive for the paper industry. This is attributed to the interactions between the
nanosized elements, which are connected by hydrogen bonds forming a percolated
network when the nanocellulose is dispersed in the pulp [3, 73, 75, 76, 80, 183].

Another study has concluded that the drying and wetting process of paper with
nanocellulose depends on the amount of added nanocellulose because
thenanocellulose clogs the pores and give a greater amount of inter fibrillar con-
nections and preventing fiber-water bonds in the rewetting [120]. It has also been
pointed out that 6–12% of CMF could be used in the paper making mix [121], but
indices above 5% have been reported to cause a decrease in traction and tear
properties [117]. On the other hand, the use of CMF as additives to increase the
resistance of thermo-mechanical pulps to produce new types of packaging has also
been reported [59]. In addition to improving the mechanical properties, these
authors have also observed that the addition of 6 g/m2 of nanocellulose reduced the
permeability and drainage of the cellulosic mass. The enzymatic pretreatment
combined with mechanical shear forces at high pressure has been found to sig-
nificantly improve the mechanical strength of the paper without affecting drainage
[50, 51]. In another study Gonzalez et al. [50] have concluded that the porosity and
mechanical properties were improved when 9% of nanocellulose was added;
however the Shopper Riegler degree (This is the ‘degree of refining of a pulp
suspension in water and expressing it in terms of the Schooper-Riegler
(SR) number, and to determine the de-watering time’) was altered, which
becomes a disadvantage in the drainage stage and can cause operational problems in
the drying. A similar result was observed by Damásio [34] when 6 and 12% of CNF
were added. A decrease in ‘freeness’ (It is ‘a measure of how quickly water is able
to drain from a fiber furnish sample. In many cases there is a correlation
between freeness values and either (a) a target level of refining of pulp, or (b) the
ease of drainage of white water from the wet web, especially in the early sections of
a Fourdrinier former’) has been observed while using nanofibers from different
sources with increased fibrillation due to water imbibed in the cell cavity and also to
internal fibrillation itself, which is consistent with SR behavior [86, 85]. González
et al. [50] have also confirmed the tendency to increase the resistance to drainage
with the increase of the addition of CNF to the pulp, mainly because of the high
surface area of this material.

There are also studies which have reported about the influence of drainage by the
size of fibers used, ionic strengths, type of polyelectrolyte and pH of the suspension
[156, 159]. Both of the above studies have found that the higher the degree of
fibrillation, or higher the concentration of CMF in the mixture, the lower the
drainage. However, when the mixture of cationic polyelectrolytes and CMF are
used, alteration in drainage can be observed, not to the point of damaging the drying
process [159].

The addition of nanocellulose makes the sheet drainage slightly impaired. To
overcome this limitation, cationic polymers, such as polyacrylamide, have been
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used as a fixative for the retention of nanocellulose, as well as for better suspension
drain ability [99, 181].

In all the above studies where CMF was added to the sheets, an increase in
density of the paper was observed. An increase of 4–30% in density for
thermo-mechanical pulp sheets containing 4% CMF and a 10% increase in density
to 7% CMF in coniferous Kraft pulp leaves have been observed [39, 102].

While these authors observed a 20% increase in density with the addition of 20%
CMF, Sehaqui et al. [140] have observed 30–50% increase in density with the
addition of 10% homogenized CMF to softwood Kraft pulp sheets.

Optical properties have also been found to be influenced by the addition of
nanocellulose [34]. The increase of nanofibers in the paper composition is reported
to cause a significant reduction in the light scattering coefficient of the pulp. The
opacity also has also been found to decrease in its values due to the decrease of the
light scattering coefficient, with the increase of transparency.

6.2 Coating and Films

Effects of the development of nanocellulosic films and surface deposition of
nanocellulose films on paper have been studied by many researchers [50, 58, 91,
122, 124, 135, 149, 153, 154, 158]. An increase in surface density, a decrease in
water absorption, reduction in permeability and surface porosity has been observed
by Sjöström [149] and Lengowski [91]. Increase in surface porosity has already
been shown in Fig. 12. On the other hand, the increase in the surface of the fibers
with the micro-fibrillation process has been found to favor a greater number of inter
fiber bonds due to the greater availability of OH-groups [50], water retention
capacity and increase in Schopper-Riegler grade, implying increased drying cost.

Spence et al. [153] have studied the ability of water retention in nano-cellulose
films produced from bleached and unbleached pulp from hardwood and longwood.
They have observed that water retention was lower for long-fiber films compared to
those of short-fibers and non-bleached pulps compared to bleached pulps. They
have also evaluated CMF films with different lignin contents and observed that the
samples with higher lignin content had higher rates of water vapour transmission.
Besides, significantly higher water retention values and larger surface area were
observed by these authors in CMF prepared from unbleached hardwood in com-
parison to other samples. Another study has reported that the water retention for
surface depositions of unbleached nanocellulose when the source of moisture was
on the opposite side to that of the surface film [91]. The presence of lignin in the
production of its CMF films has been found to provide longer, narrower and more
connected pores, thus increasing the rate of water transmission [154]. On the other
hand, larger and lignified pores have been found to increase the rate of water vapour
transmission because of their lower adsorption capacity [62]. It has also been
observed that the specific surface area is strongly correlated with the difficulty of
removing water content for the pulps, suggesting that water diffusion is more
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dependent on pore structure and surface area geometry [154]. On the other hand,
Lengowski [91] found that increasing the thickness of the nanocellulosic film on
paper caused an increase in mechanical strength (tension, tear and burst index). This
is illustrated in Fig. 13, which shows the plots of two different thickness of moisture
versus values of tension index, tear index and burst index. On the other hand, this
thickness did not influence water absorption properties. While using a bleached and
unbleached nano cellulose film, the author observed an increase in the tensile and
burst index for bleached CMF deposition, and for the tear, the presence of lignin in
CMF caused a gain in this property [91]. These are illustrated in Fig. 14, which
shows the plots of mechanical properties with and without any additive on the
deposition of surface film (coating) on the sheet. However, the author did not
observe any influence of lignin on the thermal stability of the papers. Further, the
author has also observed an increase in the mechanical properties of sheets with the
addition of CMF (additive) in the production of the sheet compared to that of the
sheets without additives. These results are illustrated in Fig. 15, which shows the
plots of mechanical properties after surface film deposition on the sheet with and
without the addition of CMF [91]. It can be seen from the figure that the gain in the
tensile and tear properties are similar to the surface deposition of a nanocellulose
film, while the burst index shows a reduction in resistance compared to the use of
CMF as an additive. The author observed that the results of the mechanical prop-
erties of the papers are enhanced when CMF was used as a reinforcement additive
as well as a coating on the paper. It can also be seen that while the values of tensile
index, burst index and tear index showed a 134, 50 and 44% increase respectively
compared to those values without any addition to the paper [91].

Fig. 13 Increase in the mechanical properties after superficial film deposition on the sheet in
relation to a sheet without any additive. BUI = burst index; TRI = tear index; TEI = tension
index. 1 mm and 2 mm = deposited moisture film thickness. Reproduced from Lengowski [91]
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Fig. 14 Increase in the mechanical properties after superficial film deposition (coating) on the
sheet in relation to a sheet without any additive. Effect of deposition of unbleached and bleached
nanocellulose on mechanical properties of BUI = burst index; TRI = tear index; TEI = tension
index. BF = bleached nanocellulose film; UBF = unbleached nanocellulose film. Reproduced
from Lengowski [91]

Fig. 15 Increase in the mechanical properties after superficial film deposition on the sheet in
relation to a sheet without any additive. Effect of CMF addition, CMF film coating and CMF
addition and coating on a paper sheet. SN = sheet with CMF addition; SF = sheet with CMF film
coating; SNF = sheet with CMF film coating and addition Reproduced from Lengowski [91]
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A dense surface of the films is an important feature, as it is related to the
porosity, which determines the barrier properties of the films [122]. The author has
used a paper coating of nanocellulose to improve brightness properties, surface
roughness, absorption, and permeability. He noticed an improvement in absorption
and porosity and a very small impact on the other properties.

For CMF based films the porosity can be modified by drying from different
solvents, creating an adjustable feature that provides an advantage over the
melt-formed plastics. Henriksson et al. [58] were able to modify the porosity of
water-dried CMF-based films from 28% to porosities of up to 40% with dry films
from solvents such as methanol and acetone. In addition, when used as a coat of
CMF on paper, the air permeability was found to reduce by 10% as a consequence
of surface porosity [158].

Sauders et al. [135] evaluated substitution of CMF in different amounts of
acetylation. It was observed that there was no improvement in the contact angle
(hydrophobicity) from 15% of substitution and increased crystallinity, while there
was a decrease in the rupture stress and in the stress carrying capacity of the
material. These have been attributed to acetylation delaying the ability of the fibrils
to form bonds during the sheet forming process. Another study has not observed
any significant reduction of tensile strength and improvement in the hydrophobicity
of the papers after CMF acetylation [124].

Similarly, several studies have also been carried out using CMF as a barrier to
gases and liquids [13, 16, 47, 65, 91, 100, 110, 113, 147, 158]. The increase in film
thickness, the amount of nanocellulose in the mass [110] reduces the permeability
to oxygen, water, oils and carbon dioxide [13, 110, 158, 113] indicating that the use
of larger thicknesses or greater percentages in mass, simply acts to increase the
tortuous path of oxygen and an improvement of the barrier properties. It is believed
that the air permeability of the films decreased due to the disconnection of the
surface pores of the films [13]. However, performance is limited by its hygroscopic
capacity, and its barrier properties loose efficiency at relatively high humidity [13,
113]. When nanocellulosic samples are in contact with moisture, a reduction of the
inter fibrillar forces occurs, thus increasing permeability. However, many methods
have been applied for nanocellulose surface modification [142], including acety-
lation [104], silylation, grafting, use of coupling agent for improving the
hydrophobic properties [76, 88, 99], or in the presence of lignin [91]. Recognizing
that porosity is an important property for printing, another study has reported that
papers with greater porosity may have greater penetration of the ink and may cause
printing defects [163].

Considering the applications in food packaging, studies have been reported on
the CNC/CNF added to paper [119, 128]. In the study by Rampazzo et al. [119]
CNC was used to form a gas barrier film for food packaging. They observed very
promising results, providing oxygen and carbon dioxide permeability values hun-
dreds of times smaller than those of equal thickness compared to common barrier
synthetic polymers over a wide range of temperatures.

On the other hand, Saini et al. [128] in their study added nisin to CNF and
evaluated its potential as an antimicrobial agent in food packaging. Addition of
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CNF to paper sheets was done in two ways, either directly as an additive or as
surface deposition such as coating. The authors found that the latter method (surface
deposition) was more efficient than the former (direct addition).

Another property studied is the surface roughness of the composites of
CNC-CNF. Damásio [34] produced CNF-CNC nanocomposites by the casting
technique, using CNF as the dispersion polymer matrix for different CNC dosages
as mechanical reinforcement. The addition of cellulose nanocrystals allowed the
reduction of the surface roughness of the nanocomposites produced, increasing the
mechanical properties significantly. The incorporation of CNC allowed reduction of
the opacity by up to 53%, with consequent gains of transparency of the
nanocomposites.

Fang et al. [41] have been reported about its modification by CNF. In this study,
CNFs made from TEMPO-oxidized CNFs, where the 2,2,6,6-
tetramethylpiperidine-1-oxyl (TEMPO)/NaBr/NaClO was used to modify the sur-
face properties of the pristine wood fibers by selectively oxidizing the C6 hydroxyl
groups of glucose produced transparent nanopapers. This nanopaper exhibited
ultrahigh optical transparency (*96%) and ultrahigh haze (*60%), thus delivering
an optimal substrate design for solar cell devices, and that may influence a new
generation of environmentally.

Another field that is being explored is the use of nanocellulose together with
starch in the development of biomaterials, looking for the substitution of polymers
derived from petroleum. As starch presents a brittle characteristic, it is necessary to
use plasticizers that improve its flexibility [14] although the mechanical and barrier
properties have been compromised. Several studies have been reported on the
possible applications of biofilms with starch in various sectors such as food, agri-
cultural and pharmaceutical and also in other sectors, where biodegradability is
required [18, 19, 105]. Some examples of products under study are garbage bags,
films to protect food, diapers, and flexible rods; in agriculture as a film in the
ground cover and containers for plants and in the production of slow release fer-
tilizers. Also, biofilms made using starch and nanocellulse can also be used in the
preparation of capsules, in the release of medicines, in the substitution of styrofoam,
in the protection of equipment during transport and in several other applications
[40, 126, 152, 165].

Incorporation of different types of nanocellulose (CNF, CMF, and CNC) as a
reinforcing agent in starch films has been studied [29]. All the films presented
excellent transparency and increased thermal stability in relation to the mechanical
properties; however, the best results were for films reinforced with CMF due to the
greater aspect ratio exhibited by this type of fiber. One of the main difficulties of the
use of nanocelluloses is its tendency to flocculation and agglomeration in the matrix
[94]. While using dispersing agents in the composition Campano et al. [24] have
observed a greater homogeneity in the matrix. These authors have also evaluated
different retention agents in the mixture, which allowed greater retention of the
nanoparticles, causing an increase of traction with lower loads. These authors have
suggested that further studies should be carried out with retention and dispersing
agents with nanocelluloses in order to industrially apply such an additive. In fact,
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CNC as a retention agent has already been used for fines in paper production [94].
The highly negative charge of the CNC allowed a strong interaction between
cationic polyelectrolytes promoting good drainage and high retention of micro and
nanoparticles.

According to Abdul Khalil et al. [2] films based on biodegradable polymer
reinforced with nanocellulose present great potential and innumerable benefits for
its use in packaging. However, the development of this type of biocomposites is
still in the initial stage, and it is necessary to deepen the knowledge in several
aspects, such as its quality, cost, and utility.

7 Market and Opportunities

The current demand for sustainability in products is driven by consumers and
retailers seeking to differentiate themselves by reducing impacts of product lifecycle
on the environment by reducing and minimizing the quantity of packaging and
improving the sustainability of their supply chains [25]. The data indicate that this is
a growing market with the development of safer and more sustainable products
[67]. Also, the cellulose material being a renewable and biodegradable material
having low toxicity, this new material can replace petroleum-based packaging,
metal components, and other non-renewable materials, which are mostly
non-biodegradable and non-renewable. In view of this, cellulose nanomaterials
represent an important niche for the design and development of more sustainable
products. Nano-cellulose can be used in a variety of products, among the main ones
in the cement industry, automotive in the internal and external polymer structure of
automobiles, packaging industry whether for food or packaging that demand high
strength, waterproof papers, oils and oxygen, special papers, Tissue papers, paper
cups, hygienic and absorbent products (disposable diapers), biofilms for plastic
replacement, electronics, as well as acting as an excellent stabilizer for suspensions
and emulsions such as paints and cosmetics and can be used as a basis for prints 3D
of bones and cartilages [68, 143].

According to the “Global Nanocellulose market analysis and trends—Industry
forecast to 2020” report, the global nanocellulose market is estimated to reach $295
million by 2020, with a CAGR of 22.15 over the next 5 years due to the expansion
of applications and increasing the appeal for green alternatives to oil products.
According to the BCC Research Report [20], the global nanocellulose market was
$46.8 million in 2014, projected to be $277.7 million in 2019, with a CAGR of
42.8% by 2019. Considering the types of nano-cellulose, cellulose nanofibrillation
had a market of 28.2 million in 2014, it is estimated to be 158.3 million in 2019,
while nanocrystalline cellulose had a market of $18.0 million in 2014 and is
expected to be 116.6 million in 2019.
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According to Cowie et al. [33], the annual global market potential for
high-volume applications of nanocellulose is estimated at 32.8 million metric tons,
based on current markets and middle market penetration estimates. The largest uses
for nanocellulose associate a paper and pulp industry are projected to be in pack-
aging coatings (5.3 million metric tons), replacement for the plastic packaging (4.1
million metric tons), plastic film applications (3.3 million metric tons), paper filler
(2.4 million metric tons), packaging filler (2.4 million metric tons) and paper
coatings (2.2 million metric tons).

8 Final Considerations

The application of nanoscience is an opportunity for greater profitability and
autonomy for the pulp and paper industry. This is because it is possible to produce
additives and coating for papers using the same raw materials (starch, CMC,
synthetic polymers, resins, alkylketene dimer emulsions, alkenyl succinic anhy-
dride) used for paper making without needing other materials to improve the
internal bonding of paper fibers, reduce porosity, whiteness, opacity, etc. This
opens up possibilities for improving existing products and developing new
low-cost, multi-purpose products. There are already different types of nanocellulose
that can be used in paper production. However, it is necessary to know the mode of
production of the paper and the routes of production of nanocellulose, since the
structure or morphology of these different nanocelluloses can be altered according
to the routes of and therefore can modify the final properties of the paper. The
benefits of nanocelulsoe in pulp and paper industry products include: increased
tensile and burst strengths, weight loss, improved barrier properties for oils, oxygen
and moisture, better printing surface, optically transparent and/or coloured layer
coatings, biodegradability, cost reduction with additives and potentially with dry-
ing. The use of nanocelluloses in papermaking presents interesting possibilities, and
offers improvements in cost-benefit, energy efficiency and biocompatibility, in
addition to generating new products with uses are not available today.
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Impact of Nanoparticle Shape, Size,
and Properties of Silver Nanocomposites
and Their Applications

Arpita Hazra Chowdhury, Rinku Debnath, Sk. Manirul Islam
and Tanima Saha

1 Introduction

The genesis of nanotechnology can be traced back to 1959 when in a meeting of the
American Physical Society, Richard Feynman first introduced the branch of science
[1]. One can define nanotechnology as the production and modification of structures
which have at least one dimension less than 100 nm. The birth of nanoscience
could be attributed to Michael Faraday as he had reported the intense red colour of
stained glass, which originated from small particles of goldin 1857. He also
reported that different size of gold particles gave rise to different resultant colours
[2]. Recently, nanomaterials have emerged as very important materials in the
scientific world as these act as a bridge between bulk materials and isolated atoms
and molecules. They increase fractions of atoms at the surface due to their large
surface to volume ratio. Nanomaterials have superior properties than the bulk
substances due to the following attributes, like mechanical strength, thermal sta-
bility, catalytic activity, electrical conductivity, magnetic properties and optical
properties etc. The applications of nanomaterials are continuously expanding and
their applications in different fields are shown below (Fig. 1).
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Researchers have growing interest in silver nanoparticles (AgNPs) as they have
remarkable localized surface plasmon resonance and antimicrobial properties,
which render them with unique properties for applications in broad-spectrum
surface-enhanced Raman spectroscopy (SERS) [3, 4], as antimicrobial agents [5–7],
biological/chemical sensors and biomedicine materials [8–10], biomarkers [11–13]
and so on. Size of AgNPs usually varies within 1–100 nm. They are incorporated
into industrial applications of catalysis, electronics, and photonics as they have
unique electrical, optical and thermal properties. Recently, many synthetic methods
and approaches for preparing AgNPs have been reported through physical, chem-
ical, photochemical and biological routes. Every method has its own advantages
and disadvantages like costs, scalability, particle sizes and size distribution and so
on [14–18].

In recent years, nanocomposite (NC) materials have drawn much attention and
interest at industrial and academic level due to their improved properties than single
metal nanoparticles. Nanocomposite can be defined as the combination of materials
to develop new properties of the materials where one of the materials has a size in
the range of 1–100 nm. So, there are two parts to nanocomposite i.e. continuous
phase and discontinuous reinforcing phase. Hence, nanocomposites can have a
combined or have completely different electrochemical, mechanical, electrical,
thermal, optical and catalytic properties of the component materials [19–23].
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Fig. 1 Schematic illustration of different applications of nanoparticles
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There can be different phases of nanocomposites such as zero-dimensional (0D)
(core-shell), 1D (nanowires and nanotubes), 2D (lamellar) and 3D (metal matrix
composites) [9]. Nanocomposite materials have developed as an appropriate
replacement to overcome the limitations of microcomposites and monolithic while
having synthetic challenges like the control of elemental composition and
stoichiometry in the nanocluster phase. Nanocomposite materials have uniqueness
in design and property combinations that are not observed in conventional com-
posites and these properties establish the nanocomposites materials as the materials
of the 21st century. Even though the first speculation on these properties was
reported as early as 1992 [24], the general understanding of them is yet to be
established.

The focus of this chapter is on silver nanocomposite systems. These NC
materials have promising properties which make them suitable for wide range of
structural and functional applications in various fields.

2 Different Synthesis Methods of Silver Nanoparticles

Different synthesis methods and approaches for AgNPs production have been
reported by using chemical, physical, photochemical and biological routes. Each
method has its own advantages and disadvantages involving costs, scalability,
particle sizes and size distribution and so on [14–17, 25].

2.1 Physical Methods

In physical methods, metal nanoparticles are generally synthesized by
evaporation-condensation, which is carried out at atmospheric pressure using a tube
furnace. The source material is vaporized into a carrier gas, within a boat centred at
the furnace. Different kinds of nanoparticles such as Ag, Au, PbS, and fullerene,
have been produced using the evaporation/condensation technique [26–28]. Silver
nanoparticles have been synthesized by laser ablation of the solution of metallic
bulk materials [29, 30]. The most important advantage of laser ablation technique
over another conventional method for synthesizing metal colloids is the absence of
toxic chemical reagents in solutions. In summary, the physical synthesis utilizes the
physical energies for preparing AgNPs with nearly narrow size distribution. The
physical approach can produce large quantities of AgNPs in a single process as well
as this is also the most effective method to produce AgNPs. On the other hand,
primary costs for the investment of equipment have to be kept in mind before
implementing such methods.
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2.2 Photochemical Methods

This method is based on the light-assisted the reduction of the metal cation Mn+ to
M0. The mechanism of this method is based on the addition of one or more
electrons to a photoexcited species. The aqueous and alcoholic solution of silver
perchlorate (AgClO4) was subjected to photoreduction by UV-light irradiation at
254 nm. This photochemical reaction involved electron transfer from a solvent
molecule to the electronically excited state of Ag+ to form Ag0. In most of the
cases, UV excitation is usually required as the metal cations and/or the metal salts
absorb only in this region. This method is advantageous in harsh conditions like
increased temperatures can be avoidable resulting in effective control of shape and
size of Silver nanoparticle (AgNP) [31].

Agþ þH2O !hv Ag0 þHþ þHO�

Agþ þRCH2OH !hv Ag0 þHþ þRC
�
HOH

Agþ þRC
�
HOH !hv Ag0 þHþ þRCHO

nAg0 ! AgNP

Various photo-induced synthetic processes have been developed recently. Huang
and Yang [32] synthesized AgNPs by photoreduction of AgNO3 in layered inor-
ganic clay suspensions. This suspension acts as a stabilizing agent which prevents
aggregation of nanoparticles. Light irradiation leads to the disintegration of the
AgNPs into a smaller size with a single mode distribution until a relatively stable
size and diameter distribution were achieved [32]. However, this method requires
high-end equipment and experimental environment.

2.3 Biological Methods

Lately, biosynthetic methods have emerged as a facile and simple alternative to
more complex chemical synthetic methods to prepare AgNPs. In biosynthetic
methods, natural reducing agents like polysaccharides, biological microorganisms
like bacteria, and fungi or plant extracts, i.e. green chemistry are used. This method
includes a broad range of natural resources for the synthesis of AgNPs. This method
has several advantages over conventional chemical routes of synthesis and it is also
an environment-friendly approach as well as a low-cost technique for nanoparticle
synthesis. However, the drawback of this method is that it is not easy to synthesize
a large quantity of AgNPs by using biological synthesis.
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2.3.1 Microbe-Assisted Synthesis

There are two types of microbe-assisted synthesis of AgNPs:

(a) Bacterial Synthesis: Bacteria can produce inorganic materials either intra- or
extracellularly. Thus, they act as potential biofactories for the synthesis of
nanoparticles such as gold and silver. Specifically, silver is widely known for
its biological properties. AgNPs with different shapes and sizes can be
effectively synthesized by varying different parameters using different bacteria
such as Klebsiella pneumonia, Lactobacillusfermentum, Bacillus flexus,
Escherichiacoli, and Enterobacter cloacae at different pH, temperatures and
concentrations of AgNO3 solutions [33–36].

(b) Fungal Synthesis: Researchers have been interested in patenting their research
work on the microbial synthesis of nanoparticles. One of these significant
works is the synthesis of AgNPs with particle size 5–50 nm, harnessing wet
biomass of Trichoderma reesei fungus after 120 h of continuous shaking at
28 °C [37]. When antimicrobial properties of AgNPs were tested on
Escherichia Coli and Staphylococcus aureus, it was found that E. coli was
more susceptible to silver nanoparticles than S. aureus [38]. Extracellular
nanoparticles were formed by using thermophilic fungus Humicola sp. which
reacted with Ag(+) ions and reduced the precursor solution [39].

2.3.2 Plant-Mediated Synthesis

Microbe-mediated synthesis requires highly aseptic conditions and their mainte-
nance which lowers the industrial feasibility of this method. Therefore, the plant
extract mediated synthesis (Fig. 2) of nanoparticles is potentially advantageous

Plant’s 
Extract

Silver Salt 
Solution

AgNPs

No need of toxic 
reducing or stabilizing 

agents

Fig. 2 Schematic diagram showing the one pot plant-mediated synthesis of silver nanoparticles
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over microbe assisted synthesis due to the ease of improvement, the less biohazard
and elaborate process of maintaining cell cultures [40]. It is the best way to
synthesize nanoparticles without using any toxic chemical reducing and stabilizing
agents as it provides natural capping agents for the stabilization of silver
nanoparticles. A list of silver nanoparticles synthesis using different plant extracts is
given in Table 1.

2.4 Chemical Methods

Besides all the methods described earlier, the most common method is the chemical
reduction method for nanoparticle synthesis because of its convenience and simple
equipment. It is required to control the growth of metal nanoparticles to prepare
nanoparticles with a spherical shape and small size with a narrow particle size
distribution. It is widely known that chemical reduction method can produce silver
nanoparticles at low cost with high yield.

Usually, the chemical synthesis process of AgNPs in solution requires the fol-
lowing three main components: (1) metal precursors, (2) reducing agents and
(3) stabilizing/capping agents. Generally, silver nitrate [51–54], silver acetate [55,
56], silver citrate [56–58], and silver chlorate [56, 57, 59] are the most frequently
used precursors for the chemical synthesis of silver nanoparticles. Among various
reducing agents, borohydride, citrate, ascorbate, and compounds with hydroxyl or
carboxyl groups like aldehydes, alcohol, carbohydrates, and their derivatives

Table 1 Synthesis of silver nanoparticles using different plant extracts

Plants Plant’s
part

Particle size
(nm)

Particle shape References

Averrhoa
carambola

Fruit 12–16 Spherical [41]

Abutilon indicum Leaf 7–17 Spherical [42]

Withania
somnifera

Leaf 5–30 Spherical [43]

Eclipta prostrate Leaf 35–60 Triangles, pentagons,
hexagons

[44]

Nelumbo nucifera Leaf 25–80 Spherical, triangular [45]

Citrus sinensis Peel 10–35 Spherical [46]

Pelargonium
graveolens

Leaf 16–20 Spherical [47]

Tanaetum vulgare Fruit 10–40 Spherical [48]

Tea extract Leaf 20–90 Spherical [49]

Tribulus terrestris Fruit 16–28 Spherical [50]
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[60–63] are the most commonly used reductants. The colloidal solution formation
from the reduction of silver salts involves two stages (i) nucleation and (ii) subse-
quent growth. It is also observed that the size and the shape of synthesized AgNPs
are strongly dependent on these two stages. The two phenomenon i.e., nucleation
and growth of initial nuclei can be controlled by adjusting different reaction
parameters like reaction temperature, pH, precursors, reducing agents (i.e. NaBH4,
ethylene glycol, glucose) and stabilizing agents (i.e. PVA, PVP, sodium oleate)
[64–66] (Fig. 3).

3 Nanocomposite Systems

Nanocomposite systems have been extensively studied since the 1990s and, it is
observed that a steady and continuous increase has taken place in the number of
publications on the subject, including time to time reviews. Nanocomposites can be
defined as multiphase solid materials in which one of the phases has dimensions of
less than 100 nm. There are two parts of NC: (i) continuous phase and (ii) dis-
continuous reinforcing phase. Nanocomposite materials can be classified into three
different categories according to their matrix materials.

Silver Salt 
Solution

Reducing 
Agent

Stabilizing Agent

Ag

Stabilized AgNP

Fig. 3 Schematic diagram
showing the one-pot chemical
synthesis of AgNPs
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Hence, nanocomposites can have a combined or have markedly different elec-
trical, mechanical, electrochemical, thermal, catalytic and optical properties of the
component materials [20–23].

3.1 Silver-Ceramic Matrix Nanocomposites

The synthesis of nanocomposites composed of noble metals (Au, Ag, Pt and Pd, as
well as AuAg alloy) and ceramic matrixes such as metal oxides (ZnO, TiO2, Cu2O,
MnO2, Fe2O3, WO3, CeO2 etc) has received considerable attention in recent years
for their applications in heterogeneous catalysis, photocatalysis, drug delivery, solar
cells, surface enhanced Raman spectroscopy and many other important areas.
Now-a-days, among the many nano-catalysts developed, controllable integration of
different noble metals (e.g., Au, Ag, Pt, and Pd) and metal oxides (e.g., TiO2, CeO2,
and ZrO2) into single nanostructures has become one of the hottest research topics
as they not only merge the functions of individual nanoparticles (NPs) but also
show a unique combined and synergetic catalytic properties compared to the
single-component materials. Generally, these composites are easily prepared by
different methods like impregnation [67], co-precipitation [68], deposition-
precipitation [69] and many more.

Liu et al. [70] synthesized plasmonic silver nanoparticle incorporated meso-
porous metal–oxide (MMO) semiconductors to get increased photocatalysis.
Different typical MMO such as TiO2, ZnO, and CeO2 semiconductors were
synthesized by integrating evaporation-induced self-assembly and in situ pyrolysis
of metal salts. Then Ag nanoparticles of different amounts were then loaded in these
MMO semiconductors through an efficient photo-deposition process. The Ag
nanocrystals were synthesized with sizes of 50–100 nm and then they were
embedded in MMO semiconductors (Fig. 4) [70].
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3.2 Silver-Metal Matrix Nanocomposites

Metal matrix nanocomposites (MMNC) can be described as the materials where
nanosized rein-forcement material is implanted in a ductile metal or alloy matrix.
Most common metal matrix nanocomposite for silver is gold-silver nanocomposite.
Choudhury et al. [71, 72] synthesized Ag—Aunanocomposite substrates by a
one-step galvanic replacement reaction from thin films of silver, coated on glass
slides. Then there was deposition of metallic layers on the cleaned slides using a
vacuum evaporation chamber under high vacuum (<5 � 10−7 Torr). At first, there
was an adhesion layer of chromium deposited on the slides, then gold (*5 nm) and
silver (*600 nm) films were deposited, without breaking vacuum [72].

3.3 Silver-Polymer Matrix Nanocomposites

Recently, researchers in various fields incorporated silver nanoparticles into the
polymer matrix to enhance its performance. Polymer materials act not only as an
excellent host for incorporating nanoparticles but also terminate the growth of the
particles by controlling their nucleation [73]. Silver-polymer nanocomposites can
be prepared by using two main approaches.

Fig. 4 Schematic diagram showing the synthesis of a mesoporous metal oxides (MMO) and
b Ag/MMO nanocomposites [70]
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(a) Insitu Polymerization

In the in situ method, the silver nanoparticles are prepared inside a polymer by
dissolving metallic precursor salt in the polymer, followed by chemical reduction of
the precursor salt. The reduction of Ag+ to Ag0 takes place. Several reducing agents
like sodium borohydride, hydrazine etc. are used in the reduction process.
Curcumin-loaded chitosan-PVA silver nanoparticles film (CCPSNP) was prepared
by adding AgNO3 to chitosan solution. AgNP solution was formed, to which, poly
(vinyl alcohol), glutaraldehyde (a crosslinker) and curcumin solution were added
[74]. Ag-PVA film was prepared by Porel and his group by mixing an aqueous
solution of AgNO3 and poly(vinyl alcohol) (PVA) wherein the silver precursor
AgNO3 was reduced by the hydroxyl groups of the PVA macromolecule [75].
Further, Ag-polyaniline nanocomposite was prepared from a mixture of aniline and
silver nitrate as precursor after well rinsing with nitric acid [76].

(b) Exsitu Polymerization

In the ex situ method, silver nanoparticles are formed first and then dispersed into a
polymer matrix. The prepared nanoparticles show higher dispersibility in the
polymer and get long-term stability against aggregation. Sonication provided the
dispersion of nanoparticles in the polymer matrix [77]. Thin nanocomposite films of
silver nanocrystal in polystyrene matrix were prepared by sonicating polystyrene
and silver nanoparticles with toluene for even dispersion of the nanoparticles [78].
Silver embedded mesoporous polyaniline nanocomposite [79] and mesoporous
cross-linked polymer (polyacrylic acid) (MCP-1) supported silver nanoparticles
[80] were prepared by dispersing mesoporous polymers in TRIS stabilized AgNPs
and then stirring it at room temperature for 1 h. At the end of the reaction, black
coloured Ag-NPs containing mesoporous polymer mPANI/Ag and mesoporous
polyacrylic acid/Ag nanocomposites were obtained (Fig. 5).

Fig. 5 Schematic diagram showing the synthesis of mesoporouspolyacrylic acid/Ag nanocom-
posite [80]
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4 Applications of Silver Nanocomposites

Recently silver nanocomposites are used extensively as anti-microbial agents in the
health industry, food packaging, water treatment, agriculture, winemaking, and
textile coatings. They are used as absorbents, photocatalysts, and sensors for
detection and removal of environmental pollutants. Silver nanoparticles are also
used in cosmetics, personal care products, and electronic devices.

4.1 Medical Field

Silver nanocomposites represent the most important polymer based functionalizing
agent among the numerous nanocomposites due to their antimicrobial properties
[81, 82]. Two different mechanisms are responsible for antimicrobial activity of
silver nanoparticles, (a) adhesion to the cell surface, degradation of lipopolysac-
charides, increasing permeability [83] and (b) penetration inside the bacterial cell,
DNA damaging [84]. The silver nanoparticles release silver ions, which bind to
electron donor groups in biological molecules containing sulfur, oxygen or
nitrogen.

Liu et al. [85] demonstrated the doping of TiO2 with silver that greatly improved
photocatalytic bacterial inactivation. Polyethyleneglycol-polyurethane-TiO2 silver
nanocomposites showed antimicrobial activity against E. coli and Bacillus subtilis
[86]. Silver nanoparticle encapsulated porous PMMA (poly methyl methacrylate)
spheres have also shown good antimicrobial activity [87, 88]. Silver nanocom-
posites of POA (porous aluminium oxide) are effective against both Gram-negative
and Gram-positive bacteria, E. coli and Staphylococcus epidermidis. Nadagouda
and Varma [89] studied the applications of Ag nanocomposites with biodegradable
carboxymethylcellulose in antimicrobial and antifungal coatings and biomedical
devices. Zeolite is a porous crystalline material of hydrated sodium aluminosilicate.
Silver can electrostatically bind to zeolite with high affinity and form silver-zeolite
(SZ). Human saliva contains several kinds of cations which help in the release of
silver ions from SZ and under anaerobic conditions they inhibit the growth of
several oral bacteria [90]. SZ incorporated mouth rinses, acrylic resins, and tissue
conditioners are used in the dental field [91]. Matsuura et al. [92] showed that tissue
conditioners containing SZ exhibit the antimicrobial effect against Candida albi-
cans, Pseudomonas aeruginosa and Staphylococcus aureus for a week and the use
of SZ incorporated mouth rinse for 5 days showed a reduced plaque score [93].

Recently, synthesis of graphene oxide (GO) metal nanocomposites has gained
attention due to excellent biocompatibility and high antibacterial activity of GO.
They have possibilities to be used as an antibacterial reinforcement in biomaterials,
exploration of the antiseptic properties and cytotoxic activity of GO-containing
nanocomposites. Silver nanoparticles functionalized magnetic graphene oxide
nanocomposites (GO/Fe3O4/PEI/Ag) were synthesized via in situ generate silver
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nanoparticles on magnetic graphene oxide surface using polyethylenimine as
reducing and stabilizing agent. The GO/Fe3O4/PEI/Ag nanocomposites highly
enrich the low-abundant glycopeptides from complex biological samples. These
nanocomposites might be used as low-abundant disease biomarkers. Dendritic
polymer encapsulated silver nanoparticles have antimicrobial activity, besides this,
they are also used as markers for cell labelling [94]. Lesniak et al. [95] demon-
strated the synthesis of silver/dendrimer nanocomposites that can be used for
in vitro cell labelling.

Carbohydrates such as glucose, lactose, and oligosaccharides significantly
improve the cytotoxicity and cellular uptake nature of silver nanoparticles. To kill
the cancerous cells in phototherapy, the carbohydrate modified silver nanoparticles
can be used as a new tool [96]. Silver nanoparticles are used for the identification of
calf thymus DNA (ct-DNA) due to their strong fluorescence signal [97]. For
environmental protection and some disease detection applications such as disease
diagnosis, drug screening, epidemic prevention, the oligonucleotide probe bound
silver nanoparticles are used as an indicator in electrochemical DNA sensors that
are able to pair with the sample DNA sequence. Based on aggregation, induced by
sequence-specific hybridization, silver nanoparticles are used in the design of
colourimetric assays [98]. In mouse models, silver nanoparticles exhibit
anti-inflammatory property by inhibiting the interferon gamma activity and tumour
necrosis factor alpha. Hence, they can play an important role in anti-inflammatory
therapies [99, 100].

The emerging field of nanomedicine seeks to exploit the novel properties of
engineered nanomaterials for diagnostics and therapeutic applications. The engi-
neered nanoparticles are used to carry drug payloads, image contrast agents or gene
therapeutics for diagnosing and treatment. Due to the antimicrobial activity of silver
nanoparticles, they are now increasingly used in wound dressings, catheters,
and various household products. The chitin-AgNP composite scaffolds have good
blood clotting ability hence they are widely used in wound healing and tissue
engineering applications [101]. In orthopaedic implants, prostheses, vascular
grafts and wound dressings, nanosilver reinforced polymers are commonly used.
Surgical instruments, contraceptive devices, creams, gels also contain nanosilver
[102–104].

Cattles are affected and die by a tick Rhipicephalus microplus (Boophilus)
leading to economic losses associated with milk, meat, and leather production
[105]. Continuous use of acaricides (used for control of ticks) not only contami-
nates the environment and animal products but also helps in selection of
chemical-resistant ticks. Bergeson [106] has reported that more than 100 silver
containing pesticides are synthesized due to their antimicrobial and photocatalytic
properties. Sodium dodecyl sulfate (SDS) modified photocatalytic TiO2/Ag nano-
material conjugated with dimethomorph (DMM) are used as nanopesticide in
agriculture [107].
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4.2 Food Industry

Active packaging is one type of innovative food packaging concept in which active
functions like scavenging of oxygen, moisture or ethylene, emission of ethanol and
flavours in addition to the antimicrobial activity are involved. Whereas in antimi-
crobial packaging, to reduce pathogen contamination and extend the shelf-life of
food, an antimicrobial substance is included in the packaging system [108]. But the
antimicrobial substances are neutralized or diffuse rapidly into the food, so their
direct application has limited benefits. Incorporation of the antimicrobial substances
into polymers allow their slow release in the packaging system for an extended
period and prolong their effect during transport and storage of food [108]. The
biopolymer-based films and coatings provide physical protection to foods, improve
food quality and enhance the shelf life of food products due to their properties like -
acting as barriers against moisture, oxygen, flavour, aroma, and oil [109].
Furthermore, biopolymer films act as antioxidants, antifungal agents, antimicro-
bials, colours, and other nutrients which are important in the food preservation
[110, 111]. Due to these potential applications, biopolymer-based antimicrobial
films are used in the food industry including meat, fish, poultry, cereals, cheese,
fruits, and vegetables [112–114]. One of the promising candidates in this field is
chitosan-based nanocomposite films. Chitosan is nontoxic, biodegradable, and
biocompatible so the chitosan-based Ag nanocomposites are used in films and
coatings [115, 116]. Silver nanoparticles are cost-effective and have a wide range of
applicability than other antimicrobial substances. Hence, they are most commonly
used polymer additive for antimicrobial food packaging [108, 117]. Besides the
antimicrobial activity, they also extend the shelf life of fruits and vegetables by
absorbing and decomposing ethylene from these foodstuffs [118].

Although silver releasing systems are commonly used as food additives in
antimicrobial food packaging the single form of silver-releasing system is used in
ion-exchange from microporous minerals sector in which silver ions partially
replace the naturally occurring sodium ions in clays or other porous minerals [119].
When silver ions come in contact with moisture, they are again substituted by
sodium ions present in the release environment and leached from the surface. This
is practical, as the release of silver ions will depend on the amount of saline
moisture, which is a crucial risk factor for the development of microbes on surfaces.
A wide range of polymers and other surfaces are used to incorporate the substituted
minerals. They are able to withstand any kind of plastic processing or operating
temperature compared to natural antimicrobial substances for their low migration
rate and high melting point [120]. Different clays like montmorillonites
(MMT) [121] or tobermorites [122], silver zirconium phosphates [123] and silver
zeolites [124–128] are used as minerals in this technology. These materials are
generally manufactured as a 3–6 µm thick layer containing 1–5% silver content for
coating on polymeric or stainless steel surfaces. The food processing equipment like
cutlery, cutting boards, countertops, containers, etc. are coated with this type of
layer.
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Recently silver nanoparticles are marketed as nutrition supplement in form of a
colloidal solution. The colloidal silver has high particle surface area for maximum
effectiveness. Among the all-metal colloidal mineral supplements, the silver
products are most popular [129].

In wine making SO2 is an important antioxidant that inhibits fungal growth,
effects of dissolved oxygen and endogenous enzymes of grape-polyphenoloxidase,
tyrosinase and peroxidase [130]. SO2 also improves the colour and stability of wine
during ageing but it produces a negative effect on taste and odour [131–133]. Due
to the antimicrobial activity of silver nanomaterials towards a wide range of
Gram-negative and Gram-positive bacteria, some fungi and viruses can replace the
SO2. It has been shown that use of colloidal silver complex (CSC) in the production
of white and young red wine, displayed very similar chemical and sensory activities
as that of SO2 [134].

Electronic devices

Silver (Ag) is superior in electrical and thermal conductivities among all the noble
metals. With increased surface energy, the melting point of the small-sized silver
nanoparticle is drastically low which make them useful as conductive fillers in
microelectronic materials [135]. The electrical loss is reduced with the lower sur-
face roughness that gives better packing when the electrical conductors are fabri-
cated with a thick film of silver nanoparticles [136]. Silver nanoparticles are used in
electro-optical devices and sensors due to their electro reflectance (ER) effect. In
this field, silver nanoparticles alter the absorption spectrum of the particle ensemble
by changing the stored electronic charge on the particles with 100 times more
effective than a bulk metal surface. Absorption spectroscopy directly monitors the
changes in the electrostatic charge stored on small metal particles [137].

Silver nanoparticles have the ability to enhance electrical and optical properties
of the polymer composites. Due to these superior properties of Ag, various con-
ducting polymers like—polypyrrole, polythiophene, polyaniline based Ag
nanocomposites are used in producing newer materials with high conductivity. Ag
nanocomposites are produced in combination with silver nanowires (AgNWs) with
conducting polymer matrices which are used as conductive filler and thermal
interfacial material in sophisticated nanodevices [138–140]. The silver nanoparticle
embedded dielectric Teflon matrix nanocomposites showed higher electrical
conductivity with an increased film thickness at various silver nanoparticle con-
centration [141]. Multiwalled carbon nanotube (MWNTs) with high electrical and
mechanical properties are used as electrodes. Silver (Ag)/polymer composites
prepared by incorporating multiwalled carbon nanotubes (MWNTs) with Ag
nanoparticles significantly improve the electrical conductivity [142]. To improve an
optical sensor fiber, Ag-doped silica nanocomposite is coated along with bent silica
on the surface of it, which is useful to trace ammonia in a gas sample [143].
Silver-poly vinyl alcohol (Ag-PVA) composites are used for light guiding and
optical sensing applications [144, 145]. Silver nanoparticles rapidly trap free
electrons so they are used in semiconductor applications. TiO2 is a known photo-
catalyst capped with the silver nanoparticle to form TiO2–AgNP nanocomposites
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which are used for better semiconductor efficiency [143, 146]. Conventional solar
cells coated with silicon was not efficient because silicon is a poor absorber of light.
To enhance the light trapping efficiency of such solar cells, undercoating silver
nanoparticles along with silicon layer was performed [147]. Similarly, in ultra-thin
light filters, the silver-Poly-methylmethacrylate-Poly ethylene terephthalate mem-
brane (Ag-PMMA-PET) composite has been used. Li et al. [148] suggested that use
of PVP nanofibers-silver nanoparticle composites as a thin layer in organic solar
cells increase 19.44% power conversion efficiency.

Glucose oxidase (GOx) immobilized stimuli-responsive silver nanocomposites
are used in optical enzyme biosensor for sugar concentration analysis. When a
sugar solution like glucose is applied to the surface of optical enzyme biosensor, the
interparticle distances of the silver nanoparticle present in the silver nanocomposite
are increased and absorbance strength of surface Plasmon resonance is decreased
[149]. In a variety of techniques like fluorescent, radiochemical, piezoelectric
technology and quartz crystal microbalance, silver nanoparticle probes are also
used.

4.3 Water Treatment

As silver has antimicrobial property, Ag nanoparticles and nanocomposites are used
in water purification devices to retard the growth of waterborne microorganisms.
The Ag-containing nanomaterials can be a more cost-effective way for water
treatment than the chemical method. The stabilization and immobilization of
AgNPs in polymeric ion-exchange matrices is a promising approach for water
treatment processes. Porous silver nanocomposites such as cellulose/Ag
nanocomposites [150], chitosan-silver nanocomposites [151], silica silver com-
posite [152] etc., have antibacterial characteristics and are also used in water
treatment system. Silver nanoparticle loaded biocompatible and biodegradable
polymer, sodium carboxymethyl cellulose (CMC) is used for water treatment
application [153]. Zeolite, sand, fibreglass, anion and cation resin loaded silver
nanoparticles are used in groundwater purification systems as antibacterial agent
[154]. Porous ceramic Ag nanocomposites and thin-film layer containing nanosilver
particles are used as an antibacterial substance in water filter [155]. The silver
incorporated nanocomposite ceramic membranes exhibit good salt rejection
capacity and effective membrane permeability [156]. Ceramic membrane fabricated
silver nanoparticles have also been used to prevent biofouling [157]. Ceramic
materials, casting with nanoparticles have more nanoscale pore sizes than ceramics
with conventional sintering [158]. Silver-decorated ceramic membrane removes all
E. coli after 24 h of contact time, whereas, bacterial growth was observed on
undecorated membranes [159]. Silver nanoparticles incorporated polymeric mem-
branes are also used to mitigate the biofouling and reduce the microbial activity by
releasing silver ions from the membrane. The released silver ions lyse the bacterial
cell by adhering to the cell and change the permeability of the cell wall [160, 161].
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Fe3O4-silver nanomaterial is a bifunctional composite that has the superparamag-
netic and antibacterial properties against E. coli, Staphylococcus epidermis, and
B. subtilis. This nanocomposite easily removes material from water with its
superparamagnetic property. To enhance the water treatment efficiency and recy-
clability, mesoporous polymer nanofiber membranes can be designed with specific
pore sizes and desired filtration properties. So, the nanocomposites of super
magnetic/silver nanoparticle/polymer nanofiber can be a promising water disin-
fectant [162, 163].

4.4 Textiles

The silver nanoparticles form bonds with the fibers of different fabrics like nylon,
polyester, cotton and produce the nanoengineered fabrics. High surface area relative
to the volume of particles that increases their chemical reactivity with the fibers
helps the nanoparticles stick to fabrics more permanently. The silver nanoparticle
coated fabrics prevent moisture, odour, dirt and have antibacterial activity. Due to
these properties, they are used in medical bandages, bed linings and sports socks
[164]. For prevention of foot odour, use of silver containing socks has been
reported. Polymer nanofiber coated fabric materials are applied in textiles to act as a
waterproof textile material. Polymer nanofiber layered fabrics with dirt-proof,
stain-proof, and superhydrophobic properties are also available. Perelshteinet al.
[165] prepared the silver nanocomposite coated fabric and experimented with its
antibacterial activity against E. coli and Staphylococcus aureus. Silver nanocom-
posites of Polyvinyl alcohol (PVA) and polyvinyl pyrrolidone (PVP) are the type of
polymer nanocomposites that form hydrogen bonds with polar species [166].

4.5 Nanopaints

Polymer matrices give high stability to the silver nanoparticles in polymer-silver
nanocomposites. Without significant oxidation and aggregation, the polymer
nanocomposites can be stable up to 200 °C. This property enables the production of
silver nanoparticle embedded homogeneous paints. The nanopaint is an excellent
coating material with outstanding antibacterial properties that can be applied to
various surfaces including wood, glass, and polystyrene [167].

4.6 Personal Care Products

Silver nanoparticles used in cleanser soap has been found useful in treating acne
due to their bactericidal and fungicidal properties [168]. Nanosilver containing hand
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wash of 15 mg per litre concentration has been found highly efficient with short
exposure time to prevent transmission of infectious diseases [169]. Some toothpaste
and tooth creams contain silver nanoparticles which produce a natural tooth enamel
like a thin layer in teeth to reduce sensitivity and pain. For imparting freshness to
the skin, certain day and night creams contain silver nanoparticles [170]. Zinc oxide
(ZnO) or titanium dioxide (TiO2) effectively absorb UV light. Incorporation of
silver nanoparticles in ZnO and TiO2 make them small and transparent, enabling
them to exclusively absorb UV light excluding the absorption of visible light. Silver
nanoparticles are also used in face and body foams, wet wipes, deodorants, lip
products etc. [171].

5 Conclusion

The present review focuses on a vivid discussion relating to various synthesis
methods and applications of silver nanocomposites. This would help in our
understanding and enrich our knowledge on the recent developments in the area.
However, further research is needed for nanocomposite synthesis through faster,
economical and cheap processes and the extension of their applicability that would
result in increased specificity, competence and efficiency. Keeping in view the
increasing environmental pollution due to different anthropogenic activities care
should be taken to focus on green synthesis methods that would not release any
harmful chemicals in the environment. Novel strategies can also be implemented
towards the development of recyclable and biodegradable nanocomposite materials
preventing their accumulation in the environment after disposal.
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Toxicological Evaluations
of Nanocomposites with Special
Reference to Cancer Therapy

Arpita Hazra Chowdhury, Arka Bagchi, Arunima Biswas
and Sk. Manirul Islam

1 Introduction

Nanotechnology is developing a new era with the development of previously
unknown materials and creating possibilities having the profound impact on the
economic status, environment, and society. The nanotechnology tool is allowing
scientists and manufactures to fabricate materials literally molecule-by-molecule.
Properties associated with matter, custom design of previously unexplored struc-
tures, devices and unique systems with remarkable properties, like considerably
increased strength, significantly decreased weight, much increased electrical con-
ductivity or having the capacity to change shape, colour could be harnessed. Their
applications in the field of modern medical and biological research are immense.
Though researchers have devised various techniques and well defined intricate
strategies to deliver poorly-soluble drugs into the infected tissue or cells, challenges
remain to design drug delivery in a target-specific manner without causing the
negative impact on the normal cells and tissues. The synthesis of nanoparticles and
nanocomposites covering a broad range of metal, metal-oxide, and semiconductors
to fabricate nanostructures with varying morphology are now being used in various
ongoing research to successfully deal with the challenges and overcome obstacles.
Moreover, nanoparticles or nanofibers in fabrics enhance various physical resis-
tance, without increasing weight, thickness or stiffness of the fabric. Water filters
that are only 15–20 nm wide can sieve very small particles, including virtually all
viruses and bacteria. Hence this method is presently being implemented as a
cost-efficient, portable water treatment system, improving the quality of drinking
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water in the developing countries. Not only improving the quality of life,
nanoparticles like carbon nanotubes have a number of applications which includes
producing strong and lightweight sports good. This proves beyond doubt that
nanoparticles have an array of important usages in the modern era. But the good-
ness of nanoparticles and nanocomposites are not confined in the above- mentioned
uses only. They are one of the main targets and hope for the betterment of human
health and lifespan in future. The variety of nanotechnology-based platforms has
been speculated for use in various biological purposes including improved cancer
chemotherapy.

Synthesis of nanocomposites with nanoparticles and various matrix carriers
improve the target specificity of the drugs along with their effectiveness in the
biological system. The current problem with chemotherapeutic drugs is that they
mostly affect the normal tissues along with the cancer ones. The utility of
nanocomposites has the potential to address the issue of target non-specificity.
Hence, they have gained importance for efficient transport of anticancer agents into
the cancerous cells without affecting normal tissues or cells. Unlike the free drugs,
which get neutralized in the body within the short time interval, these nanocom-
posites can also accumulate in the tumours, achieving a cytotoxic load, higher than
the rest of the body [1, 2]. The nanocomposites increase the lifetime of a drug
preventing their degradation when used in combination. The nanocomposites thus
function by increasing the half-life of them in the biological system to a significant
amount. Moreover, due to the process of angiogenesis, the accumulation of
nanocarriers in the tumour tissues is ensured, which enhance effectivity of these
carriers to significantly over free drugs [3, 4]. So, transport of these drugs through
the bloodstream is facilitated by increasing half-life of nanocarriers avoiding the
action of our body’s first line of defence [5].

Different targeting ligands, such as monoclonal antibodies, peptides, antibody
fragments, growth factors can be actually tagged to nanocarriers to achieve
site-specific active targeting. Moreover, this gives an added advantage to avoid the
multiple-drug resistance imparted by passive targeting [6].

But nanocarriers have few drawbacks which are responsible for its clinical
failure. After entering into the tumour vasculature, the nanocarriers must reach the
cancer cells by overcoming the different barriers. But the endothelial barrier adja-
cent to cancer cells sometimes act as a real hurdle ensuring the failure of nanocarrier
functioning [7]. Moreover, the nanocarriers get attached to the first available
receptor, failing to penetrate the other tumours. Also, targeting moieties increase the
immunogenicity and plasma protein absorption of the nanocarriers, thereby actually
minimizing their half-life in the bloodstream, which was supposed to be enhanced
[7], decreasing their targeting capacity.

These shortcomings are needed to overcome to ensure the success of nanocar-
riers. The drawbacks and limited versatility of a single nanoparticle led to the use of
nanocomposites in different fields as they exhibit cumulatively all the properties of
their components, thereby increasing the versatility to a large extent. Moreover,
they also show increased biocompatibility and high stability both in the environ-
ment and in biological systems. Metallic nanocomposites are useful for their
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multifunctional properties and biocompatibility, keeping their own property
unhampered. This is the reason why researchers are showing immense interest in
the use if nanocomposites for different biomedical applications including drug
delivery, imaging, MRI contrast agent, photothermal ablation agents, photoacoustic
imaging contrast agents [8–10].

But the researches on the toxicological evaluation of the nanoparticles and
nanocomposites are still fragmentary and even contradictory to each other. But
evidence severely suggests that metal nanoparticles like gold nanoparticle are
involved in showing toxic effects on cellular levels causing size, shape and surface
modifications. Though a small group of scientists claimed the use of gold
nanoparticles to be essentially non-toxic, various research groups demonstrated
their toxicity. The size of the nanoparticles seemed associated with generating
toxicity when studied in cell lines like MCF-7 in a time and dose-dependent
manner. The small-sized nanoparticles showed lesser toxicity and lesser accumu-
lation of autophagosomes. These toxic effects might be an issue for using these
nanoparticles for biomedical therapies as they might affect the healthy cells along
the cancerous ones. Hence researchers are in the process of synthesizing
nanocomposites to decrease the toxicity associated with the metal nanoparticles.

1.1 Nanocomposite Systems

Since the 1990s, researchers are showing more interest in nanocomposite systems
and as a result, the number of publications, including reviews, is continuously
increasing. We can define nanocomposites (NC) as multiphase solid materials in
which phases must be present with dimensions of less than 100 nm.
Nanocomposite systems have two parts: (i) continuous phase and (ii) discontinuous
reinforcing phase. Thus, nanocomposite systems can have a combined or have
noticeably different electrical, mechanical, electrochemical, thermal, catalytic and
optical properties of the component materials [11–14].

1.2 Synthesis of Nanocomposite Systems: Nanocomposite
Materials Are Generally Synthesized Using One
of the Two Methods

1.2.1 In Situ Method

An effective and simple way to obtain a nanocomposite is to synthesize
the nanoparticle in a matrix by an in situ method. The nanocomposite can be
synthesized inside the matrix material in this method, from its corresponding pre-
cursors. Therefore, this method follows one-step fabrication of nanocomposites,
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where prevention of particle agglomeration as well as well spatial distribution in the
matrix system both, have occurred simultaneously and these are the best advantages
of this method. The disadvantage of this method is that the unreacted reagents of the
in situ reaction might influence the properties of the final nanocomposite material.

1.2.2 Ex Situ Method

Ex situ method for synthesizing nanocomposites in another useful method, where
the pre-made nanoparticles are directly dispersed into the matrix to form the
composite. This method also has advantages and disadvantages. This method is
very much advantageous for the large-scale industrial synthesis of nanocomposites
than the in situ method, but the major challenge of this method is to prepare highly
dispersible and stable nanoparticles. Generally, sonication method is applied to
disperse the nanoparticles in the matrix.

1.3 Synthesis of Au/Ag Supported Mesoporous Metal-Oxide
Nanocomposites

Mesoporous materials having tunable pore structure and modified framework
composition, show various applications in adsorption, catalysis, separation, energy
storage, conversion, biological uses etc. [15–17].

Mesoporous silicate particles have drawn a significant interest among the variety
of inorganic materials as it possesses ordered porous structure, simple and
cost-effective synthetic methods and wide range of applications [18–20]
Modification of mesoporous silica surface can be done by various functional groups
[21–26] and various metal NPs [27–31] and these modifications made the materials
potentially applicable in different biomedical fields [32–34]. It should be noted that
the antibacterial activity of Ag NPs depends not only on the size of NPs [35] but
also on their shape [36]. Therefore, the main reason for carrying out the antibac-
terial activity is to synthesize monodispersed stable Ag NPs synthesis with the
similar shape of the NPs. Ghosh et al. synthesized mesoporous silica flakes
(MSF) using tetraethylorthosilicate (TEOS) as a silica source and CTAB as a
structure directing agent in hexane at room temperature. They modified MSF with
aminopropyltriethoxyl silane (APTS). The amino group of APTS formed -
NH2CH2OH group by reacting with formaldehyde and the resulted group acted as
reducing as well as the stabilizing agent to form monodisperse Ag NPs [37]. Li
et al. [38] synthesized homogenously distributed gold nanoparticles within titania
framework via a multi-component assembly approach. In this method, titania, gold
building clusters, and surfactant are assembled in a single step process, that is they
mixed Pluronic surfactant P123, TiCl4, Ti(OBu)4, and AuCl3 in ethanol.
Homogeneous mesostructured nanocomposites were obtained by casting the
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mixture followed by an ageing process. The surfactant P123 was removed by
calcining the sample resulting crystalline mesoporous TiO2 networks embedding
gold nanoparticles. On the other hand, the Ag/mesoporous ZnO nanocomposite was
synthesized by microwave irradiation route [39]. The reaction was carried out in an
argon atmosphere for 15 min with zinc (II) acetate and silver nitrate as precursor
salts to synthesize ZnO and Ag NPs respectively. Briefly, zinc (II) acetate and
ethylene glycol were added to the aqueous AgNO3 solution in a round-bottomed
flask, fitted to the refluxing system inside the microwave oven. The reaction was
conducted for 15 min under argon atmosphere. At the end of the reaction, the
powder from the liquid was separated by centrifugation with the mother liquid and
then washed with water and ethanol. Then the nanocomposite product was dried
overnight under vacuum. Chowdhury et al. synthesized Ag-TiO2 nanocomposite
through a green synthetic method. The mesoporous anatase TiO2 was synthesized
by a hydrothermal method where they used titanium (IV) oxysulfate (TIOS) as
precursor salt, urea as reducing agent and SDS as the surfactant in aqueous solution.
Then the silver nanoparticle doped TiO2 (Ag–TiO2) was obtained by an impreg-
nation method. In this method, water dispersible Ag NPs were used which were
obtained from green carambola extract at pH 10 [40].

Sinha et al. [41] synthesized mesoscopic manganese oxide/gold nanoparticle
composites by mixing Mn(NO3)2 � 6H2O salt solution with a solution of NaOH and
an aqueous solution of CTAB at pH 8.0. The resulting gel (pH 10.5) was heated in a
closed vessel. The solid product was filtered calcined at 500 °C for 4 h and then it
was stirred in aqueous H2SO4 solution followed by filtering and washing with
water, and finally dried at 105 °C to obtain mesoporous MnO2 sheets. The Au metal
was vaporized from an Au disk to create a plasma by using the second harmonic of
an Nd:YAG pulsed laser with a pulse width of 7 ns and energy of 1 J pulse. The
supports which were prepared as thin sheets, placed in front of the cluster beam.
Then each side of the wafer was exposed to the cluster beam for the same time
interval and finally, the metal content in the composite was measured by chemical
analysis (inductively coupled plasma).

1.4 Synthesis of Au/Ag Supported Graphene
Nanocomposites

Since the experimental existence in 2004, graphene attracts the huge attention of the
scientific community in almost all fields of material science applications. This credit
goes to the extraordinary properties of graphene-like its high surface area (*2600
m2g−1), high thermal and mechanical stability, unique electronic and charge
transport properties [42, 43]. Moreover, functionalized graphene nanocomposites
show a wide array of applications in different fields such as in chemical and
biological sensors, charge storage devices, capacitors, nanoelectronic and
nanophotonic devices etc. [44–48]. These applications of graphene like structures
may vary depending upon the route of synthesis that includes micro-mechanical
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exfoliation, Chemical vapour deposition (CVD), chemical reduction of graphene
oxide (GO) etc. [42, 49–51]. In order to produce large-scale graphene, the chemical
exfoliation of GO to produce reduced graphene oxide (RGO) is one of the most cost
effective and efficient pathways [52].

The modified Hummers method is used to synthesize graphene oxide was from
natural graphite. The synthesized GO was dispersed in DI water by sonication and
AgNO3 was added as the precursor salt to obtain Ag nanoparticles. Finally, the Ag/
graphene composite was prepared by adding sodium borohydride (NaBH4) as the
reducing agent. The synthetic pathway of silver loaded graphene (Ag/G) is shown
in Fig. 1 [53].

Wadhwa et al. demonstrated the synthesis of reduced graphene oxide silver
(RGO-Ag) nanocomposite by using microwave irradiation. Modified Hummers
method was also applied here to synthesize graphene oxide followed by
microwave-assisted the reduction of GO and silver nitrate (AgNO3) by hydrazine
hydrate via in situ method [52].

The strong reducing agents like hydrazine and sodium borohydride can be used
to synthesize metal nanoparticles very easily, but the main drawback of these
reducing agents is that they are toxic and hazardous to the environment. To avoid

Fig. 1 Schematic representation of the synthesis of silver loaded graphene (Ag/G) composite [53]
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such detrimental effects, researchers are recently using a green and inexpensive
chemical synthesis approach. silver nanoparticle (AgNPs)–graphene oxide
(GO) composite was also synthesized by the green synthetic approach where beta
cyclodextrin used as a stabilizing agent and ascorbic acid act as reducing agent [54].

Ju and Chen demonstrated a green and simple in situ approach to synthesize Au
nanoparticles on nitrogen-doped graphene quantum dots (Au NPs–N-GQDs). The
composite was obtained by simple refluxing of the nitrogen-doped graphene
quantum dots and HAuCl4 � 4H2O as the precursor salt of Au NPs without using
any other reductant and surfactant [55].

1.5 Synthesis of Au/Ag Supported Polymer Nanocomposites

Usually, the nanoparticles tend to aggregate in the polymer matrix and thus the
dispersion of nanoparticles in polymer matrices is challenging. This kind of
problems of nanoparticles usually results in poor processability of composites and a
high defect density [56, 57]. The composite material’s physical properties are very
much dependable on particle dispersion within the nanocomposite [58]. Toor and
Pisano adopted ex situ approach to synthesize nanocomposite material. They pre-
pared PVP coated gold nanoparticles in the form of a dried powder and this powder
was dispersed in dimethylformamide (DMF) solvent. On the other hand, the
polymer solution was prepared by them where the PVDF in pellets form was mixed
with the DMF solvent at 100 °C with continuous stirring. This particle solution was
mixed with the polymer solution in various concentration under sonication to
prepare the nanocomposite suspension [59] (Fig. 2).

Kanahara et al. [60] prepared amino-terminated polymer particles using the
SORP technique. The solution of each polymer in THF was prepared at a certain
concentration. Membrane-filtered water was slowly added to the polymer solution
in a glass bottle with constant stirring and the resulting mixture was then allowed to
stay uncovered at ambient temperature to evaporate the THF. An opaque dispersion
of polymer particles in water was obtained after complete evaporation of the THF.
Then the aliquot of the aqueous dispersion of polymer particle was mixed with an

Fig. 2 PVP coated gold nanoparticles are blended with the PVDF polymer
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aqueous dispersion of Au NPs and an aqueous PEG solution in a microtube, where
PEG was used as a stabilizing agent that can prevent the agglomeration of polymer
particles. These composite particles were then separated out by centrifugation
followed by washing with water.

Cucurbit [8] uril was used to prepare a gold nanoparticle-polymer composite
material, which acts as a supramolecular ‘‘handcuff’’ to grip together with the
functionalized gold nanoparticles and acrylamide copolymer. The AuNPs must be
functionalized by a water-soluble SAM yet remain accessible for CB [8] host-guest
binding, as water solubility is a must for CB [8] ternary system. Water-soluble
functionalized-AuNP 3 with a neutral (major) ligand tri (ethylene glycol)-
1-butanethiol (EG3-C4-SH; 1) and a viologen-containing (minor) ligand,
1-methyl-4,40-bipyridinium-dodecanethiol bisbromide ([MV2+-C12-SH] � 2Br−; 2)
were prepared by a mixed self-assembled monolayer (mSAM) approach. AuNPs
with a diameter of roughly 5 nm were prepared and functionalised with varying
ligand mixtures of 1 and 2 leading to the AuNP 3 as depicted in Fig. 3. Another NP
control was prepared in a similar manner with a SAM consisting of solely EG3

(EG3-AuNP 4) [61] (Fig. 4).

1.6 Synthesis of Au/Ag Supported Dendrimer
Nanocomposites

Silver-dendrimer nanocomposites were synthesized by mixing dendrimers and
silver nitrate solution to obtain Ag+/dendrimer complex at pH 7.0. Sodium

Fig. 3 Schematic illustration of the preparation of composite particles [60]
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borohydride was added to the mixture as a reducing agent to reduce Ag+ to Ag0 and
Silver-dendrimer nanocomposite was formed [62]. Zhang et al. showed a simple
method of fabrication of thin film composite (TFC) where the silver–polyethylene
glycol PEGylated dendrimer nanocomposite is used. They stirred poly (ethylene
glycol) methyl ether acrylate (PEGMEA) with the AgNO3 aqueous solution and
exposed to the light for several hours to prepare the silver nanocomposite mem-
brane [63] (Fig. 5).

Stable gold-dendrimer nanochains were synthesized in aqueous media without
using any templates or organic solvents by regulating the density of dendrimers
(Fig. 6). In this approach polyamidoamine (PAMAM) dendrimers self-assembled
with gold nanoparticles to obtain one-dimensional nanochains [64].

Fig. 4 Schematic representation of a preparation of MV2+-AuNP 3 and EG3-AuNP 4, b formation
of a 2: 1 (MV+)2 CB [8] inclusion complex upon reduction and c the noncovalent functionalization
of MV2+-AuNP 3 with CB [8] and multivalent Np-copolymers 5 [61]
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Fig. 5 Schematic diagram of the synthesis of silver–PEGylated dendrimer nanocomposite on the
thin film composite membranes [63]

Fig. 6 Schematic representation of the chemical structure of a Generation 5 PAMAM dendrimer
and the plausible mechanism of self-assembly of gold nanoparticles (20 nm) with dendrimers to
produce electrostatic interactions driven one-dimensional ‘nanochains’ [64]
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2 Applications and Toxicological Evaluations of Gold
Nanocomposites

Recently, the use of gold nanoparticles to synthesize different biocompatible
nanocomposites has provided various new ways of treatment of different diseases.
In cancer, the use of such nanocomposites is becoming popular day by day. In
present times, the use of anisotropic gold in the form of nanoparticles has generated
much interest amongst scientists all over the world because of the particles’ unique
properties such as optical, electronic, size- and shape-dependent, and chemical
properties, which are completely different from those in bulk and elemental form
[65–67]. Moreover, gold nanoparticles (AuNPs) has the potential to act as a pho-
tothermal agent [68–70].

2.1 Silica-Based Gold Nanocomposite

The conventional photo-absorbing agents, which are essential for converting radi-
ation energy to heat, have many limitations due to their lack of stability and
absorption of radiation. But the use of novel nanostructures has provided the way to
overcome such limitations of the conventional agents. The silica-gold-silica (SiO2–

Au–SiO2) nanocomposite has demonstrated a relatively broad extinction in the NIR
region, which is significant for its photothermal effect [71]. Researchers have
explored its potential as a photothermal therapy material in vitro in various cell lines
of mammalian origin. Researchers have also used Au–SiO2 nanocomposites for the
detection of human ovarian cancer cells (HOC) [72]. By analyzing the optical
absorption spectra, it was observed that the treatment of HOC with Au–SiO2

nanocomposites made them susceptible to change the absorption spectrum in
comparison with the control cells. For these reasons, the potential of clinical
applications of AuNPs is presently an intense subject for research [73]. Current
researchers also indicated that mesoporous silica-coated gold nanocomposites have
a strong potential to diagnose and treat breast cancer. They seemed to be potent
cytotoxic agents affecting triple negative breast cancer cell line like MDA-MB-231.
But toxicological implications of these composites are yet to be evaluated.
Questions still remain about whether these can be used in humans with little no side
effects on humans and the environment.

2.2 Lipid-Coated Gold Nanocomposite

Liposomal nanoparticles are made up of natural lipids having the potential to
encapsulate both water-soluble and insoluble drugs in their core. Their design is for
controlled delivery of therapeutic agents enhancing therapeutic efficacy minimizing
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side effects. Encapsulation or coating of metallic nanoparticles especially Au with
lipids is a useful non-covalent approach to stabilize surface chemistry and to
increase the compatibility of lipid-coated nanohybrids loaded with drugs at bio-
logical level [74–79]. In a study by Kang et al. it has been shown that the
administration of docetaxel (DTX) in a lipid bilayer on the nanoparticles leads to
the reduction of its side effects, thereby increasing its efficacy. DTX, an anti-cancer
drug showed to effectively increase its intracellular delivery and therapeutic efficacy
when administered with nanoparticles [80]. The uptake of drugs by the cells was
significantly enhanced by this formulation and it also enhanced cytotoxicity com-
pared to uncoated AuNPs and the free drug. The above-mentioned effects were
because of cell-cycle arrest in the G2/M phase of skin melanoma cell line B16F10
and breast cancer cell line MCF-7 cells with the increased population of sub-G1

phase apoptotic cells. Thus drug-encapsulated lipid-coated nanoparticles have a
scope to be used as a promising nanocarrier system for significantly enhanced
cancer chemotherapy.

2.3 Manganese Oxide-Based Gold Nanocomposites

Macrophages and monocytes, two of the key components of host response to tumor
cells, augments cell proliferation in the tumor microenvironment and in case of
infections [81], along with the hypoxic condition, which is also very essential for
the survival of tumors and this hypoxic condition can be clearly noticed in case of
inflammation or solid tumor formation [82]. Suppression of the hypoxic condition
by modulating the signalling pathways of Hypoxia Inducing Factor (HIF) with the
use of gold-manganese oxide nanocomposite induces the subset of macrophages to
revert back to a cytotoxic and anti-tumorigenic form [83]. This strategy of reversing
hypoxic condition of the tumour microenvironment, through their effect on
Tumor-Associated Macrophages, can be utilized as a mechanism to combat cancer.
Moreover, broad near-infrared absorption of porous gold nanoparticle-manganese
monoxide nanocomposites effectively increase the diagnostic time and also pro-
vides deeper photoacoustic imaging depth [84], which can be used to perform more
accurate MR/Photoacoustic/CT tumour imaging in the human body.

2.4 Chitosan-Based Gold Nanocomposite

A group of researchers used Chitosan, a non-toxic biopolymer, along with gold
nanoparticles to develop a nanocomposite that shows properties like the high
current response intensity, a high electrocatalytic tendency towards H2O2 reduction,
high stability, and good biocompatibility. Immunosensors prepared from this gold/
chitosan nanocomposite can be used for high-throughput biomedical sensing and
clinical applications, such as for the detection of prostate cancer using PSA
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biomarker, without any sophisticated and complicated fabrication procedure [85].
Nanocomposite, constructed with gold nanoparticles (AuNPs), Carbon nano-onions
(CNOs), single-walled carbon nanotubes (SWCNTs) and chitosan (CS) (AuNPs/
CNOs/SWCNTs/CS) have been used to develop high-sensitivity electrochemical
immunosensor that can detect carcinoembryonic antigens (CEA), which is a clinical
tumor marker [86]. Along with the high sensitivity and excellent stability in the
biological system, this immunosensor also provides excellent selectivity due to the
property of resistance to interference in the presence of other antigens in the serum.
Moreover, this platform can be utilized to design various highly selective and
sensitive immunosensors to detect important biomarkers such as ciprofloxacin and
immunoglobulin A (Fig. 7).

Apart from great application benefits, this type of nanocomposites also offers
some health risks. The carbon nanotubes (SWCNTs) used in the above formulation
can be hazardous to the people, especially who are producing or handling such
nanomaterials. Inhalation of carbon nanotubes has potential to cause inflammation
and granuloma formation in the lungs as they can reach the lower respiratory tract
and can persist for a year or more. They can also translocate to other organs such as
lymph nodes and pleura [87].

Many studies have also shown that nanocomposites composed of gold
nanoparticles encapsulated by temperature-sensitive microgel are convenient col-
loidal systems with trapping capabilities [88, 89]. The biocompatibility of such
composites can be used as a system for drug release in low solvent pH, for example
in cancer therapy.

Fig. 7 Fabrication of a highly sensitive and selective immunosensor for carcinoembryonic
antigen [86]
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2.5 Graphene-Based Gold Nanocomposite

Not only in case of different biomarkers, but many studies have also depicted that
these nanocomposites can be very efficient in determining the presence of different
components in the environment, especially in the aquatic environment. Researchers
have developed gold nanoparticle/Graphene nanocomposite that can be used to
determine trace Chromium in water samples [90]. The hexavalent form of chro-
mium acts as a strong oxidizing agent and shows carcinogenic and mutagenic
properties, whereas the trivalent form is less toxic and studies have shown that it
plays a vital role in many biological processes. So, it is of great importance to
determine the level of trace hexavalent chromium in the water bodies to provide
control for human and environmental concerns. The gold nanoparticle/Graphene
nanocomposite sensors have been used to detect trace hexavalent chromium in the
river samples of Indonesia as it shows high stability, high sensitivity, high elec-
trocatalytic activity and low cost of analysis.

Graphene nanocomposites impart toxic effects on human erythrocytes, skin,
fibroblasts and on different other cell lines. It is also extensively used in cancer
research because of its unique set of characters that provide high mechanical
strength and better stability preventing aggregation of the gold nanoparticles [91].
Researchers have constructed biosensors using graphene oxide based AuNP
nanocomposite that can detect tumour mutations [92]. Gold nanoparticles were also
added as functional agents in N2- or S- doped graphene sheets (AuNPs-N2-
doped-GN or AuNPs-thiolated GN composite), that shows much enhanced SERS
(Surface Enhanced Raman Spectroscopy) attributes on their electro-active surfaces
[93, 94]. Along with these efficient diagnostic applications, these graphene oxide/
gold nanocomposites have also been proven to be an efficient drug delivery system.
Moreover, the whole process of drug delivery and release can be monitored by
fluorescent-monitoring [95], making it a more efficient candidate for drug delivery
in cancer treatments. Graphene oxide/gold nanocomposite loaded with daunoru-
bicin enhances drug release into cancer cells by inducing morphological changes in
cancer cell membrane. This also reduced P-glycoprotein expression and activated
apoptosis in cancer cells in both in vitro and in vivo models [96]. Graphene
nanocomposites are proposed as potent anti-cancer agents as they produce reactive
oxygen species (ROS), induce cell cycle changes and might also initiate apoptosis.

In spite of these useful applications of graphene oxide as a composite with gold
nanoparticles, it has some cytotoxic effects. Many in vitro studies reported that
graphene oxide is cytotoxic to both normal and cancer cells when applied in high
concentration and with long exposure time, though cancer cell lines showed more
percentage viability may be because of its inbuilt resistance to cellular damage
[97–100].
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2.6 Dendrimer Stabilized Gold Nanoparticles

Multifunctional nanocomposites constructed by the researchers using gold nanopar-
ticles stabilized by polyamidoamine (PANAM) dendrimers that can be used for
combined detection of tumour cells through many processes such as flow cytometry,
confocal microscopy, computed tomography, etc. [101]. These dendrimers are highly
branched three-dimensional polymeric macromolecules that have highly configurable
architecture. The biocompatibility and pharmacokinetics of this nanoconstruct can be
adjusted by tuning the chemical synthesis of the dendrimer. Its high biocompatibility,
high drug loading capacity and presence of multiple functional groups on its surface
makes it a good candidate for photothermal therapy and targeted cancer therapy.
Moreover, its good biodegradability and water solubility augment its use as a carrier
for anticancer drugs [102–104]. It was also showed by researchers that incorporation
of gold to dendrimer can actually lower the toxicity of dendrimer in a selective
manner by modulating the physiochemical parameters of dendrimers.

2.7 Iron Oxide Gold Nanocomposite

Another construct with the gold nanoparticles is the Iron oxide/gold nanocom-
posite, which has immense importance in theranostics that is both in therapeutics
and diagnostics. The flower-shaped iron oxide/gold nanocomposites possess a large
number of magnetic domains, leading to enhanced magnetic properties that are
helpful in magnetic resonance imaging (MRI) [105]. Not only in MRI, but this
nanocomposite is also very useful in computed tomography (CT), Fluorescent
optical imaging, hyperthermia and many more diagnostic processes. This
nanocomposite has also been used as a carrier for drug delivery for chemotherapy
such as cisplatin conjugated nanocomposite.

Several iron oxide-based nanocomposites with gold nanoparticles are under
clinical trial to understand their toxicity, but only the dextran-coated superparam-
agnetic iron oxide is approved for human use by FDA. There are very few researches
on the complete toxicological profile of the iron oxide nanocomposites and some of
the researches are conflicting with each other. Moreover, some reports suggest
superparamagnetic iron oxide be toxic on mouse fibroblast cells whereas reports have
also shown that high concentration of this composite failed to show any toxicity.

3 Applications and Toxicological Evaluations of Silver
Nanocomposites

The nanoparticles and nanocomposites are popular for use in various fields for
various reasons like high surface area-to-volume ratio, increased solubility of the
drug and several others. But silver is definitely a suited choice for several others for
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biocidal properties or microbicidal properties of silver nanoparticles (Table 1) or
silver-based nanocomposites [106, 107]. Historically, before penicillin was even
discovered, silver was broadly used to combat severe infections, especially for
treatment of burns and chronic wounds. Even after the discovery of Penicillin, its
use was revitalized in 1968 when silver nitrate was combined with sulfonamide to
produce a silver sulfadiazine cream for treating burns [106]. Moreover, antibiotic
resistance has imposed a major problem in using the antibiotic drugs available and
very recently, silver-based nanocomposites have gained immense importance in
instances of infections [108]. Presently, there are a number of medical products
available, such as silver-based ointments and bandages that have been proven to be
efficiently retarding and preventing bacterial infections [109]. Current researches
mainly focus on the improvements in the development of novel silver nanoparticle
(Table 1) and composites keeping in mind the wide use and antimicrobial prop-
erties of silver. Moreover, researchers are showing more interest towards the
exploitation of silver nanoparticle to develop new biologically active materials so
that the unique antibacterial properties of silver can be combined with the perfor-
mance of the biomaterial [110–114]. Silver nanocomposites represent a promising
strategy to fight against infections on used medical devices as a problem of proper
sterilization as a major cause of hospital deaths in many places around the world.
Besides having antibacterial properties, they are also antifungal and antiviral agents.
Silver nanoparticles exert cytoprotective effects towards HIV-infected T cells by
inhibiting the production of extracellular virions in vitro. They directly interact with
the double-stranded DNA of HIV particles. But it is still not known how they affect
other viruses. The effects of silver nanoparticles and nanocomposites on fungi are
grossly unexplored. Though resistance to existing anti-fungal drugs are less com-
monly heard and it is not a menace like predominant antibacterial resistance, the
long-term concern remains for different types of the antifungal agent as their
options are really limited in the present world. Hence, researches are required to
develop drugs with novel antifungal mechanisms. Recently, attention has focused
on the potential of silver to be used as an antifungal agent, with experimental
evidence that silver nanoparticles are capable of exhibiting potent antifungal effects,
most likely by destroying the membrane integrity of fungal cells [115–117].

3.1 Graphene Oxide Silver Nanocomposite

The use of silver nanoparticles to develop different nanocomposites is getting very
popular among scientists nowadays because of its versatility and high stability. The
use of Graphene oxide/silver nanocomposite along with laser exposure
(Photodynamic therapy) exhibits a synergistic effect, increasing cytotoxicity to the
breast cancer cell lines [118]. This synergistic effect quickly produces reactive
oxygen species such as hydroxyl radicals, superoxide ions and singlet oxygen,
resulting in oxidative stress and can also include disruption of the cell membrane
[119]. These properties of the graphene oxide/silver nanocomposite can be used in
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future for biomedical applications, especially in targeted cancer therapy. But it
should be mentioned that researchers with two lineages of macrophages—a tumour
lineage (J774) and peritoneal macrophage collected from Balb/c mouse showed that
graphene oxide silver nanocomposite was toxic and induced significant ROS
generation compared to silver nanoparticles, though graphene oxide/silver
nanocomposites entered less inside cells. Hence the fate of the nanocomposites
used should be carefully monitored and is a major concern in developing bio-
compatible materials.

3.2 Iron Oxide-Based Silver Nanocomposite

The magnetic iron oxide/silver nanocomposites show high anti-bacterial activity,
which was tested against E. coli. This nanocomposite can also be used as an
antibacterial agent which could be magnetically controlled in different biomedical
applications. The reason behind it is the fact of the super magnetic properties of the
iron oxide nanoparticles are not affected by the modulation of silver ions [120].
A group of researchers has also studied iron oxide-silver oxide quantum dots
(QD) decorated cellulose nanofibres as a drug carrier for skin cancer therapy. They
introduced two drugs Etoposide and Methotrexate to the melanoma cells in assis-
tance with Fe3O4–Ag2O QD/cellulose nanofibre carrier and showed that the cell
viability decreased [121]. This study also indicated that a high number of unloaded

Table 1 Silver nanocomposites and their biological implications
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nanocomposites were not cytotoxic. Iron oxide-based nanocomposites did not
induce any possibility of liver or kidney toxicity. On the other hand, silver
nanoparticle alone resulted in increased serum alkaline phosphatase, calcium as
well as lymphocyte infiltration in liver and kidney, indicating organ toxicity. These
results indicate that in vivo kinetics of nanoparticles are required to be studied to
understand their hazards and also nanocomposites might be toxicologically less
hazardous than the metal nanoparticle itself.

Moreover, polyaniline (PANI) supported iron oxide/silver nanocomposites is
presently the composite adopted to develop a sensor for the tracing and assessing
uric acid in human blood and urine sample [122]. High sensitivity, selectivity, and
low detection limits augment its potential for various applications.

3.3 Dendrimer-Based Silver Nanocomposites

The silver/dendrimer nanocomposites are of great importance in modern day
research. Scientists have already demonstrated several uses of this construct. Xin
Jin and group have demonstrated that silver/dendrimer (PAMAM) nanocomposite
labelled DNA probe shows high sensitivity and selectivity with significantly low
detection limit [123].

Researchers have developed electro-chemiluminescence biosensors for HL-60
cancer cell detection from g-C3N4 nanosheets and silver-PANAM-luminol
nanocomposites, which show great selectivity and low detection limit [124] and
has the potential to be used as cell biomarker. 5-fluorouracil loaded silver/PAMAM
nanocomposite synergistically induces oxidative stress on cancer cells which were
marked by reactive oxygen species and reactive nitrogen intermediate generation,
DNA condensation and cytoskeletal compaction, leading to cell blebbing and
injury. This also turns on the p53 gene-mediated signalling pathway leading to
apoptosis [125].

In addition to these versatile applications of dendrimer-based silver and gold
nanocomposites, researchers have also demonstrated the adverse effect of different
dendrimers on biological organisms. Researches indicate that the stability of some
dendrimers in different physiological conditions varies considerably. In vitro studies
in a fish cell line (PLHC-1) have depicted that the PAMAM dendrimer induces
toxicity by the generation of reactive oxygen species, which is followed by DNA
damage and cell death [126]. In vivo studies have also demonstrated that PAMAM
dendrimers induce aggregation of different blood proteins and results in clots in
blood vessels [127]. Administration of PAMAM dendrimer in the mouse model
induce acute lung failure by modulating the renin-angiotensin system [128].
A considerable number of dendrimers have also been found to be accumulated in
some other important organs of the body such as the liver, kidney, heart and in the
brain of neonatal rabbit with cerebral palsy. Akhtar and group showed that
PAMAM inhibits ERK1/2 and p38 MAPK phosphorylation in both the cortex and
medulla region of rat kidney, modulating the MAPK signalling pathway [129].
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Even the sub-lethal dose of this dendrimer effects growth and development of
zebrafish adversely [130]. So, it is important to do more research on the surface
modifications and drug release of such dendrimers for designing a more biocom-
patible dendrimer construct and make it more suitable for various biological and
biomedical applications [131].

3.4 Silica-Based Silver Nanocomposite

Silica-based silver nanocomposites have been extensively used in biomedical fields,
especially for developing immunosensors. Researchers have developed an elec-
trochemiluminescence immunosensor for p53 with Ru(bpy)3

2+/silver nanoparticles
doped silica core-shell nanocomposite (RuAg/SiO2) that shows excellent electro-
chemiluminescence behaviour with wide linear range, high selectivity, stability and
low detection limit [132]. It efficiently detects trace level p53, so can be a very
useful tool to be used as a tumour biomarker. Moreover, Yiyan Song and the group
have prepared nanocomposite of polydopamine/silver nanoparticle on mesoporous
silica (SBA15) that has potential as an antimicrobial agent along with the industrial
role as a catalyst [133]. This composite successfully inhibited the growth of E.coli,
S. aureus, and A. fumigatus. Mesoporous silica/silver nanocomposite (Ag-SBA-15)
also shows high Hg0 capture capacity with high ability of regeneration and high
recyclability, therefore can be used as a catalyst to capture Hg0 from coal-fired
power plant flue gases [134]. These depict the importance of silver/silica
nanocomposites in both environmental as well as biomedical applications.

4 Conclusions

In this chapter, different synthetic methods to prepare metal nanocomposites based
on recent studies are well described. There is a large scope of future research
developing facile, green synthetic route to synthesize metal nanocomposites min-
imizing the use of hazardous chemical reagents. Synthesis of nanocomposites on a
metal base can be done by two different methods: in situ method and ex situ method
as described before. Mesoporous metal oxide nanocomposites, silver/
gold-supported graphene nanocomposite, silver/gold supported polymer
nanocomposites and silver/gold-supported dendrimer nanocomposites are a few
varieties of nanocomposites whose synthesis have been discussed in this chapter
keeping in mind their wide research usage in causing cell cytotoxicity, in experi-
mental cancer therapy, in antibacterial activity and antifungal activity and in
developing immunosensors to name a few. Their roles in the biological system have
made it exigent to study and understand the toxicological evaluations of the same in
the system as well as to the person exposed to it.
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Silver, gold, graphene nanocomposites have shown promising evidence indi-
cating their importance in cancer research and various other fields. They have
promising cytotoxic effects on various cancer cells and have potent antibacterial and
antifungal activities. But, in spite of their goodness in terms of human healthcare,
very few of the researches are actually translating into effective market available
drugs and have reached the stage of clinical trial. The reason behind the lag between
innovative research to identify new nanocomposites with immense biological
potency and the effective market available drug is the dearth of research studies to
evaluate the toxicity generated by the composites in the cell system, in animal
models and in users who are actually working with the nanocomposites.

It is important to understand the control of the concentrations in using the
nanocomposites to have the beneficial effects. Though there are a large number of
researches are going on in this field, a systematic in vitro–in vivo extrapolation
studies after the application of the nanocomposites is necessary. There are very little
information available till to date about the toxic effects of the biomarkers, such as
their immunomodulatory effect or ability to alter the genetic expression. In this
chapter, the synthesis of nanocomposites relevant to biological research, their wide
applications and toxicological evaluations have been discussed with special refer-
ence to cancer. But more studies are required on the toxicological implications of
the nanocomposites to use them as our friends and not as foes. Intensive toxico-
logical evaluation along with the ongoing research of finding new nanocomposites
are required to effectively use nanocomposites in biological systems and as a tool
for cancer therapy which will lead to the innovation of modern day target-specific
drugs and new arenas in chemotherapy.
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RGO Reduced graphene oxide
f-RGO Phytoextract-RGO
MWCNTs Multiwall carbon nanotubes
XRD X-ray diffraction
BET Brunauer–Emmett–Teller theory
IPN Interpenetrating polymer network
EP Epoxy
PU/EP Polyurethane/epoxy
DMA Dynamic mechanical analysis
APTES Aminopropyltriethoxy silane
WPU Waterborne polyurethane
SMT Silylated sodium montmorillonite
SHT Silylated halloysite nanotubes
POBUA Palm oil and methylene diisocyanate based polyurethane acrylate
EPOLA Epoxidized palm oil acrylate
PCL Poly(e-caprolactone) diol
UPCEA Poly-(urethane-esteramide)
TiO2 Titanium dioxide
EDX Energy dispersive X-ray spectroscopy
WAXD Wide-angle X-ray scattering
ECNC E. Globulus derived cellulose nanocrystals

1 Introduction

Polyurethane (PU) has been one of the most attractive speciality polymers known
for its excellent properties such as scratch resistance, abrasion and chemical
resistance. These polymers find extensive applications in many different fields such
as foams (flexible, semi-rigid and rigid), elastomers, adhesives, coatings and fibers
as shown in Fig. 1.

Basically, these polymers are obtained by the polyaddition reaction of polyol
and polyisocyanate as shown in Fig. 2 [1–3].

The properties of the synthesized PU depend upon the molecular weight, the
degree of cross-linking, the molar ratio of NCO/OH, effective intermolecular forces
and stiffness of different chain segments [4, 5]. In general, the PU chain is com-
posed of a soft segment based on polyol and a hard segment based on diisocyanate
and a chain extender [6–8]. The nature of hydrogen bonding (H-bonding) in the
rigid segment leads to strong mutual attraction resulting in the formation of
micro-domains which can act as physical crosslink providing elastomeric properties
to the PU chain segment [7, 8]. The hard segments determine the physical prop-
erties such as rigidity, while the soft segment imparts flexibility and elasticity.
Recent years have witnessed considerable research effort towards the improvement
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of the properties of polymer matrix i.e. PU (organic part) through the reinforcement
by addition of fillers in the nanometer scale [9, 10]. Nanocomposites represent a
unique class of materials that can be described by an ultrafine dispersion of
nanometer size fillers in a polymer matrix [11]. The most commonly used nano-
fillers for PU includes nanosilica, titanium dioxide (TiO2), organically modified
montmorillonite (MMT), graphite, cellulose nanocrystals etc. [12]. The developed
PU nanocomposite films using the above nanofillers exhibit good adhesion between
the polymer matrix and nanofillers because of the higher surface area and
surface-to-volume ratio of the nanoscale building blocks [13]. The introduction of
smaller amounts of nanofillers can provide higher thermal, mechanical, optical and
flame retardancy properties to the PU composite films as compared to their neat
counterparts [14]. Additionally, these fillers are suitable for application in

Fig. 1 Applications of polyurethane (PU) in various fields

Fig. 2 Synthesis of PUs from diisocyanate and polyol
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transparent PU coatings owing to the uniform dispersion of the nanoparticles.
Moreover, these uniformly dispersed particles leads to no interaction with the
incident light. As a consequence, there is no turbidity in the resulting composite
material.

The main ingredient for the synthesis of PUs includes the polyol and the
polyisocyanate component which are based on petro-based resources. Recent
decades witnessed the utilization of petro-based i.e. polyether polyol and polyester
polyol as the polyol component for the synthesis of PU. However, the progressive
decline in the fossil resources and the severe increase in the oil cost have led to
momentous attention towards the development of green PUs based on renewable
resources [14, 15]. Vegetable oils (VOs) triglyceride molecule obtained from var-
ious plant sources are gaining immense interest as a monomer in a recent decade for
the synthesis of PUs and its nanocomposites [16–18]. Moreover, the feasibility of
carrying out various reactions with VOs to synthesize bio-based polyol also makes
it more attractive for the synthesis of PUs [19, 20]. The various VOs used in the
synthesis of PUs and its nanocomposites include castor oil, palm oil, linseed oil etc.
Basically VOs are a family part of chemical compounds known as lipids which are
predominantly made up of triglycerides as shown in Fig. 3. The triglyceride
molecule consists of three fatty acids joined at a glycerol junction. In VOs the fatty
acid chain length varies from 0 to 22 carbons with 0 to 3 double bonds per fatty
acid. The various fatty acids present in VOs [21].

The other main component used for the synthesis of PU is isocyanate which
exists in the form of resonating structure as shown in Fig. 4 [22].

These groups are very reactive, towards nucleophilic agents due to the electron
deficiency on the carbon atom and hence most of the reaction occurs across the
C = N group of NCO [22, 23]. Broadly they are classified into two group i.e.
(a) aromatic isocyanate and (b) aliphatic isocyanate. It has been postulated that
the aromatic isocyanate is more reactive than the aliphatic ones with decreased
reactivity from primary through secondary to tertiary isocyanate group unless

Fig. 3 Triglyceride molecule in vegetable oil
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catalytic or steric factors results in reversal activity [24]. This can be explained on
the basis of the resonating structure wherein, the negative charge on the nitrogen
atom is well distributed and stabilized throughout the benzene ring reducing the
electron charge on the central carbon atom of the isocyanate when R is aromatic in
nature (see Fig. 5) [25].

Thus, the formation of the mesomeric structure in Fig. 5 explains the higher
reactivity of aromatic isocyanates such as methylene diisocyanate (MDI) and toluene
diisocyanate (TDI) over the aliphatic isocyanate such as hexamethylene diisocyanate
(HDI) and isophorone diisocyanate (IPDI). In case of an aromatic isocyanate, the
nature of the substituent also determines the reactivity, i.e. electron-attracting sub-
stituent in ortho or para position increase the reactivity and electron donating sub-
stituent lower the reactivity of isocyanate group [26]. As a general rule, any
electron-withdrawing group linked with R will increase the positive charge on
carbon, thereby increasing the reactivity of the isocyanate group towards nucle-
ophilic attack while electron donating groups will decrease the reactive of isocyanate

Fig. 4 Resonating structure of isocyanate group

Fig. 5 Resonance in aromatic isocyanate group
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groups [22]. The basic synthesis of isocyanate is shown in Fig. 6. The synthesis
starts with an amine, aliphatic or aromatic and phosgene. The synthesis route via
phosgene was invented in 1884 by Hentschel in which the isocyanate is formed by
the elimination of two molecules of hydrogen chloride (HCl).

However, the industrial synthesis of isocyanate through phosgene has to be
minimized because of various side reactions that lead to the production of urea and
salt complexes. [27]. Moreover, these diisocyanates are toxic and harmful to the
environment since they are derived from phosgene and release diamines, free
diisocyanate, and hydrogen cyanide on degradation [28, 29].

The diisocyanate normally used in PU synthesis are petroleum-derived as dis-
cussed in the above section, but if they are derived from VO sources then this
would lead to an increased amount of renewable carbon in such materials.
Moreover, the phosgenation synthesis route of isocyanate leads to the emission of
carcinogenic products into the atmosphere [28, 29]. Hence, in the current scenario
isocyanate based on vegetable oil would be a suitable alternative over the
petro-based isocyanate to foster sustainability [30, 31]. Although, extensive
research effort is being undertaken for the synthesis of isocyanate from VO pre-
cursor but only a few have been used for developing PUs [32, 33].

Thus, it is inevitable from the above discussion that PUs based on bio-based
polyol and isocyanate is an essential requirement of the current scenario so as to
reduce the excess usage of petro-based products and to formulate and develop
environmentally benign materials. However, the PUs synthesized from VO based
resources suffer from low mechanical, thermal and chemical properties hence, it is
imperative to use nanoparticles for the improvement in the properties of PU matrix
[34]. The following section will deal with the synthesis of PUs nanocomposite
based on various VOs.

2 Synthesis of Bio-based Polyurethane Nanocomposite
from Vegetable Oil

The current trend and present era are inclined towards the development of greener
products. Furthermore, as discussed the depletion of fossil fuel has led to rapid
research and development towards the synthesis of PUs from renewable resources.

Fig. 6 Synthesis route of isocyanate
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In this concern, vegetable oil like castor oil, jatropha oil, palm oil and soybean oil
etc. has led to dramatic utilization for the synthesis of PUs owing to economic,
environmental and social advantages. Castor oil (CO) with 92–95% ricinoleic acid
is the only commercially available natural polyol with inherent hydroxyl (–OH)
group widely used for synthesizing PUs and its nanocomposites [35, 36]. The
ricinoleic acid contains a secondary OH group at the 12th carbon position and a
double bond at the 9th and 10th carbon. This structural feature distinguishes CO as
a candid monomer for synthesizing of PUs amongst all other VOs [35, 36]. Jatropha
curcas oil (JCO) is another one attractive VO with high unsaturated fatty acid
content and good oxidation stability [37], which makes it a suitable monomer for
the synthesis of non-isocyanate polyurethane for various industrial applications
[38–42]. Palm oil another vital VO contains 45–60% unsaturated double bonds
which can undergo epoxidation to form palm oil-based epoxides which can be used
as a green polyol for synthesizing PU [39–43].

However, VO based polyol exhibits disadvantages which include inferior
physical properties, poor water resistance, and low thermostability [42–44]. These
disadvantages can be addressed by using nanotechnology through the incorporation
of nanofillers which can be an effective method for the development of PU prop-
erties [45–50]. The following section will deal with the recent trends and devel-
opment concerning the utilization of various VOs through the exploitation of their
structural chemistry for synthesizing different PU nanocomposites using
nano-technique.

2.1 Castor Oil Based Polyurethane Nanocomposites

Wang et al. [51] in a recent paper studied about the morphology, thermal and
mechanical properties of castor oil-based polyurethane/silica nanocomposites (PU/
NS). The NS surface was modified with 3-glycidoxypropyltrimethoxysilane and
c-methacryloxy-propyltrimethoxysilane. Thereafter PU/NS composite was pre-
pared via in situ polymerization technique with castor oil, isophorone diisocyanate
and modified NS particle. FTIR spectra indicated a successful blending of NS with
silane coupling agents through the appearance of peaks at 2973–2904 cm−1 asso-
ciated with the –CH2–group of 3-glycidoxypropyltrimethoxysilane, at 1636, 1718,
2953, and 2894 cm−1 owing to C = C, C = O and C–H stretching vibration of
3-glycidoxypropyltrimethoxysilane group. TGA studies were carried out to inves-
tigate the thermal stability of unmodified and modified NS particles. The unmod-
ified NS particles indicate weight loss at 180 °C. However, the modified NS
particles indicated two stages of weight loss within 150–600 °C. The higher
temperature of weight loss for modified NS particles indicated successful modifi-
cation with silane coupling agents. Scanning electron microscopy studies indicated
the uniform and homogeneous dispersion of modified NS particles within the PU
matrix. However, the neat NS particles indicated aggregation with a
non-homogenous surface within the PU matrix owing to hydrogen bonding and
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high specific areas. Moreover, it was observed that 12% loading of modified NS
particles within the PU matrix indicated homogenous morphology devoid of any
aggregation. The TGA and DTG curve of PU and PU/NS composites indicate three
stages of weight loss. The 1st stage was attributed to the decomposition of urethane
linkage to form isocyanate, polyol, primary or secondary amine, olefin, and carbon
dioxide, the 2nd stage with the decomposition of castor oil segments [52]. The
incorporation of NS particles within the PU matrix led to the improvement of T10%

and Tmax1 as compared to neat PU. This was due to o the restriction of PU chain
mobility by the NS particles. Moreover, the char residue at 600 °C for PU/NS
composite increased to 10.1% in comparison to neat PU. The tensile strength and
Young’s modulus of the PU/NS composite also increased with an increase in the
loading of different NS content. As compared to neat PU, PU/NS composites with
12 wt% loading of neat SiO2 and modified SiO2 exhibited 222, 230, and 87%
improvement in tensile strength, and 182, 182, and 88% increment in Young’s
modulus, respectively.

Meera et al. [53] prepared bio-based polyurethane/nanosilica (PU/NS) composite
using castor oil (CO) with hexamethylene diisocyanate (HDI) at room temperature.
Figure 7 shows the reaction scheme for the synthesis of PU from castor oil and
HDI.

The NS particles were modified with silane surface modifiers, i.e.,
3-aminopropyltrimethoxysilane for improving the dispersion, compatibility and
surface activity of silica particle with PU matrix. The synthesis of PU with castor oil
and modified NS particle (i.e. 0.5, 1, 3 and 5 wt%) was carried out through two-step
process at 80 °C for 4 h. The prepared nanocomposite films were characterized
using Fourier transform infrared spectroscopy (FTIR) to understand the chemical
interaction. The thermal stability and glass transition temperature of the films were
analyzed using thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC). The dynamic mechanical analysis was done to study the
thermo-mechanical properties of the PU nanocomposite films. The morphology of
the prepared nanocomposite films was investigated using scanning electron
microscopy (SEM) and transmission electron microscopy (TEM). FTIR studies
indicate that with an increase in the wt% of NS particles the peak position of
urethane (–NH) shifts towards higher wave number i.e. PU-0.5AMS—3332 cm−1,
PU-1AMS—3334 cm−1, PU-3AMS—3336 cm−1 and PU-5AMS—3338 cm−1.
This is due to the presence of strong interaction between NS particles and PU
matrix. Moreover, this shift can also be related to the formation of H-bonding
between NS particles and PU matrix [54]. However, the peak position of carbonyl
peak (–C = O) in PU nanocomposite shifts to lower wave number with an increase
in the NS content. These shift in the –NH and –C = O peak confirms the formation
of the complete network structure of PU nanocomposite. Moreover, the presence of
peaks at 1096 and 774 cm−1 for Si–O–Si and O–Si–O also confirms the presence of
NS particles within the PU matrix. Neat PU films have low thermal stability and
start degrading below 250 °C owing to the presence of labile urethane linkages. On
the other hand, the prepared PU nanocomposite films started degradation at around
280 °C due to the presence of NS particles. Neat PU and PU-AMS films showed
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two-step degradation curves, wherein, the 1st stage at 350 °C was related with the
urethane degradation and the 2nd stage between 350 and 500 °C was related with
the degradation of polyol. TGA thermogram curve of PU-AMS nanocomposite film
indicate improvement in thermal stability and melting temperature (Tm) owing to
the presence of silica nanoparticles. It was also observed that the residual weight
percentage in case of neat PU was 0.003%, whereas in case of PU-5AMS it was
8.2%. The activation energy (Ea) value of neat PU and was found to be 133 and
139 kJ mol−1 whereas, the Ea value of PU-5AMS was found to be between 157 and
166 kJ mol−1. The presence of silica nanoparticles reinforced the PU matrix
thereby improving the interfacial interaction and thermal stability of the
nanocomposite film. Neat castor oil based PU indicate Tg at −40.1 °C corre-
sponding to a soft segment of the polyol and Tm at 279.1 °C corresponding to the
hard segment. On the other hand, the Tg values of PU-0.5AMS, PU-1AMS,
PU-3AMS and PU-5AMS was observed at 33.4, 33.7, 32.6 and 29.71 °C respec-
tively. However, the Tm value of PU nanocomposite films was unaltered. The

Fig. 7 Reaction scheme for the synthesis of PUs from castor oil and HDI
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increment in Tg of the PU-AMS nanocomposite films was due to the good dis-
persion of the NS particles within the PU matrix which restricts its molecular
mobility. DMA results of the PU-AMS nanocomposite film indicates an increase in
storage modulus (E’) and loss modulus (E”) as compared to the neat PU films
which was due to the reinforcing effect and strong interfacial interaction in between
PU and NS particles which restricts the segmental mobility of the PU chain as
shown in Fig. 8 [55]. Optical transmittance results of the PU-AMS films decreases
with an increase in the NS content owing to light scattering at the interfaces of NS
and PU. Thus, the authors concluded from the above results that the modified NS
particles can lead to an improvement in the properties of PU composite films.

Das et al. [56] reported about the biodegradability of modified bio-based PU
(MBPU) and modified bio-based (MBPU/NS) composite synthesized from trans-
esterified castor oil (MCO) and palm oil based isocyanate by composting technique
for a duration of 90 days. The authors reported that the composting technique
presents a faster and a cost-effective method for the degradation of MBPUs since
the microorganism present in the compost use the ester linkage of PU as a source of
carbon and nitrogen. The visual inspection results of neat MBPU and MBPU/NS
after composting for 90 days indicated a color change from white to brown with
pronounced surface degradation of the later sample. Bacterial and fungal colonies
were also formed on the surface of the samples indicating bio-degradation. FTIR
studies of MBPU and MBPU/NS composites revealed lowering of urethane car-
bonyl stretching peaks at 1720 cm−1 indicating dissociation of ester linkage thereby
confirming the biodegradation of the samples [57, 58].

The probable reason behind this observation was related with the hydrolytic
degradation of ester linkages as shown in Fig. 8 by extracellular enzymes secreted
by the microorganism [59]. The MBPU/NS films indicated a higher decrease in the
intensity of the urethane carbonyl peaks as compared to neat MBPU samples due to
its higher hydrophobic behaviour and surface silanol groups that resulted in easy
surface adhesion of microorganism [60]. In addition, MBPU/NS surface also
indicated higher weight loss as compared to neat MBPU due to the presence of

Fig. 8 Storage modulus (E′) and loss modulus (E″) of PU-nanosilica composite
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hydroxyl groups on the NS surface that led to attachment of microorganism onto
the former surface. SEM micrographs as shown in Figs. 10 and 11 also indicated
higher surface degradation of MBPU/NS surface as compared to neat MBPU
through the appearance of cracks, holes and fungal mycelia. This was again due to
the reasons illustrated earlier. Thus, it can be concluded that the MBPU/NS samples
can be a biodegradable as compared to neat PU on account of its structural orga-
nization and composition.

Thakur and Karak et al. [61] reported about the preparation of castor oil
based-tough hyperbranched polyurethane (HPUs) nanocomposite reinforced with
two different types of nanofillers, i.e., reduced graphene oxide (RGO) and
phytoextract-RGO (f-RGO). f-RGO was functionalized by reacting RGO with

Fig. 9 Hydrolytic degradation of MBPU by extracellular enzymes in micro-organisms
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Fig. 10 SEM micrographs of neat MBPU for a 0 days, b 30 days, c 45 days, d 60 days and
e 75 days. Reproduced from Das et al. [56]

Fig. 11 SEM micrographs of neat MBPU/NS for a 0 days, b 30 days, c 45 days, d 60 days and
e 75 days. Reproduced from Das et al. [56]
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toluene diisocyanate (TDI) followed by reaction with 1, 4 butanediol (1, 4 BD). The
synthesized HPU/f-RGO nanocomposite showed an improvement in tensile
strength to about 525%, modulus to about 42-folds, and toughness to about 18-folds
after addition of 2 wt% of f-RGO in HPUs as shown in Fig. 12. Moreover, the
elongation at break for the HPU/f-RGO nanocomposite showed an increment from
71% to a maximum of 165%. HPU/f-RGO nanocomposite also exhibited better
thermal stability and excellent electrical conductivity to almost 10-fold with 2 wt%
loading of f-RGO However, with the same loading RGO nanocomposites, exhibited
lower mechanical, electrical and thermal properties as compared to HPU/f-RGO
nanocomposites. The authors proposed that the developed HPU/f-RGO nanocom-
posites can be used for the development of tough, conductive nanocomposites for
aerospace and tissue engineering applications.

Zhang et al. [62] reported about the preparation and characterization of in situ
polymerized bio-based thermosetting polyurethane/graphene oxide (PU/GO)
nanocomposites based on epoxidized soybean oil–castor oil polyol with isophorone
diisocyanate (IPDI) as shown in Fig. 13. The functionalization of graphene oxide
was carried out through pressure oxidation method followed by reinforcement
within the PU matrix. The authors observed similar improvement in the overall
properties such as mechanical, thermal and electrical conductivity as reported by
Thakur and Karak et al. with a minimal loading of modified graphene oxide. This
was due to the strong chemical interaction of urethane group of PU matrix with the
hydroxyl (–OH) groups of modified GO.

Ali et al. [63] investigated the synthesis and characterization of polyurethane-
multiwall carbon nanotube (PU/MWCNT) nanocomposites based on castor oil via.
in situ polymerization technique. The in situ polymerization technique led to the
uniform dispersion of the nanoparticles within the PU matrix which is an important
criterion in the improvement of nanocomposite properties. MWCNTs are candid
and ideal reinforcing material with ordered carbon fibre imparting unique properties
to the composite i.e. light weight, stiffness, superconductivity and mechanical

Fig. 12 Tensile test result of hyper branched polyurethane (HPUs) nanocomposite. Reproduced
from Karak et al. [61]
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strength. The weight of MWCNTs in castor oil was varied from 0 to 1 wt%. FTIR
spectra of the PU/MWCNT nanocomposite indicated broad absorption peak within
the range of 1715–1725 cm−1 associated with the urethane carbonyl bond of PU.
Intercalation of MWCNT within the PU matrix was observed through the lowering
of carbonyl peak height and formation of hydrogen bonded carbonyl groups in the
nanocomposite. X-ray diffraction (XRD) studies revealed broadening of the peak at
h = 21° with reduced intensity as compared to the neat PU which was due to the
strong interfacial interaction between MWCNTs and PU matrix. Scanning electron
microscopy studies revealed uniform and homogeneous dispersion of MWCNTs
within the PU matrix at a loading of 0.3 wt% of MWCNTs. This homogenous
dispersion of MWCNT was due to the van der Waals force of attraction within
MWCNT and PU matrix resulting in an improvement of the mechanical properties.
In addition, the formation of H-bonds and covalent bonding between the carboxylic
group in MWCNT and PU also contributed towards the observed improvement in

Fig. 13 Reaction scheme for the synthesis of PU/GO nanocomposite
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mechanical properties. The surface properties of the nanocomposites and neat PU
was investigated using the Brunauer–Emmett–Teller (BET) theory. From the the-
ory, it was found that the nanocomposite surface indicated the presence of few pores
due to the intercalation of MWCNT within the PU matrix resulting in low
permeability.

The incorporation of MWCNTs within the PU matrix had a great impact on the
N2 gas diffusion mechanism. PU/MWCNT based nanocomposites indicated a
reduction in gas permeability as compared to neat PU owing to the exfoliation,
compatibilization, orientation and re-aggregation of MWCNTs in the PU matrix.
Thus, it could be concluded that the incorporation of MWCNTs in the PU matrix
led to the improvement in the gas barrier, thermal and mechanical properties.
Further, the in situ polymerization technique also led to the homogenous dispersion
of MWCNT within the PU matrix resulting in an overall improvement in the
properties of the nanocomposite.

Chen et al. [64] synthesized castor oil-based polyurethane/epoxy (PU/EP)
interpenetrating polymer network (IPN) reinforced with MWCNTs for damping
application. Damping property of a material depends upon its ability to dissipate
energy which is directly proportional to the internal friction. Experimental results
reveal that the damping ability of PU/EP IPN increases with a loading of 0.1 wt% of
MWCNT. This was due to the presence of MWCNT that increases the friction
between CNTs and PU resulting in an increment in the rate of dissipating energy.
Moreover, the higher surface area and aspect ratio of MWCNT also contributes
towards the overall increase in the damping property of the nanocomposites. The
above results were also in line with the DMA results indicating improvement in
storage modulus (E′) of the nanocomposite film with the addition of MWCNTs as
shown in Fig. 14. The mechanical properties of the IPN nanocomposite also
increased by 30% as compared with the neat counterparts with the loading of 0.1
and 0.7 wt% of MWCNTs respectively. This was due to the strong and large
interfacial area between the PU matrix and MWCNT that contributed to the
effective load transfer from PU matrix to MWCNT.

Fig. 14 Variation of Storage
modulus (E′) in neat PU/IPN
and PU/IPN-CNTs.
Reproduced from Chen et al.
[64]
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2.2 Jatropha Oil Based Polyurethane Nanocomposite

Liao et al. [65] studied the surface structure and morphology of waterborne
polyurethane/clay nanocomposites (WPU/Clay) prepared via in situ polymerization
based on jatropha curcas oil (JCO) and isophorone diisocyanate (IPDI) The author
used three different types of nanoclay (i.e. sodium montmorillonite MT, attapulgite
AT and halloysite nanotubes HT) whose structures were modified using
c-aminopropyltriethoxy silane (APTES) as shown in Fig. 15.

Thereafter, WPU nanocomposite dispersion was synthesized from JCO, IPDI
with three different types of nanoclay as shown in Fig. 16.

FTIR, SEM and TGA studies were carried out to investigate the degree of
silylation of the nanoclays. SEM micrographs revealed that the silylated sodium
montmorillonite (SMT) nanoclay had distinct and regular layered structure with
tight packing. On the other hand, the silylated halloysite nanotubes
(SHT) nanoclays indicated smooth surface with a cylindrical shape. FTIR spectra
confirmed the successful silylation of the nanoclays with the appearance of a peak
at 2930 and 1560 cm−1 related to the –CH stretching and deformation vibration of
NH2 groups, respectively which was absent in case of unmodified nanoclays. TGA
studies indicated two-stage weight losses for unmodified and modified clay
respectively wherein, the modified clays indicated higher temperature weight loss
as compared to the neat ones. FTIR spectra of WPU nanocomposites based on JCO
indicated the appearance of –NH peak at a lower wavelength at 3340 cm−1 due to
H-bonding. SEM micrographs of the WPU nanocomposites indicated rougher
surface due to the presence of clays. However, there was no aggregation of clay
nanoparticles within the WPU matrix indicating good compatibility between the
WPU and silylated clay nanoparticles. It was observed that WPU/SMT exhibited
higher surface roughness as compared to WPU/SAT, WPU/SHT due to the layered

Fig. 15 Scheme showing the APTES modification of three different types of nanoclay
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structure of SMT which led to the restriction of WPU molecular mobility resulting
in an increase in the cross-linking density. DMA analyses result indicated strong
chemical interactions between clays and WPU matrix thereby increasing the
microphase separation WPU/clay nanocomposites. Out of the three nanocompos-
ites, WPU/SHT and WPU/SAT indicated highest microphase separation degree,
due to the increase in interaction between the hard segments and soft segments of
WPU. The height of tan d peaks was also found to decrease with the incorporation
of nanoclay, which was due to the increase in cross-linking density of PU matrix as
shown in Fig. 17.

WPU/SMT indicated the lowest tan d peak value due to the layered structure of
SMT which played an effective role in increasing the cross-linking density and
restricting the molecular motion. Tensile test result suggested that the incorporation
of nanoclay improved the tensile strength and elongation at break. WPU/SMT and
WPU/SAT nanocomposite had the higher tensile strength and lower elongation at
break as compared to WPU/SHT. This was due to the presence of higher –NH2

groups and layered structure of SMT resulting in higher cross-linking density and
restricting the molecular mobility of the WPU chain as depicted in Fig. 18. As a
consequence, the tensile strength increases and the elongation at break decrease for
the WPU/SMT nanocomposites. WPU/SAT indicated higher tensile strength due to
the formation of more H-bonds that led to strong interfacial interaction between
SAT and WPU matrix. On the other hand, reverse phenomenon was observed in

Fig. 16 Preparation of JCO based WPU nanocomposite dispersion. Reproduced from Liao et al.
[65]
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case of WPU/SHT which showed higher elongation at break and lower tensile
strength. This was due to the higher microphase separation of WPU/SHT which
made the soft segments more flexible. Thus, it can be implied from the above results
that the properties of WPU/clay nanocomposites depend upon the nature, structure
and type of clay.

Fig. 17 Tan variation in WPU and its nanocomposite. Reproduced from Liao et al. [65]

Fig. 18 Model showing the H-bonding interaction between PU and three different types of
nanoclay. Reproduced from Liao et al. [65]
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2.3 Palm Oil-Based Polyurethane Nanocomposites

Dzulkifli et al. [66] studied the synthesis of PU foam from palm oil reinforced with
diamine-modified montmorillonite (MMT) nanoclay. MMT was modified with
diamino-propane and sodium carbonate and thereafter PU nanocomposite foam was
prepared using palm oil, modified MMT and isophorone diisocyanate (IPDI). FTIR
spectra indicate the successful modification of MMT by DAP through the
appearance of peaks at 3463 cm−1, indicating the successful insertion of DAP into
MMT gallery. Presence of peaks at 1712, 1509, and 1216 cm−1 corresponding to
the bending vibration C = O, N–H, and C–N, respectively, confirmed the suc-
cessful synthesis of PU foam and PU/MMT foam. X-ray diffraction curves also
indicated the successful modification of MMT by DAP through the shifting of the
peak from 8.95° for pristine MMT towards the left side at 8.05° for the
nanocomposite foam. This shift reveals the achievement of larger interlayer spacing
or d-spacing in case of foam nanocomposites. SEM micrographs indicate reduced
cell size and exfoliated structure for the PU/MMT composition. This was attributed
to the effective dispersion of DAP-MMT within the PU foam matrix resulting in
preventing coalescence, and producing smaller and fine cell structure. Thus, it was
concluded that the presence of OMMT within the PU foam system led to the overall
improvement in the morphology and microstructure of foam.

Adnan et al. [67] studied the development of flexible polyurethane nanostruc-
tured biocomposites foams based on palm olein-based polyol with OMMT as
nanofiller. FTIR spectra of palm oil-based PU and PU nanocomposites were
investigated. It was observed that there was no change in the FTIR spectra of
derived PU and PU foam nanocomposites. The broad stretching peak at 3405 cm−1

indicates the formation of H-bonded urethane. The band at 2995–2860 cm−1 was
attributed to the –CH2 stretching vibration and the presence of hydrogen-bonded
carbonyl groups was observed at lower wave number at 1733–1731 cm−1 for the
PU foam nanocomposites. Mechanical test results indicated improvement in tensile
strength and tear strength for both petro-based and palm oil-based PU with the
loading of 3, 5 and 7 wt% of OMMT as compared to the neat counterparts. This
increase in tensile strength and tear strength for both the petro and palm oil-based
PU nanocomposites was evident for OMMT loading up to 3 and 5 wt%, beyond
which there was an overall decrease in the tear and tensile strength. However, the
increment in tensile strength for palm oil-based PU nanocomposites (i.e. 66%) was
higher as compared to petro-based PU nanocomposites (33%). Similar result was
observed in case of tear strength which increased from 13% in case of petro-based
PU nanocomposites to 48% in case of palm oil based PU nanocomposites. This
observation was due to the strong H-bond formation between the silicate lamellae
of OMMT (mainly silanol, Si–OH and aluminol, Al–OH) with the urethane groups
of PU as shown in the Fig. 19.

In addition, the intercalated quaternary ammonium salts of OMMT can act as the
“bridge” connecting the MMT layers and the PU chains thereby restricting the
molecular mobility [68]. SEM micrographs reveal smaller cell size for the petro and
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palm oil-based PU foam nanocomposites for a loading of 3, 5 and 7 wt% of
OMMT. This was due to the fact that OMMT can serve as a nucleation site for cell
formation, as a result, less gas will be available for the growth of the cells. TEM
micrographs indicated intercalated OMMT structure within the PU matrix with an
average length of 100 nm.

Zaimahwati et al. [69] studied about the palm oil-based polyurethane
nanocomposite reinforced with OMMT nanofiller. The palm oil was modified
through epoxidation and hydroxylation reaction with acetic acid, hydrogen per-
oxide and hydrochloric acid to synthesize bio-based polyol. Thereafter PU and its
nanocomposite were prepare using the polyol, IPDI and OMMT nanofiller (5 wt%).
The iodine value of the palm oil decreased from 56.72 to 14.29 I2/100 g for palm
oil-based polyol after its modification indicating oxidation of double bond. FTIR
spectrum of epoxidized palm oil-based polyol indicates a peak at 1050 and
1014 cm−1 attributed to the C–O bond of epoxy ring confirming the successful
modification of palm oil. TGA results of the synthesized PU/OMMT nanocom-
posites indicated higher thermal stability as compared to neat PU wherein, the
weight reduction of former begins at 150–200 °C with final degradation at of
490 °C. PU/OMMT nanocoating also shows higher gloss as compared to the neat
counterparts due to the ability of the OMMT coating surface to reflect light. Hence,
the incorporation of OMMT led to the overall improvement of the nanocomposite
films.

Salih et al. [70] investigated the thermal and mechanical properties of palm oil
and methylene diisocyanate based polyurethane acrylate/clay (POBUA/OMMT)
nanocomposites prepared via. in situ intercalative method and electron beam
radiation technique. The in situ intercalative polymerization technique is useful for
uniform dispersion of the nanofillers within the polymer matrix as shown in
Fig. 20. In addition, this technique provides the possibility to polymerize various
ranges of thermosets and thermoplastics.

FTIR spectra of the synthesized POBUA nanocomposites indicated the disap-
pearance of NCO peak at 2273 cm−1 indicating the complete utilization of –NCO
by the –OH group of epoxidized palm oil for the synthesis of urethane linkage of

Fig. 19 Mechanism of hydrogen bonding between the PU chain and OMMT
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PU at 3327 cm−1. The FTIR spectra of POBUA nanocomposite also indicated the
appearance of a peak at 1015, 941 and 761 cm−1 related to the silicate groups in the
OMMT filler indicating that the interaction of layered silicate with PU matrix. TGA
thermogram of neat POBUA and its nanocomposite indicate two-stage degradation
curves. The first stage of degradation was related with the decomposition of volatile
products and the major decomposition which occurred in the second stage, was
related to the decomposition of the organic polymer chains. TGA results of the
nanocomposite indicate that improved thermostability as compared to neat POBUA
due to the presence of OMMT layer creating a protective physical barrier, thereby
inhibiting the heat diffusion, and delaying the degradation process. Differential
scanning calorimetry (DSC) results indicate higher glass transition temperature (Tg)
for the nanocomposites at 61.8 °C as compared to neat PU at 40.5 °C. This was due
to the intercalation of POBUA matrix into the silicate layers of the nanoclay that
lead to the reduction of rotational and transitional mobility of the polymer chains.
Tensile strength results also indicated higher modulus and strength for the POBUA
nanocomposites due to the homogenous dispersion of the nanoclay within the

Fig. 20 Synthesis of POBUA/OMMT nanocomposite
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polymer matrix, imparting reinforcement, and restricting the molecular mobility of
the PU chain resulting in higher cross-linking density in POBUA nanocomposite.
TEM micrograph of POBUA nanocomposite indicates the expansion of silicate
layers of OMMT revealing formation of the intercalation structure, with some
separation within the silicate layers indicating exfoliation of OMMT in the POBUA
matrix. SEM micrographs of POBUA nanocomposite with 3 wt% loading of
OMMT indicate good dispersion, good adhesion with the PU matrix devoid of any
agglomeration. It can be summarized that the inclusion of OMMT into the poly-
urethane acrylate system led to the improvement of thermal stability and
mechanical properties.

3 Application of PU Nanocomposites

3.1 Coatings

Das et al. [33] have studied about the influence of NS inclusion on the properties of
MBPU derived from transesterified castor oil and palm oil based isocyanate. The
main purpose of the study was to determine the feasibility of palm oil isocyanate as
an alternative to petro-based isocyanate for synthesizing MBPU/NS composite. The
authors observed that MBPU/NS composite showed improved properties as com-
pared to their neat counterparts due to better cross-linking, H-bonding and phase
segregation. Moreover, the presence of polar linkages, O–Si–O bond and strong
interfacial interaction led to better coating and swelling properties in synthesized
MBPU nanocomposite. Further, the MBPU nanocomposite dispersion was cast
onto polycarbonate substrates to determine the adhesive strength, curing properties,
contact angle, gloss and abrasion resistance. The authors observed that the MBPU/
NS composites derived from transesterified castor oil exhibited faster curing time
owing to the presence of primary hydroxyl groups and higher hydroxyl value. The
contact angle studies of MBPU/NS coatings indicated hydrophobic behaviour
which was due to the H-bonding between the of O–Si–O linkage of NS with the
urethane (–NHCOO) linkage of MBPU network that restricts the migration of water
as shown in Fig. 21. Further, there was also an overall improvement in the abrasion
resistance of the nanocoating as compared to the unreinforced ones owing to higher
cross linking and effective bonding of urethane group in MBPU with NS particles.
Thus, from the results obtained the authors concluded that palm oil based iso-
cyanate can be used as an alternative to the petro-based isocyanate for the synthesis
of green polyurethane nanocomposite.

Xia and Larock [71] studied about the castor oil-based waterborne PU/NS
composite prepared through sol-gel process for coating application. This process
involved polycondensation and hydrolysis reaction of silicon alkoxides to prepare
waterborne PU/NS composite dispersion. Alkoxysilane containing PU was reacted
with different weight % of aminopropyltriethoxy silane (APTES) and isocyanate to
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form capped PU pre-polymer with core-shell structure as shown in Fig. 22. The
sol-gel technique involved chemical cross-linking of PU with NS particle resulting
in an increase in the cross-linking density of the nanocomposite films. The authors
used rubber elasticity theory to calculate the crosslinking density (ʋe) of the
nanocomposites and they found that with an increase in NS content from 0 to 2 wt
%, ʋe increases from 90 to 766 mol m−3. DSC studies also confirmed the increase
in cross-linking density with increase in NS loading. It was observed that the PU/
NS composites exhibited higher Tg from 18 to 20.9 °C with an increase in NS
loading from 0 to 1.5 wt%. The TGA curves indicated three step of degradation.

Fig. 21 Possible H-bonding interaction between MBPU and NS particle
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The 1st step of degradation occurred at 150–300 °C due to the dissociation of the
urethane bonds, the 2nd step between 300 and 500 °C due to chain scission of
castor oil and the last degradation step above 500 °C which was related with the
thermo-oxidative degradation of the nanocomposites. With the inclusion of NS
particles the temperature corresponding to T50 and Tmax increases due to the
increase in cross linking density as depicted in Fig. 23. The presence of NS par-
ticles within the PU matrix prohibited the heat and mass transfer thereby reducing
the formation of combustible organic components. The topography of the PU-silica
nanocomposite films indicated aggregation of APTES with an increase in APTES
loading. The authors postulated that the presence of hydrophilic carboxylated
groups on the PU chains led to the well dispersion of NS particles within the PU
matrix.

Fig. 22 Synthesis reaction scheme of PU/nanosilica composite
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3.2 Adhesives

Deka et al. [72] studied the adhesive, mechanical, and thermal properties of
bio-based hyper-branched polyurethane/clay nanocomposites from nahar seed oil
with toluene diisocyanate. The nanoclay (OMMT) wt% within the PU matrix was
varied from 1, 2.5 and 5. The main aim of the study was to overcome the poor
mechanical strength of hyperbranched polymers (HBPUs) due to the absence of
chain coiling and entanglement. HBPU was synthesized using PCL as macroglycol
with molecular weight 3000 g mol−1 as the long segment with monoglyceride of
Mesua ferrea L. seed oil. The obtained HBPU was further modified using epoxy
resin and poly (amido amine) hardener to obtain modified hyperbranched
polyurethane-epoxy system (MHBPU). The MHBPU was used as the matrix with
OMMT as the filler. FTIR spectra of MHBPU and MHBPU/OMMT were identical
indicating that OMMT doesn’t influence the chemical structure of MHBPU.
However, the only difference observed in the spectra of MHBPU/OMMT
nanocomposite is the presence of sharp –NH vibration band at 3311 cm−1. This
was due to the presence of clay layers that led to restricting the interaction of hard
and soft segments. The introduction of clay nanoparticles also led to the shifting of
urethane carbonyl peak from 1741 to 1718 cm−1 indicating higher H-bonding
within the PU matrix and clay in the nanocomposites. X-ray diffraction study was
carried out to determine the morphology of clay nanoparticles within the PU matrix.
On the basis of Bragg’s equation, it was found that the d-spacing of nanocomposites
increased from 2.36 (in case of OMMT) to 4.95 nm for MHBPU/OMMT. This
indicates exfoliated morphology with the complete insertion of HBPU chains in the
gallery spacing of the OMMT. SEM and TEM micrographs also indicate better

Fig. 23 DTG/TGA thermogram of PU/NS composite. Reproduced from Xia et al. [71]
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dispersion of OMMT particles within the MHBPU matrix. This is due to the
synergistic actions of both mechanical shearing and diffusion process imparted by
mechanical stirring and sonication. Lap shear test was carried out in order to
investigate the adhesive strength of the MHBPU and MHBPU/OMMT using dif-
ferent substrates such as plywood, aluminum and polypropylene sheets. Out of all
the substrates higher adhesive strength was observed for wood substrates owing to
the strong polar interaction of hydroxyl, epoxy, urethane, ether of the cured
MHBPU/OMMT system with the hydroxyl groups of wood substrate. Also, the
adhesive strength was found to increase with an increase in loading of OMMT wt%.
This was due to the exfoliation of clay layers that enhanced the interface interac-
tions via. bridge, loop and tail linkages of PU with the OMMT layers as shown in
Fig. 24. This led to the reduction in the amount of voids thereby increasing the
length of crack propagation and adhesion strength. Similar observation was seen in
case of aluminum substrates due to the strong interactions of polar groups present
on the surface of matrix and substrate. The plastic substrates indicated lower
adhesive strength owing to its low surface polarity. Thus, the authors concluded that
the nanocomposites exhibited high adhesive strength, mechanical properties and
thermostability.

Sahoo et al. [73] studied the shear strength of polyurethane/OMMT clay
nanocomposites adhesive based on castor oil and palm oil based isocyanate. The
clay % was varied from 1 to 5 wt%. The PU adhesive solution was applied onto
wood substrates of 0.1 mm thickness and left overnight for curing. The lap shear
strength of the neat PU and its nanocomposite was studied as per ATMD 906-82
using a universal testing machine with a loading rate of 600 lb/min. The authors
observed that the shear strength values of PU adhesive increase with an increase in
clay content. Out of the entire compositions PU/Clay nanocomposite with 3 wt%
loading exhibited the highest adhesion strength and was chosen to be the optimized
composition. However, PU/Clay nanocomposite with 5 wt% loading showed less
shear strength due to the aggregation of nanoclay particles. This aggregation led to
the predominance of filler-filler interaction over the polymer-filler interaction. The
mode of failure of lap shear was found to be cohesive in nature. Further, a study was
carried out wherein, the samples were immersed in water for 24 h. It was observed
that water doesn’t affect the shear strength even after 10 days of immersion. The
authors concluded that the PU/clay nanocomposite exhibited higher adhesion
properties due to the homogenous dispersion of the nanoparticles, intercalated
structure and good chemical interaction between the clay nanoparticles and PU
matrix.

3.3 Medical

Das et al. [74] synthesized sunflower based hyper-branched polyurethane (HBPU)
reinforced with Fe3O4 nanoparticles via. in situ polymerization technique for
designing smart antibacterial biomaterials for biomedical devices and implants.
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Fe3O4 has various disadvantages which include poor stability, agglomeration, and
low performance which can be improved through the incorporation of these
nanoparticles in a suitable matrix that can provide strong structural adherence,
dispersibility and stability. To overcome the above limitations the author selected

Fig. 24 Model representing the interfacial interaction between MHBPU with OMMT layers
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HBPU as a matrix since it provides better biocompatibility, dispersibility, low
viscosity, encapsulation and good mechanical properties. The synthesized
nanocomposites of Fe3O4 with HBPU was named as MHBPU with the loading of
Fe3O4 of 5, 10 and 15% which can be used as smart materials, shape memory and
shape recovery application since its shape can be controlled by using external
stimuli such as heat energy and magnetic field, etc. The dispersion of Fe3O4 within
the HBPU matrix was investigated using SEM and TEM. SEM micrographs
indicated uniform and homogeneous dispersion of Fe3O4 within the HBPU matrix.
A similar observation was seen for TEM image which also confirmed the uniform
dispersion of the Fe3O4 within the HBPU matrix with an average particle size of
7.65 nm. The uniform stabilization of Fe3O4 is because of the chemical interaction
with HBPU as shown in Fig. 25.

Mechanical properties i.e. tensile strength of the nanocomposite were also
improved as compared to the neat counterparts due to the high surface area of the
nanoparticles and strong chemical interaction within Fe3O4 and HBPU matrix,
facilitating effective stress transfer. However, the elongation at break decreases for
the nanocomposites owing to the restriction in HBPU chain mobility.
Bio-degradation studies indicated higher degradation rate of the nanocomposites as

Fig. 25 Model depicting the interaction between HBPU and Fe3O4 nanoparticles
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compared to HBPUs owing to the structural feature of Fe3O4 nanoparticles that led
to its easy leaching from the matrix surface. The nanocomposites also exhibited
better shape memory behaviour owing to the increase in internally stored energy of
the polymer matrix resulting in strong interactions of Fe3O4 with the HBPU matrix.
The neat HBPU indicated no antibacterial activity whereas; Fe3O4 based MHBPU
nanocomposites showed zones of inhibition of 13 and 11 mm against S. aureus and
K. pneumoniae, bacteria respectively. The antibacterial activity of the Fe3O4 was
due to the generation of reactive oxygen species (ROS) that led to the destruction of
protein and DNA structure without harming the human cells. The biocompatibility
studies using MTT assay indicated good cytocompatibility between the Fe3O4 and
HBPU matrix. The comparatively better cytocompatibility of the prepared HBPU
reinforced Fe3O4 nanocomposite was due to the well dispersion of the nanoparticles
within the HBPU matrix which imparted better structural support and anchorage
substrate to the cells.

Shaik et al. [75] synthesized castor oil based poly (urethane-esteramide) UPCEA)/TiO2

nanocoating with anticorrosive and antimicrobial properties. The author selected TiO2

nanoparticles since they show excellent biocidal properties and are less volatile in nature. In
this study UPCEA was synthesized by the condensation polymerization reaction of N,
N-bis (2-hydroxyethyl) castor oil fatty amide with terephthalic acid which was further
modified with different percentage of TDI, i.e., 7, 9, 11 and 13% respectively to obtain
UPCEA-7, UPCEA-9, UPCEA-11 and UPCEA-13 as depicted in Fig. 26. Thereafter, the
synthesized UPCEA was reinforced with TiO2 nanoparticles with different concentrations,
i.e., 0.1 wt%, 0.2 wt%, 0.3 wt%, 0.4 wt%, and 0.5 wt% to obtain the UPCEA/TiO2

nanocomposite. Out of the entire composition 0.4 wt% of TiO2 exhibited better dispersion
and excellent physicochemical properties. Hence, 0.4 wt% TiO2 was considered to be the
optimum loading and was used for synthesizing UPCEA nanocomposites i.e. UCPEA/
TiO2-7, UCPEA/TiO2-9, UCPEA/TiO2-11, and UCPEA/TiO2-13.

The antibacterial and antifungal activity of UPCEA-13 with 0.4 wt% loading of
TiO2 was studied through agar disc diffusion method. The different bacterial
microorganisms used for this study were, Staphylococcus aureus, Escherichia coli,
and Bacillus pasteurii, and the different fungal strains were Fusarium solani,
Penicillium notatum, and Aspergillus niger. The bacterial and fungal activity was
investigated after 72 h of incubation at 32 °C. The antimicrobial effect of a system
relies on the size of nanoparticles so as to impart better dominating attack against
the microorganisms. SEM and EDX studies of the coated substrates indicated
uniform coating with well trapped TiO2 nanoparticles within the UPCEA matrix.
The coating properties of the nanocomposite on mild steel indicated good adhesion;
good scratch hardness with the excellent corrosion resistance properties. Regarding
the antimicrobial activity, it was observed that after 48 h of incubation at 27 °C,
inhibition zones of UCPEA-13 with 0.4 wt% of TiO2 versus Staphylococcus,
Escherichia coli, and Bacillus pasteurii were found to be 14, 25, and 16 mm in
diameter, respectively. On the other hand the inhibition zone diameters of
UCPEA-13 with 0.4 wt% of TiO2 against Fusarium solani, Penicillium notatum,
and Aspergillus niger were found to be 26, 24, and 21 mm, respectively. The above
results indicated that the TiO2 nanoparticles exhibited excellent antimicrobial
activity. The TiO2 nanoparticles could strongly adhere with the electron the donor
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groups of the biological molecules containing oxygen, nitrogen, and sulphur. As a
consequence, the TiO2 nanoparticles could get uniformly distributed within the cell
boundary of microorganism resulting in protection of the rigid outermost cell wall.
TiO2 nanoparticles on interaction with the electron donor groups can produce free
radicals and reactive oxygen species that can permanently damage the microbes
[76].

3.4 Elastomers

Thakur et al. [77] studied the synthesis and characterization of multi-stimuli
responsive smart elastomeric hyperbranched polyurethane/reduced graphene oxide
nanocomposites (HBPU/RGO) for shape memory application. The RGO wt% was
varied from 0.5, 1.5 and 2.5 respectively. The synergistic effect of HBPU and RGO
imparted several advantages which include noncontact stimuli to sunlight,
eco-friendly nature and inexpensive practical stimulus. The process of reducing GO
has carried out through sonochemical method a promising technology of using
ultrasonic irradiation, elevated temperature, high pressure and rapid cooling rates,
etc. The sonication method involves the formation of small cavities in the liquid
medium. These small cavities implode rapidly generating microscopic shock waves
thereby, realising the huge amount of energy in the liquid medium. Hence, the
method of ultrasonication prevents the aggregation of GO thereby reducing the

Fig. 26 Synthesis scheme for UPCEA
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reaction within the GO layers. The shape memory behaviour of the nanocomposites
was investigated under sunlight, microwave and thermal condition. The shape
memory activity of the nanocomposites was found to be excellent with faster shape
recovery values when exposed to microwave as compared to sunlight and thermal
stimulus as shown in Fig. 27. This was due to the excellent absorbance of RGO
towards sunlight and microwave. Moreover, the shape recovery time decreased
with an increase in the RGO content in the nanocomposite. This was due to the
strong interaction of RGO with HBPU resulting in huge amount of release of elastic
strain energy in nanocomposites helping faster shape recovery. The nanocomposites
also had excellent thermal stability and mechanical properties with a tensile strength
of 27.8 MPa, modulus of 36.3 MPa and toughness of 116 MJ m−3 due to the better
chemical interaction of RGO with HBPU matrix. Thus, the authors concluded that
the resulting nanocomposites exhibited improved thermomechanical and
multi-stimuli response shape memory nature.

Ahuja et al. [78] studied the synthesis and characterization of castor oil-based
polyurethane nanocomposites elastomer reinforced with organically modified clay
(Cloisite 30B/C30B). The high aspect ratio of clay platelet and silicate clay offers
huge potential to increase the clay/polymer interfacial area to improve properties,
including flame resistance, mechanical properties, gas barrier properties, and ther-
mal stability. Since C30B is hydrophilic in nature it was modified with hydrophobic
organic polymers to impart hydrophobic character. This modification results in
improving the interfacial adhesion of C30B with the hydrophobic matrix. The PU/
C30 B nanocomposites were prepared through ultrasonication method using a high
shear mixer with clay % varying from 0 to 5 wt%. TEM indicates the appearance of
clear individual clay layers with few inseparable clay platelets and tactoids. The
thickness of the platelets was found to be 1–2 nm. It was observed that beyond 3 wt
% loading full exfoliated structure was not achieved. WAXD study was used to
determine the morphology of the nanocomposites and to distinguish between

Fig. 27 Shape memory
behaviour of synthesized
nanocomposites under
microwave stimulus.
Reproduced from Thakur
et al. [77]
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ordered (intercalated) and disordered (exfoliated) states of silicates in nanocom-
posites. In intercalated structure, there is the finite distance within the polymer
interlayer with the appearance of new basal reflection related to the interlayer
height. On the other hand, in case of exfoliation, there is an increase in the inter-
layer distance resulting in delamination of the original silicate layers in the polymer
matrix. Consequently, there is gradual disappearance of coherent X-ray diffraction
from the distributed silicate layers in WAXD curve. WAXD diffraction study of
C-30 B indicated a sharp peak at 4.85°corresponding to d (001) diffraction. However,
in case of nanocomposites with loading 1 and 2 wt% there is complete absence of d
(001) diffraction peak indicating complete exfoliation of the clay platelets. On the
other hand, the nanocomposites with C30 B loading beyond 3 wt% indicates
broadening of the peak at 4.85° with an increase in basal spacing which was due to
the partial exfoliation of clay galleries. The broadening of peak arises due to the due
to the partial disruption of parallel stacking of C 30 B. SEM micrographs reveal
homogenous dispersion of C 30B within the PU matrix beyond 3 wt%. Above 3 wt
% loading of C30B there was an aggregation of nanoparticles due to partial
exfoliation as indicated in WAXD studies. FTIR spectra of the PU and its
nanocomposite elastomers indicates similar peak confirming the PU clay
nanocomposites have similar bands indicating that the PU chains have intercalated
into the gallery of layered silicates. It was observed that the tensile strength and
modulus increased to 4.49 and 5.88 MPa, respectively, for 4% loading of clay
owing to the reinforcement imparted by the dispersed silicate layers in PU matrix.
However, beyond 5 wt% of Closite 30B, the tensile strength of the nanocomposite
decreased to 3.78 MPa due to agglomeration of the clay. In addition, the elongation
at break also increases with the increase of clay content, owing to long fatty acid
chains of oil, which imparted high flexibility to the elastomeric film.

Gao et al. [79] synthesized and characterized biocompatible elastomer of
waterborne polyurethane (WPU) based on castor oil and polyethylene glycol
reinforced with E. globulus derived cellulose nanocrystals (ECNc). ECNc
nanoparticles obtained from acid hydrolysis of lignocelluloses’ have significant
properties i.e. high Young’s modulus, high aspect ratio, low density, biocompati-
bility and biodegradability which make it candid reinforcing filler in various
polymer matrices. WPUs has also attracted great attention in the recent decade due
to reduced volatile organic content emission and environmental safety. Castor oil
and polyethylene glycol have been selected as a precursor for the synthesis of
WPUs owing to their inherent properties which include bio-degradability, low cost,
and easy availability. SEM micrographs of the fractured nanocomposite surface
indicated a highly deflected and tortured surface with increase in the ECNc content
from 0 to 5 wt%. This was due to the complicated energy dissipating mechanism
between the ECNs and the WPU interface. FTIR studies were carried out to
investigate the degree of H-bonding by evaluation the –NH (3400–3000 cm−1) and
–C = O (1740–1720 cm−1) region of the WPU and its nanocomposites. It was
observed that the –NH and –C = O peaks shifts towards lower wave number in case
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of ECNc based WPU nanocomposites. This finding could be explained on the basis
of improvement in the phase segregation degree by ECNc resulting in the micro-
phase segregation of hard segment and a soft segment. As a consequence, the soft
segments provide more freedom to –CO and –C–O–C bonds to interact with the –
NH of hard segments through H-bonds. The tensile strength of the WPU/ECNc
nanocomposites increased from 5.43 to 12.22 MPa with an increase in the ECNc
content from 0 to 1 wt%. This was due to the homogenous dispersion of the
nanofillers within the WPU matrix as shown in Fig. 28. However, opposite trend
was observed with increase in ECNc loading beyond 1 wt% due to the aggregation
of nanoparticles. Thus, it can be concluded that ECNc based WPU nanocomposites
can be interesting reinforcing material due to its rigid nature and high aspect ratio.

Fig. 28 SEM micrographs of waterborne polyurethane (WPU)/ECNc nanocomposite.
Reproduced from Gao et al. [79]
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4 Conclusion

Polyurethane nanocomposite from vegetable oil has emerged as versatile materials
to overcome the limitation of neat counterparts for wide array of applications. It is
imperative from the above literature findings that the properties of bio-based
polyurethane nanocomposites can be tailor-made with unique blending with
nanoparticles. Also, different techniques such as in situ polymerization, sol-gel
technique etc. involved in the dispersion of nanofillers within the polyurethane
matrix play a pivotal role in determining the overall properties of the nanocom-
posite. In addition, the modification of nanoparticles with different surface modi-
fiers has also been beneficial for improving the dispersion of the nanoparticles
within the PU matrix. From the above discussion and reports, it is also concluded
that the developed nanocomposites possess unique shape memory ability, super-
hydrophobicity and excellent thermal and mechanical properties. However, much
research has to be carried out in the field of polyurethane hybrid nanocomposites
from vegetable oil-based polyol and isocyanate respectively.
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Clay Based Biopolymer
Nanocomposites and Their
Applications in Environmental
and Biomedical Fields

K. Sangeetha, P. Angelin Vinodhini and P. N. Sudha

1 Introduction

Clay-based biopolymer nanocomposite was an interdisciplinary subject which
holds together the hands of scientists from polymer science, biology, chemistry,
physics, materials and biomedical engineering. Collaborators of different discipline
would always result in qualitative work and new ideologies which steps into a
variety of medical and nonmedical applications. Clay is a natural material which
recovers the position against synthetic materials in pharmaceutical technology as it
was non-toxic and available plenty in nature. A quality research was going on at
present with countless publications and innovative findings dealing with clay
reinforced polymeric matrixes were available. The incorporation of nanofiller in the
polymeric material will improve the mechanical, barrier and other matrix properties
of nanocomposites used for biomedical and environmental applications [40]. This
huge number of publications implies the importance of polymer clay nanocom-
posite as drug delivery system, as hemostasis, in tissue regeneration etc. In this
chapter, a detailed discussion on the biomedical and environmental application of
clay-polymer nanocomposite was given elaborately with recent findings.

The term clay refers to the group of materials made up of layered silicates or clay
minerals with traces of metal oxides and organic matter [51]. They belong to the
family of phyllosilicate or sheet silicates made of hydrated alumina–silicates. The
basic building unit of clay minerals is composed of tetrahedral silicates and
octahedral hydroxide sheets and they were arranged as 1:1 (e.g., kaolinite and
serpentine) and 2:1 (e.g., smectite, chlorite, and vermiculite) to give rise to various
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classes of the clay mineral. Clay minerals possess specific physicochemical char-
acteristics such as high surface reactivity (adsorption and cation exchange capacity),
colloidal and swelling capacity, optimal rheological behaviour, and high water
dispersibility, which render them suitable for different biological applications
including pharmaceutics, cosmetics, veterinary medicine, biomaterials, and
biosensors.

In general, clays were nanometer in size due to this it can be easily incorporated
into polymer matrixes. Clay was hydrophilic in nature and it can be readily mixed
with hydrophilic polymers like poly(ethylene oxide) [37] and poly(ethylene glycol)
[21] to prepare polymer-clay nanocomposite. But in case of hydrophobic polymers,
the preparation of nanocomposite with good miscibility was not possible by
physical mixing of polymer and clay. In such cases, these clays were converted to
organophilic by exchanging the cations present in the clay layer with surfactants
such as quaternary alkylammonium and alkylphosphonium ions [25].

The schematic representation of various classes of clay mineral and crystal
structure of some commonly used clay in the pharmaceutical application was shown
in Figs. 1 and 2 respectively.

Fig. 1 Various classes of clay minerals and their arrangement [38]. Copyright (2015) Royal
Society of Chemistry
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2 Preparation Methods of Polymer Clay Nanocomposites

Solution intercalation, melt mixing and in situ polymerization techniques are the
most commonly used methods to prepare polymeric clay nanocomposites [81].
During the preparation, the polymer was intercalated or exfoliated in layered hosts
of clay with significant improvement in properties with reduction of component
weight.

2.1 Solution Intercalation Method

In solution intercalation method, the polymer was dissolved in a solvent system and
the silicate layer was swellable. The layered silicate is first swollen in a solvent,
such as water, chloroform, or toluene. During mixing of silicate and polymeric
solution, the polymer chains intercalate among themselves and the solvent was
displaced within the interlayer of silicate. After the removal of solvent, the inter-
calated system remained with nanoscale morphology.

Fig. 2 Crystal structure of pharmaceutical used clays; a kaolinite, b talc, c montmorillonite,
d palygorskite and e sepiolite, where dashed lines represent the unit cell [90]. Copyright (2016)
Elsevier
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2.2 Melt Intercalation Method

In melt intercalation method polymer was directly mixed with clay using a
twin-screw extruder or an internal mixer. When the surface layers are sufficiently
compatible with the polymer matrix, the polymer will start to penetrate in between
layers of clay thereby expanding gallery spacing. This driving force was called as
shear force and this method was more commercial because solvents were not used
in this technique. This method possesses greater advantage and it can intercalate the
polymers which were not possible with other two methods of in situ intercalative
polymerization and solution intercalation.

2.3 In Situ Intercalative Polymerization

In this method, the polymer and clay were intercalated by choosing suitable
monomers followed by subsequent in situ polymerization. The polymerization
reaction can be initiated either by heat or radiation, by the diffusion of a suitable
initiator, or by an organic initiator or catalyst fixed through cation exchange inside
the interlayer before the swelling step. Here the monomer was used directly as a
solubilizing agent for swelling the layered silicate. Subsequent polymerization takes
place after combining the silicate layers and monomer, thus allowing the formation
of polymer chains between the intercalated sheets [91]. This method was widely
used for thermosetting polymer-layered silicate nanocomposites.

The diagrammatic representation of exfoliation and intercalation during forma-
tion of polymer clay composite was shown in Fig. 3 and the possible interaction
between the clay and polymer matrix as illustrated in Fig. 4.

Fig. 3 Schematic diagram showing clay modification and intercalation of polymer to form
polymer nanocomposites [51]. Copyright (2015) Elsevier
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3 Biomedical Applications of Polymeric Clay
Nanocomposites

Indigenous people all around the world from ancient days have used clay both
internally (geophathy) and externally (clay baths) for prevention of illness, physical
healing, to improve the general health thereby prolonging their life. Clay therapy
was not a new concept or modern healing technology for us, as our ancient cultures
and aboriginal tribes were more familiar with clay and they have used for a variety
of illness and injuries. Oral consumption of clay will cure the infection, helps in
balancing pH of the body, regulate gastrointestinal problems, and counter poisoning
by chelation. Some of the clay-polymer composites along with their application in
the biomedical field were discussed in this section.

3.1 As Drug Delivery System

In general, usage of a single polymer or clay mineral will not meet all the necessary
requirement of drug release and hence the combination of a polymeric material with
clay mineral will give adequate support for effective drug delivery. Clay play a vital

Fig. 4 Schematic representation of possible strategies for the interaction of clay mineral with the
polymer [23]. Copyright (2014) Elsevier
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role for safe drug delivery as it can act both as an excipient and active agent [3]. The
addition of clay even lesser than 5% will enhance properties of mechanical strength,
thixotropy, reduced gaseous permeability and heat resistance to remarkable level
which was highly appreciable for adsorbing the drug and releasing them in a
controlled manner [39, 69, 88]. Clay minerals such as halloysite, montmorillonite
clay, bentonite were explored in a polymeric matrix as they have the ability to
enhance mechanical properties as well as for their potential to act as drug delivery
modifiers [61, 68]. The presence of clay mineral in nanocomposite will act as
transporting vehicle to deliver drugs by modifying the rate of drug release and
thereby improving the dissolution profile of drug [85]. In most of the cases,
administration of the drug at a conventional dosage will result in releasing them in
an uncontrolled manner and get circulated to various body organs. This drawback
will be evaded in case of clay reinforced polymeric composites as colloidal clay
particles and biopolymer have the possibility to release the drug in a controlled
manner at a specific needed site without affecting the other portion of the organs in
the body [86].

For an ideal drug delivery system, the important factor to consider was how
much amount of drug was released during the process—if drug release was too high
it will lead to adverse effect or harmful to the body and if it was too low will results
in reduced efficiency. The optimal release of drug within required time was
essential for powerful performance. The different methods adapted for drug release
was shown in Fig. 5.

Kohay et al. [50] developed a novel formulation of the organic-inorganic
composite in which the drug doxorubicin was incorporated in micelles (M-DOX) of
polyethylene glycol-phosphatidylethanolamine (PEG-PE) adsorbed over clay layer
of montmorillonite (MMT). On varying the ratio of PEG-PE/MMT, two different
formulations were fabricated and named as low, high composite and it was com-
pared with pure doxorubicin. In their work, they have used MCF-7 cells for car-
rying out bioassay (in vitro study) at a regular time interval of 2 and 6 h and
Adriamycin resistant cell line (A2780-ADR) for evaluating cytotoxicity. They
reported the following information: In low composite a single layer of polymer and
for high composite two layers of polymer were intercalated between the platelets of
montmorillonite clay. The release trend followed the order of high formula-
tion > low formulation > DOX/MMT and in MCF-7 cells high formulation exhi-
bits higher cytotoxicity whereas, for Adriamycin resistant cell line (A2780-ADR),
low formulation demonstrated the highest cytotoxicity.

Sabbagh et al. [73] synthesized novel halloysite-based chitosan/oxidized starch
nanocomposite hydrogel beads by incorporating clay mineral halloysite nanotubes
and evaluated the changes in swelling behaviour, thermal properties as well as drug
loading/releasing characteristics of hydrogel beads. The embedding of halloysite
into hydrogel structure will prolong the release of drug metronidazole (MTZ) from
nanocomposite hydrogel beads resulting in controlled drug release.

Lal et al. [53] examined in vitro oral delivery of insulin using montmorillonite
poly lactic-co-glycolic acid nanocomposites. The prepared composite was evalu-
ated for various parameters such as drug content, physicochemical properties,
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in vitro insulin release profile and cytotoxicity. The results from MMT assay reveal
the nontoxicity of the formulation and this nanocomposite was effective in releasing
insulin without burst effect which will definitely serve as an efficient oral drug
delivery vehicle of insulin in near future. Controlled release of strontium ranelate
(SRA), a drug for osteoporosis from composite scaffold polycaprolactone-laponite
was reported by Nair et al. [62]. By varying Laponite-SRA complex content from 3
to 12 wt% an array of composites were prepared and evaluated in vitro using
human osteosarcoma cells. They reported ratio 3 wt% laponite-SRA complex was
ideal for drug release which was confirmed using ALP activity.

Khlibsuwan et al. [48] studied the drug release behaviour of spray-dried
chitosan-magnesium aluminium silicate (MAS) nanocomposite microparticles,
loaded with propranolol HCl. Investigation on the effect of crosslinker (sodium
tripolyphosphate) and content of clay (magnesium aluminium silicate) was also
reported. A sustained release of propranolol was achieved for all types of
microparticles in 0.1 M HCl and phosphate buffer pH 7.4 for several hours. The
drug release clearly slowed down at low and neutral pH, whereas the incorporation
of 1–3% TPP caused only a slight/moderate decrease in release rate, irrespective of
the type of release medium with increasing MAS content. Similarly, in another
study, Fan and his coworkers [35] investigated drug release behaviour of diclofenac

Fig. 5 Different method of drug release based on (a) monolithic, (b) reservoir, (c) degradation and
(d) combined a, b and c drug delivery systems. Jafarbeglou et al. [45]. Copyright (2016) Royal
Society of Chemistry
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sodium (DS) using novel sodium alginate/hydroxyapatite/halloysite nanocomposite
hydrogel beads. The addition of hydroxyapatite and halloysite nanotube to the
biopolymer sodium alginate will result in enhancing entrapment efficiency from
62.85 to 74.63% and thereby controlling the burst release of drug diclofenac
sodium.

Bera et al. [10] have developed novel composite by coating montmorillonite clay
on the membrane of alginate-Arabic gum (AG) gel and has been examined for
intragastric flurbiprofen. The drug release rate was compared with uncoated for-
mulation and they reported that the coated matrices (F-O, coated) depicted
improved drug loading ability (DEE, 94.49 ± 1.23%) and slower drug release
profile (Q8h, 69.24 ± 0.65%) endowed with improved buoyancy and mucoadhe-
sive suggesting them as excellent drug delivery system. Another study revealing the
sustained drug release of clay composite was reported by Ji et al. [46] in which the
mechanical strength of gelatin scaffold was enhanced by adding halloysite nanotube
and it was loaded with the drug ibuprofen. Halloysite incorporated composite show
extended drug release over 100 h compared to only 8 h when it was directly mixed
with gelatin (i.e. without halloysite).

Bounabi et al. [16] have developed novel nanocomposite of poly(2-hydroxyethyl
methacrylate) (HEMA) with montmorillonite clay and investigated the structural
properties of nanocomposite with the addition of clay using analytical techniques of
Fourier transform infrared spectroscopy (FTIR), differential scanning calorimetry
(DSC) and thermogravimetric analysis (TGA). The drug release behaviour of
paracetamol loaded in prepared hydrogel nanocomposite was reported with the
following findings: Crosslinking of clay will reduce drug burst rate and release rate
of the drug from novel composite will decrease with increase in the content of
MMT loading. The composite will delay drug dissolution rate and thereby improve
patient compliance through the reduction of multiple dosing.

Huang and his coworkers [43] have prepared chitosan composite hydrogels by
adding halloysite nanotubes to the solution of chitosan. They have performed
cytotoxicity assay using MC3T3-E1 cells and reported that the composite will
support the growth of MC3T3-E1 cells indicating its biocompatibility. The com-
posite hydrogels show a maximum drug entrapment efficiency of 45.7% for dox-
orubicin (DOX) which is much higher than that of pure chitosan hydrogel (27.5%)
suggesting composite hydrogel shows superior drug release efficiency.

Curcumin release from composite carboxymethyl cellulose–montmorillonite
clay was carried out by Madusanka and his coworkers. The sustained release rate of
more than 60% was achieved from curcumin activated nanocomposite in distilled
water (maintained at a pH of 5.4) at 25 °C within 2 h and 30 min. From the results,
Madusanka group have reported that curcumin activated carboxymethylcellulose–
montmorillonite nanocomposite is an effective curcumin carrier with enhanced
solid state properties [59]. Salcedo et al. [74] prepared composites of a modified
montmorillonite with chitosan by simple solid-liquid interaction and loaded with
drug oxytetracycline. The penetration enhancement properties of nanocarrier
towards the drug were evaluated using cell model Caco-2. Presence of clay mineral
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particles in the polymer matrix resulted in effectively enhanced drug permeation
and improved bioavailability in vivo after oral administration of the drug.

Kevadiya and his coworkers [47] examined drug release rate of diclofenac
sodium by intercalating “in situ” the anionic drug DC into cationic polymer chi-
tosan in montmorillonite clay. They reported the in vitro cell viability assay of the
drug-loaded composite in cancer cell was less toxic than the pristine drug. They
suggested applying this formulation as fruitful material in much more applications
with different loaded drugs and biomolecules.

Abdeen and his coworkers [1] have prepared nanocomposite for drug carrier by
intercalating chitosan into layered silicate of montmorillonite clay and the release
rate of drug ibuprofen from nanocomposite was studied. The drug release of
ibuprofen was affected by pH value of the medium, drug loading capacity, the
percentage of chitosan in nanocomposite and its morphology. They have noted the
in vitro drug release at pH of 5.4 and 7.8 which mimic the gradient of pH from the
stomach to intestine. On concluding their work, the sustained-drug release was
achieved and they have reported the prepared nanocomposite was effective for oral
administration as it avoids the interaction between drug and gastric mucosa with
prolonged duration of drug activity.

3.2 In Tissue Engineering

Tissue engineering is an emerging field widely employed to develop scaffolds for
replacing the damaged tissues and organs [54]. The basic principle in tissue engi-
neering was to fabricate scaffold which should be highly compatible with living
tissues and they will help to enhance cell proliferation, adherence and differentiation
thereby eventually develop regeneration or growth of new tissues in infected or
defected area [5]. In order to design a composite system for replacing tissues,
dispersion technology and interfacial interaction between the matrix systems was
crucial to attaining. This will be effectively achieved by choosing similar molecular
structures so that they will result in composites with improved properties [56].

The presence of clay in the composite will usually enhance cell adhesion and
spreading. A possible reason for this increased cell attachment was due to the fact
clay will create more focal adhesion sites through reactive functional groups where
direct adhesion of cell attachment was taken place [36]. Another interesting reason
for enhanced cell proliferation in polymeric-clay composite was due to the creation
of particular hydrophobicity/hydrophilicity balance between hydrophobic polymer
chains and hydrophilic clay dispersion could directly mediate cell adhesion as well
as promote protein adsorption [75]. Afsar and Ghaee [2] also reported a similar
result that the presence of clay will enhance cell adhesion and proliferation.
Composite of chitosan/alginate/halloysite was prepared and modified with amina-
tion. The cytocompatibility was evaluated using Alamar Blue assays by culturing
fibroblasts L929 on the scaffolds. They reported that the amination treatment and
incorporation of clay will improve cell adherence and proliferation.
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Boyer et al. [17] developed a faster gelling composite to heal articular cartilage,
a connective tissue using biomaterial assisted cell therapy. Boyer and their
coworkers prepared laponite silated hydroxypropylmethyl cellulose hydrogel hav-
ing the very high mechanical strength the basic criteria for healing cartilage tissues.
The in vitro studies shows biocompatibility and nontoxic nature of composite make
them a suitable material for treating cartilage defects. An interesting composite
work reported more recently was Sr+2-modified chitosan/montmorillonite scaffold
fabricated using freeze-drying method. Biocompatibility study was evaluated by
employing scaffold in human osteoblasts (hOBs). Cell viability and proliferation
were reported from assays of MTT (3-(4,5-dimethylthiasol-2-yl)-2,5-
diphenyltetrazolium bromide) and DNA content analysis. Demir et al. [28] have
concluded that the composite will possess all desirable physicochemical and bio-
logical characteristics which could mimic as an ideal biomimetic template for the
repair of defective bone with osteoblasts.

A novel three-dimensional composite scaffold of chitosan/hydroxyapatite/
montmorillonite clay was reported by Vyas et al. [87]. The presence of clay will
reduce the swelling and degradation rate which was highly required for enhancing
the mechanical strength of scaffold. Cell proliferation was tested using MG 63 cell
and the cellular response show non-cytotoxic behaviour implying hemocompati-
bility with more favourable microenvironment for osteoblast cell proliferation.
Bhowmick and his colleagues [13] reported an improved osteogenic response of
osteoblast cell line MG-63 cells as a direct function of modulating organically
modified montmorillonite clay content in composite chitosan/hydroxyapatite-zinc
oxide (CTS/HAP-ZnO). An interesting report of a decrease in tensile strength,
antibacterial effect and cytocompatibility with the MG-63 cell was observed with
composite (in absence of OMMT) compared to composite with organically modi-
fied montmorillonite clay. The composite with clay will decrease swelling ability
thereby increasing mechanical strength and cell proliferation of composite.

Chappidi and Mills [22] have prepared a novel composite scaffold with a unique
combination of poly-glycerol sebacate (PGS), polycaprolactone (PCL) and hal-
loysite clay nanotubes (HNTs). The presence of aluminosilicate clay nanotubes will
help to enhance its structure, mechanical properties and have potential to support
the development of tissues and their growth. Chitosan-agarose-gelatine nanocom-
posite porous scaffolds doped with halloysite was fabricated using the freeze-drying
method and prepared scaffold was underwent to in vitro, in vivo studies to evaluate
its biocompatibility and biodegradability. The relative number of attached cells onto
chitosan-agarose-gelatine halloysite scaffold was eventually increased with hal-
loysite content from 3 to 6 wt% which implies good cytocompatibility behavior of
the scaffold. The in vivo study was conducted using rats with slight inflammatory
effect and the reported results confirm implant was degraded without rejection and
full restoration of the blood supply was achieved within six weeks [63]. Bonifacio
et al. [15] prepared a novel tri-component hydrogel based on gellan gum, glycerol,
halloysite and examined for different soft tissue engineering application. The
in vitro results show a good human dermal fibroblasts biocompatibility mimicking
the native microenvironment.
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Huang et al. [44] prepared composite hydrogels of Sodium alginate (SA)/hal-
loysite nanotubes and examined for tissue engineering application using pre-
osteoblast (MC3T3-E1) cell line. The cell adhesion and proliferation were increased
in the composite as compared to pure sodium alginate hydrogel revealing the
decreased pore size due to halloysite will result in increased cell attachment and low
cytotoxicity. Liu et al. [55] fabricated halloysite reinforced alginate composite
scaffold by solution mixing and freeze drying. The results from analytical tech-
niques will confirm the interfacial interactions between halloysite, alginate and also
the enhancement of cell proliferation and mechanical strength was achieved due to
the presence of halloysite. The reported porosity of 93–97% and pore size of around
100–200 lm, confirms the improvement in the number of sites for cell attachment.
The cytotoxicity examination using mouse fibroblast cells display better attachment
which in turn should be a potential member to apply in tissue engineering.

Olad and Azhar [66] reported novel three-dimensional chitosan-gelatin/
nanohydroxyapatite-montmorillonite composite scaffold and examined physico-
chemical properties. The addition of MMT in the composite will moderate
mechanical behaviour, water absorption ability, density, biodegradation, biomin-
eralization suggesting them to apply in bone tissue engineering application in
future. A novel nanocomposite was reported by Buffa and his coworkers [19] in
which they have prepared composite by loading Sr (II) on halloysite nanotube with
the biopolymer matrix of (3-polyhydroxybutyrate-co-3-hydroxyvalerate). The
loading of strontium and clay enhance the porosity and mechanical resistivity
making them as an effective material to apply for invitro studies. The invitro study
was reported by checking the compatibility of the composite in L929 fibroblast cells
and the results proved that it was an effective material to apply for bone regener-
ation purpose.

3.3 As Regenerative Repair in Wound Healing

The largest organ in the human body was skin and it will act as a barrier to harmful
mediums and prevent them to enter into the body. Sometimes skin gets wounded
due to physical, chemical, mechanical and/or thermal damages. The healing of
damaged skin in a natural way was more complex and it will continue for few
months to years. To overcome this slow complex process, a new technique “Wound
healing” was emerged and has attracted great interest to treat excessive lose of skin.
A new combination of materials including natural, synthetic and even combination
of both have been used for application of skin regeneration.

One such material was clay and we are familiar with clay from ancient history
that our ancestors have widely used clay and clay-based products for skin ailment
and for wound dressing. The usage of clay in the medical field was well docu-
mented worldwide from early days of mankind and it will continue till today. But
after 19th century more scientific inquiry was emerged to analyze chemistry behind
its structure, properties and the interaction/mechanism of the healing process.
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The intense level of investigation and research was more concentrated in the second
half of the 20th century evidencing that these clay-based products are much more
compact with skin regeneration. Some of the documented research works were
highlighted in the area of wound healer.

Before discussing in detail about the research works in this area, we should
aware of the general term “Regenerative medicine” which comprises a broad cat-
egory involving regeneration of cells, tissues, and organs in order to perform its
original function. The incorporation of clay in polymers will result in enhancing
mechanical properties, improve cell adhesion, proliferation, differentiation of pro-
genitor cells and also act as biomolecule carrier [27, 36]. A simple representation of
clay mineral in regenerative medicine was illustrated in Fig. 6.

An interesting study related with clay-based composite was recently reported by
Kurczewska et al. [52] in which they have explained the influence of clay (hal-
loysite nanotubes) in terms of releasing rate and biological activity of dressing
material. The release rate of the drug was slowed down by halloysite as its structure
allows functionalization of exterior and interior surfaces with organic ligands. This
factor will result in reducing release rate as the system would act as a double barrier
which in turn can be effective for long-term treatment of wounds.

Kaolin loaded polyurethane hydrogel composite was prepared using simple
one-pot synthesis and hemostatic capabilities of composite were compared with
commercial hemostatic dressing materials. Blood clotting index was measured
using hemolysis assay and the clotting time was measured through rheology by
taking Quick Clot Combat Gauze (QCCG) as a reference. Lundin and his
coworkers reported that kaolin loaded polyurethane foams of 5 and 10% exhibits
enhanced clotting behaviour and was highly recommended for wound dressing

Fig. 6 Application of cationic clay minerals in regenerative medicine: enhancing the mechanical
property of polymers (a), delivering biomolecules (b), improving cell adhesion (c), and facilitating
the proliferation and differentiation of stem cells to bone cells (d). Ghadiri et al. [38]. Copyright
(2015) Royal Society of Chemistry
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[58]. Yang’s research group [89] prepared nanoclay LMSH cross-linked semi-IPN
silk sericin/poly(NIPAm/LMSH) nanocomposite hydrogel for wound dressing. The
wounded area was treated with prepared hydrogel nanocomposite and recovery rate
was monitored at regular interval of time. They reported the nanocomposite has
achieved 83% of healing at 6th day followed by complete recovery within 13 days
and thereby suggesting this composite as a suitable wound healer.

Solvent casting method was adapted by Devi and Dutta [29] to prepare
nanocomposite films of chitosan-bentonite. The nanocomposite has good swelling
and excellent antibacterial properties simultaneously, could serve as a barrier
against infection, are low-antigenic, could adsorb wound exudates and show high
water-vapour permeability. They reported this preliminary study was highly sup-
ported for fabricating them as wound care products. Another interesting work on
wound treatment was reported by Sirousazar et al. [80]. This research group has
formulated a novel wound dressing material by employing freeze-thawed and
non-freeze-thawed egg white/PVA/MMT nanocomposite hydrogels. In vitro and
in vivo studies were used for evaluating its cytotoxicity and rate of wound recovery.
The results of in vitro study reveal the optimum level of biocompatibility was
achieved and the in vivo study supports the fast closure of wound edges with the
significant rate. Similar technique of freezing-thawing method was used by Noori
group [65] to prepare nanocomposite hydrogels of poly (vinyl alcohol)chitosan/
montmorillonite. The presence of clay will improve the mechanical properties and
swelling behavior of the system. They have reported the addition of 3% of mont-
morillonite clay will increase tensile modulus to 35% and this enhanced mechanical
property make this material highly suitable for wound dressing.

Ambrogi et al. [6] have developed a composite by intercalating chlorhexidine
into the montmorillonite-chitosan film. Even though chlorhexidine is an excellent
antimicrobial agent the usage of chlorhexidine was limited in wound healing
because of its negative aspect of cytotoxicity towards human fibroblasts. This
should be overcome on interacting with the chitosan-MMT film at a concentration
of 1 and 5% of chlorhexidine resulting in sustained release of drug in long-term
purpose with decreased cytotoxicity and can act as good antibiofilm and antimi-
crobial agents. Nistor et al. [64] have prepared crosslinked collagen/poly
(N-isopropyl acrylamide) network embedded with montmorillonite clay and the
prepared hybrid hydrogel was targeted for tissue engineering application to cover
burned tissues and the healing of damaged skin was monitored. Pseudoplastic
behaviour was attained in the hydrogel which was due to the presence of clay which
makes them highly suitable for skin healing.

3.4 As Biosensors

Clay-based polymeric biosensors have been escalating as a new generation of
biosensors and bioassays with ultra-low limits of detection and enhanced detection
sensitivity. For sensor application, conducting polymers was an excellent choice as
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they can be easily tuned with different materials like clay to improve its surface
properties and immobilization. The sensor is defined as a device that will measure
analytical informative signal arises due to a chemical interaction between medium
around the analyte and sensor device. If the receptor is a biological module like
enzyme or antibody within the cell then the biological mechanism arises was ter-
med as “Biosensor” Fig. 7.

Claymineral based biosensorswere prepared by depositing thinfilms of clay on the
conductive substances [60]. Besombes et al. [11] have developed cholesterol
biosensor by using Laponite- poly (amphiphilic pyrrole derivative) matrix. The
incorporation of clay will enhance the sensitivity of sense, as this system does not
show sensor application in the absence of clay Laponite. This finding suggests the
importance of clay in sensing biological substances. Another interesting biosensor
was reported by Emre et al. [33] where they developed polymer–clay nanocomposites
by grafting polymethylmethacrylate (PMMA) with laponite clay and a conducting
polymer; poly(BIPE) [poly(4-(2,3-dihydrothieno[3,4-b][1,4]dioxin-5-yl)-7-
(2,3-dihydrothieno[3,4-b][1,4]dioxin-7-yl)-2-benzyl-1H- benzo [d] imidazole)] was
used for detection of glucose. They reported that this system will serve as a proper
immobilization platform for enzyme molecules achieving superior biosensor per-
formance with a more proper enzyme deposition and proficient surface chemistry. By
this way, an electrochemical signal for glucose detection was amplified.

Sarkar et al. [78] developed chitosan/montmorillonite nanocomposite by
depositing it on indium tin oxide coated glass substrate. This fabricated enzymatic

Fig. 7 Representation of a clay-based material in biosensors. Ghadiri et al. [38]. Copyright (2015)
Royal Society of Chemistry
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biosensor acts as an excellent platform to detect organophosphorous (chlorpy-
riphos) through measuring immobilization of acetylcholine esterase. Barlas et al. [9]
prepared folic acid (FA) modified poly(epsilon-caprolactone)/clay nanocomposite
and have tested for selective cell adhesion and proliferation. The results suggest that
this material can be adapted for various bio-applications such as ‘cell culture
on-chip’, biosensors and design of tools for targeted diagnosis or therapy.

Advanced plastic medical devices have been prepared using clay mineral-
polymeric composites. One such interesting example was the replacement of med-
ical tubing such as catheters prepared by latex rubber and poly(vinyl chloride) was
allergic to patients and this will be successfully replaced by non-allergic composite
material prepared using polymer polystyrene-b-poly(ethylene-co-butylene)-
b-polystyrene mixed with polyolefins and a lesser amount of filler clay mineral [82].
An interesting medical grade nanocomposite used as medical devices ranging from
examination gloves and tubings to blood bags and dialysis equipment was prepared
by polyvinyl chloride-montmorillonite clay [77].

4 Environmental Applications of Polymeric Clay
Nanocomposites

Water, the elixir of life has now become much more important than precious metals
like gold, platinum as it was depleted continuously by natural and anthropogenic
activities. We may say water as a powerful indicator of sustainability, which in turn
indicate the level of social development in a particular community. Water is also an
issue that is linked with health, nutrition and many other factors that affect our
society including the condition of nature itself! It is not an exaggeration to say that
water is life. Several countries all around the world are expected to face severe
water crisis by the year 2025 [18]. Contamination and degradation of the aquatic
environment were considered as one of the major global concerns of our society. In
particular, industrial effluents such as organic and inorganic wastes, heavy metal
ions, dyes, aromatic compounds, etc. pose considerable risk to drinking water
sources. Among various adsorbents used for remediating effluents, clay was con-
sidered as a suitable candidate as its layered structure has the ability to imprison
water in between interlayer space resulting in heavy metal adsorption and ion
exchange. Hence in this chapter, we have discussed clay based composites as a
potential candidate for remediating wastes by adopting different techniques which
was considered as a favorable subject for researchers.

4.1 For Heavy Metal Removal

Various scientists all around the world have conducted a huge number of studies to
explore adsorptive characteristics of clay and all these experiments will result in
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concluding the importance of clay as an excellent adsorbent for removing different
toxic heavy metal ions from aqueous solutions. This chapter represents literature
review of investigations done in the last decade with clay minerals and their
modification as composites with a different polymeric combination and their pos-
itive results towards removal of heavy metals.

Edathil et al. [30] developed alginate clay composite using different clay min-
erals of sepiolite, montmorillonite, bentonite clays and a comparative study was
reported on the adsorption performance of heavy metal chromium, total organic
anions and iron. A maximum adsorption was achieved at 2.0 wt% of filler (clay) for
all the combination of reported clay minerals with alginate. The sorption of the
contaminant was confirmed from the results of FT-IR and Scanning electron
microscopy suggesting that this composite was effective for removal of heavy metal
due to the presence reinforcing material clay. Ahmad and Hasan [4] synthesized
L-methionine montmorillonite encapsulated guar gum-g-polyacrylonitrile (GPCM)
hybrid nanocomposite by free radical graft copolymerization. Adsorption studies
were carried out for the removal of metal ions Cu (II) and Pb (II). The obtained
results showed that optimum adsorption for both metal ions was achieved at pH of 5
and equilibrium time of 150 min. The adsorption kinetics of both metal ions fol-
lowed pseudo-second-order model and the adsorption isotherm was well fitted by
Langmuir model. The maximum adsorption capacity of the adsorbent was
125.00 mg/g for lead and 90.91 mg/g for copper.

Heydari et al. [41] have developed nanocomposite of b-Cyclodextrin polymeric
bentonite clay by emulsion polymerization. The addition of clay enhances thermal
stability of composite and it was confirmed by analytical techniques of DSC and
TGA. The composite was employed to remove heavy metals such as copper, zinc,
and cobalt from drinking water using batch adsorption method. From the calculated
values of Kd and percentage of metal adsorption, the sequence followed for metal
adsorption onto nanocomposites was found to be Zn2+ > Cu2+ > Co2+. These
findings suggest that maximum removal was achieved with an increase in clay
content thereby reporting the composite as green absorbent and economically more
effective to use on large scale for the purpose to purify drinking water.

Piri et al. [71] synthesized Polyaniline-clay nanocomposite using in situ chem-
ical oxidative polymerization technique and this adsorbent was used to remove
metal ions Pb (II) and Cd (II) from aqueous solution. Batch adsorption study was
carried out by varying parameters such as pH of the solution, adsorption dose, metal
ion concentration and contact time. The obtained experimental data and isothermal
kinetic studies were well inserted for pseudo- second kinetic and Temkin model
confirming a companionship of physical and chemical adsorption. They also
reported that the preparation method “in situ chemical oxidative polymerization”
was a new technique for lead removal and it was economic to employ for
large-scale removal of metal ions. Onyango et al. [67] used two different techniques
such as batch adsorption and fixed bed column for removal of heavy metal hex-
avalent chromium using polypyrrole modified montmorillonite composite. For the
batch study, Langmuir model was well fitted for the composite to remove chro-
mium with maximum adsorption capacity of 119.34 mg/g at 298 K. In fixed bed
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column study process parameters such as initial Cr (VI) concentration, bed mass
and flow rate were considered. Onyang and his coworkers reported maximum
sorption rate was achieved at a lower flow rate and initial Cr (VI) concentration and
high bed mass.

Rafiei et al. [72] used the combination of polyacrylic acid-organobentonite to
prepare nanocomposite by successive intercalation of cetyltrimethyl ammonium as
a surfactant and it was employed to remove Pb (II) ions from aqueous solutions.
The interaction of polyacrylic acid in clay was confirmed from XRD diffractogram.
The sorption study was performed using batch adsorption and it was compared to
untreated bentonite clay. They have reported maximum sorption of 93 mg/g was
achieved which was twice as that of untreated bentonite having removal rate of
52 mg/g.

Choudhury et al. [24] synthesized nanocomposites of bentonite
clay-hydroxyapatite at three different pH of 3, 7 and 10 which was further
cross-linked by glutaraldehyde to increase its thermal stability. These entire com-
posite were utilized to remove toxic lead (II) ion. The sorption capacity was ana-
lyzed by mathematical and statistical optimizing technique (response surface
methodology). They reported maximum sorption was observed for composite
prepared at pH of 7 by fitting Langmuir isotherm model with sorption capacity of
346 mg/g at 30 °C and the mechanism was well fitted with pseudo-second-order
kinetics indicating the coexistence of both physisorption and chemisorption.
Around 99% of removal was reported with this composite indicating the excellency
of prepared material for lead removal.

4.2 For Dye Removal

With the fast development of industry, water pollution has become a leading global
risk factor for human health [14]. The disposal of dyes without proper treatment
will pollute both surface and groundwater as they are non-biodegradable and it will
disrupt the growth of living organisms thereby causing illness, disease, and even
human death. Some of the commonly reported dyes include methylene blue, bro-
mophenol blue dye, congo red, methylene violet etc.

Liu et al. [57] developed a composite bead with the combination of car-
boxymethyl cellulose/k-carrageenan/activated montmorillonite for removing
cationic methylene blue dye and reported the extent of adsorption by studying its
kinetics and isotherms. The composite optimum ratio was found to be 1:1:0.4 for
CMC:kC:AMMT with the removal rate of 98% of dye and follows Langmuir
isotherm (R2 0.999) fitted with pseudo-second-order kinetics. Fabryanty and his
workers [34] prepared clay based composite using bentonite, alginate in three
different compositions. These composites were tested for the removal of crystal
violet dye using batch adsorption study. The adsorption of crystal violet dye by
composite follows both Langmuir (qmax 601.9339 mg/g) and Freundlich
(Kf 36.3399 (mg/g)(L/mg)−n) model and the kinetic was well fitted with
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pseudo-second-order getting higher R2 value of 0.9916 and reported the adsorption
of dye by composite was controlled by chemisorption.

A composite bead of Chitosan/KSF-montmorillonite of weight ratio 1–25% w/w
was reported recently by Pereira and his coworkers [70]. The adsorption capacity of
the composite was tested by evaluating removal of remazol blue dye under batch
operations by varying parameters: pH (2–8), contact time (0–660 min) and dye
concentration (100–1600 mg L−1). The results revealed effective removal of dye
onto composite by following Langmuir model suggesting monolayer adsorption of
dye onto composite. Uyar et al. [84] have successfully removed methylene blue dye
using a composite of alginate–clay quasi-cryogel beads. They developed this
composite by following a novel technique of cryogelation by deep-freezing the
alginate beads at −21 °C. The removal of dye was conducted using batch
adsorption method and adsorption of methylene blue follows endothermic physical
adsorption and well fitted with pseudo second-order kinetics.

Azha and his research group [8] reported industrial dye removal using composite
prepared by coating commercial grade acrylic polymer emulsion (APE) and ben-
tonite on cotton cellulosic fiber (CCF). This composite was effective to remove
around 95% of cationic dye pollutant within 30 min by following
pseudo-second-order kinetics. Hossein and Neda [42] developed hydrogel
nanocomposite of acrylic acid and 2-acrylamido-2-methylpropane sulfonic acid
monomers in presence of montmorillonite (MMT) by using ammonium persulfate
as an initiator and methylene bisacrylamide as a crosslinker. The prepared com-
posite was tested for methylene blue dye adsorption by varying the parameters of
agitation time, MMT content, pH, initial dye concentration, adsorbent dose, and
temperature. The sorption of dye will fit well with Redlich–Peterson model with the
kinetic of pseudo-second-order.

El-Zahhar et al. [32] prepared polymeric clay nanocomposite was prepared using
in situ polymerization by incorporating kaolinite clay into poly(acrylamide
co-acrylic acid) with cross-linker. This composite was employed for removal of
bromophenol blue (BPB) dye. The sorption study was conducted with the effect of
parameters including time of contact, dye concentration and temperature. They
reported that the dye removal was fitted with Lagergren (pseudo first order reaction
rate) with free energy change (DG°) value of −110.323 kJ/mol indicating the
feasibility and spontaneous nature of sorption reaction. In another study, El-Zahhar
[31] reported polymeric clay nanocomposite of polyacrylonitrile (PAN)-kaolin for
the removal of methylene blue dye and chromium from aqueous solution. The
adsorption capacity was calculated and reported as 127 mg/g of chromium and
68 mg/g methylene blue dye.

Bhattacharyya and Ray [12] synthesized hydrogel using chitosan and the
copolymer of acrylic acid and acrylamide by free radical polymerization. This
prepared hydrogel was filled with micro and nano-sized bentonite clay. The
removal rate of dyes malachite green and methyl violet from water was reported.
The percentage of dye removal was maximum for malachite green. The adsorption
data were fitted with 1st and 2nd order kinetics and the combined Langmuir–
Freundlich isotherm.
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Darei et al. [26] prepared novel thin film composite by coating chitosan/
organoclay on commercial polyvinylidene fluoride (PVDF) microfiltration mem-
brane. Two differently modified nanoclay (Cloisite 15A and 30B) were introduced
into chitosan aqueous solution with varying content ranged between 0.5 and 2 wt%
in final dope solution. The prepared membranes were evaluated for dye removal
and the results reported were as follows: (a) Membrane coated with Cloisite 15A/
chitosan was more efficient for methylene blue removal from water.
(b) Membrane-coated with Cloisite 30B/chitosan was effective for acidic orange 7
dye at acidic pHs. Anirudhan et al. [7] removed cationic dyes such as malachite
green (MG), methylene blue (MB) and crystal violet (CV) from aqueous solutions
at pH of 4.8 using nanocomposite of immobilized-amine-modified bentonite–
polyacrylamide (HA-Am-Bent–PAA) nanocomposite. The removal rate was
reported as 98% for malachite green, 97% for methylene blue and 94% for crystal
violet. Saravanan et al. [76] have synthesized blend using chitin, bentonite clay and
the resulted blend was crosslinked with glutaraldehyde. The blend was employed to
remove heavy metals copper and chromium from dye effluent collected from
Ambur industrial, India. The adsorption of both the metal ions follow Freundlich
isotherm suggesting this blend is more effective and cost-effective to apply in a
large-scale application.

4.3 For General Wastewater Treatment

The disposal of untreated effluent to the environment without proper removal of
waste hazardous material will result in contaminating groundwater and various
open sources of water such as a lake, pond and river. This will leads to change the
colour of water bodies, increase the microbial growth so that these water bodies
cannot be used for drinking as well as domestic household purposes. To overcome
this issue clay composite were employed and some of the studies were discussed
here. Unuabonah et al. [83] have prepared chitosan modified hybrid clay composite
by combining clay, chitosan, ZnCl2 and commercial Alum. This composite was
applied for microbial removal from contaminated water. Within reasonable time
complete adsorption of bacteria was reported. Anionic micropollutants from
wastewater effluent were removed by treating them with composite prepared from
quarternized polyvinylpyridinium-co-styrene (QPVPcS) to montmorillonite
(MMT). Diclofenac (anionic pollutant) was effectively removed by the composite
and filtration process was carried out by column study. The kinetic and the
adsorption at equilibrium of diclofenac to composite was calculated using Langmuir
equation. The results indicate effective removal was attained by the composite [49].
A similar micropollutant removal of diazinon was demonstrated by protonated poly
(4-vinyl-pyridine-co-styrene) (HPVPcoS) and montmorillonite (MMT) clay using
column study. This composite was able to remove with the efficiency of 100%
having values of affinity and capacity coefficients KL 5.6 � 104 L/mol and Qmax of
5.8 � 10−4 mol/g respectively [79].
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An interesting composite material prepared using in situ polymerization was
reported by Bunhu et al. [20]. Lignocellulose-clay nanocomposites were prepared
by Bunhu and his group by varying the weight ratio of montmorillonite clay to
lignocellulose ranged from 1:9 to 1:1 by grafting them with a novel combination of
Poly(methyl methacrylate), Polymethacryloxypropyltrimethoxysilane and Poly
(methacrylic acid). All these monomers were coupled with lignocellulose and clay.
The presence of clay will increase the thermal stability of composite and they
suggest it was highly suitable for wastewater treatment in future studies.

5 Future Challenges

Like most of the newly emerging disciplines, the area of research dealing with
polymer-clay nanocomposite also has opportunities and challenges. The most dif-
ficult task for researchers to deal with polymer clay nanocomposite was not only to
prepare them with superior performance but also to check biocompatible nature of
the resulting material as it should possess acceptable biological function. In general,
polymer nanocomposite with nontoxic performance in vitro may not necessary to
perform biocompatible in vivo. Hence on developing clay reinforced polymer
composite for biomedical application includes necessary requirement to succeed
both in vitro as well as in vivo. Another interesting challenge for researchers to deal
with polymer-clay nanocomposite was to understand the fundamental interactions
between the polymer matrix and inorganic clay filler as it plays a primary role in
controlling the structure-property relationship.

6 Conclusion

We hope this chapter was informative and useful for the researchers who want to
use clay minerals in combination with polymer as potential adsorbent and as
effective material to apply in various biomedical applications. We have discussed
more recent papers which will highlight the advancement of clay based composites
in both medical and non-medical field. As stated in the introduction, these materials
have likely been in use for quite some time already, but as the chemist and materials
scientist become better at designing the system through fundamentals, new products
and applications utilizing this technology will grow in number and capability.
Though an attempt to address the health and environmental application of poly-
meric clay composites has been taken in this chapter, there is yet lot more to be
done in this field. We address the future challenges in this chapter hence it was
necessary to provide continuous effort on the theoretical as well as applied work of
modified clay based polymer nanocomposites globally both in academia and
industry.
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Thermal Behaviour and Crystallization
of Green Biocomposites

Vasile Cristian Grigoras

List of Abbreviations

APTES 3-aminopropyltriethoxysilane
Ac-CNC Acetate cellulose nanocrystals
ACNC Acetylated cellulose nanocrystals
ATBC Acetyltributyl citrate ATBC
A-sisal Alkali treated sisal fibers
BC Bacterial cellulose
BCN Bacterial nanocellulose
BF Bamboo fibers
BPU Biobased polyurethane
CA Citric acid CA
CE Cellulose
CF Cellulose fibers
ChNC Chitin nanocrystals
CO Cotton
CNC Cellulose nanocrystals
CNCSD Conventional spray dried cellulose nanocrystals
CNCFD Freeze dried cellulose nanocrystals
C18-g-CNC Cellulose nanocrystals grafted with long alkyl chain (C18)
CNF Cellulose nanofibers
CNC-g-PLLA Poly(L-lactide)-grafted-cellulose nanocrystals
CNW Cellulose nanowhiskers
Cp Heat capacity
DCp Heat capacity step (at glass transition)
DEa Activation energy
DDMSiCl N-dodecyldimethylchlorosilane
DMA Dynamic mechanical analysis
DSC Differential scanning calorimetry
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DTG Derivative thermogravimetry
DTA Differential thermal analysis
ENR Epoxidized natural rubber
EVA Ethylene vinyl alcohol
GC Green composite
GLU Glutaraldehyde
Gly Glycerol
GTA Glycerol triacetate
GMA Glycidyl methacrylate
GPS 3-glycidoxypropyltrimethoxy silane
dH/dt Enthalpy variation in time
HAlk Alkalinized hemp fibers
HCE Hydrolysed cellulose
HF Hemp fibers
HW Hard wood
DH Enthalpy
DHm Melting enthalpy
DHc Crystallization enthalpy
KF Kenaf fibers
Kraft Bleached kraft softwood
LA-CNC Lactate cellulose nanocrystals
LDI Lysine-based diisocyanate
LDPE Low density polyethylene
MA Maleic anhidride
MBC Modified bamboo cellulose
MC Microcrystalline cellulose
MFC Microfibrilated cellulose
MRSF Modified rice straw fibers
NBSK Black spruce and northern bleached softwood kraft
ODI Octadecyl isocyanate
PBA Poly(butyl acrylate)
PBAT Poly(butylene adipate-co-terephthalate)
PBI 4-phenylbutyl isocyanate)
PBSu Poly(butylene succinate)
PCL Poly(e-caprolactone)
PFA Polyfurfuril alchohol
PHB Poly(hydroxy butyrate)
PHBV Poly(hydroxy butyrate-co-valerate)
PL Plastified lignin
PLA Poly(lactic acid)
PLA-g-CNC Poly(lactic acid)-grafted-cellulose nanocrystals
PLA-g-MA Poly(lactic acid-grafted-maleic anhydride)
PLLA Poly(L-lactide)
PLM Polarizing light microscopy
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PPC Poly(propylene carbonate)
PP Poly(propylene)
PP-g-MA Poly(propylene-grafted-maleic anhydride)
PU Polyurethane
PVC Poly(vinyl chloride)
PVA Poly(vinyl alchohol)
PVAc Poly(vinyl acetate)
RF Ramie fibers
RH Rice husk
RS Rice straw
SEBS Styrene-ethylene-butadiene-styrene
SEBS-g-MA Maleic anhydride-grafted-styrene-ethylene-butadiene-styrene
SCF Standard size cellulose fibers
SPA Anhydride plasticized soy protein
S-sisal Sylane treated sisal fibers
SW Softwood
TAC Triacetate citrate TAC
TDI Toluene isocyanate TDI
TGA Thermogravimetric analysis
Tc Crystallization temperature
Tc(onset) Crystallization onset temperature
Tcc Cold crystallization temperature
Tg Glass transition
Tm Melting temperature
Tm

o Equilibrium melting point
Tmax Temperature of maximum decomposition rate
TPS Thermoplastic starch
DS Entropy
U-sisal Untreated sisal fibers
vc Crystallinity index
re Fold surface free energy

1 Introduction

A general thermal behaviour of the green composites (GCs) can provide important
results which if are well understood, represent the key factor in the choice of the
material applications range. In this regard, speciality literature discussed most
important aspects generally related to the glass transition range, melting or crys-
tallization behaviour of the GC either to the range of temperatures that cause
degradation of the organic structure of matrix or natural fillers. Reported literature
results show that the temperature generally not only degrades the material structure
but affects the most properties of GC, too.
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Thermal properties of a GC are commonly determined by the physical and
chemical characteristics of main constituents—natural fibers and polymer matrix,
but interactions between them represent a decisive role. A gap between the filler and
the matrix means that the heat is less conducted through the material, but a good
interfacial bonding, as well as a better bonding, is related with a modification of GC
thermal properties. An efficient way to improve the physical properties of GC
consists in the chemical modification of natural fillers surfaces in order to facilitate
interactions at the interface with the polymer matrix [1].

The most important results related to the thermal behaviour of various GCs,
available by literature from last years will be reviewed in this chapter. Specifically,
the literature data concerned to both on temperature range defined by thermal
stability as well as in the temperature range where thermally degradation occurs will
be analyzed. The main topics related to the effects of the interface between natural
fillers and the polymeric matrix on the thermal behaviour will be highlighted. In this
regard, the modifications induced by fillers loading on glass transition, melting and
crystallization behaviour on the one hand, as well modifications induced on thermal
degradation or on degradation mechanism, on the other hand, will be discussed.

2 Thermal Analysis as an Analytical Method of Green
Composites Characterization

Thermal analysis unifies a lot of well-defined experimental procedures and tests; the
main purpose of them consist on the qualitative and quantitative evaluation of the
major changes induced on physicochemical processes and structure of the material
that is subject to a temperature change. Actually, the temperature is known as
fundamental state variable parameter that influences chemical reactions, physical
properties or structural transformations of a material. Considering this, it can
support as a general concept that any scientific and experimental method through
which can be measured the effects produced by the temperature variations can be
considered as thermal analysis. Thermal properties of a material can be analyzed by
several methods, but in this chapter, we refer just to differential scanning
calorimetry (DSC) and thermogravimetric analysis (TGA) and derivative mass loss
(DTG). For a well understanding of GC thermal behaviour, a short review of these
methods will precede the presentation of experimental data.

2.1 Differential Scanning Calorimetry

DSC measures the heat effects associated with phase transitions and chemical
reactions function of temperature or time in a dynamic or isothermal program,
respectively. In this method (Fig. 1), the heat flow difference between the sample
and a reference at the same temperature is recorded as a function of temperature [2].
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The reference is an inert material such as alumina, or just an empty aluminium
pan. The physical principle of this method assumes the measuring of the heat flow
through material subjected on heating or cooling at a constant rate (in dynamic
measurements) or at a constant temperature for a time (in isothermal measure-
ments). In the endothermic process (e.g. most phase transitions), the heat is
absorbed and normally the heat flow through the sample is higher compared with
the reference: hence enthalpy variation in time (dH/dt) is accepted to have a positive
value. The opposite situation happens in the exothermic process where the heat is
released and dH/dt is negative as well. Reported papers from the literature that
contain data provided by DSC analysis show many results, but the most relevant
parameters which intensively discussed and describe a general material thermal
behaviour are:

– the temperature for thermal transitions: Tg, Tc, and Tm;
– enthalpy DH and entropy DS variation assigned to thermal transition;
– heat capacity Cp and step of the heat capacity at glass transition DCp;
– crystallinity index: vc (%) (assuming that DHm is known);
– heat absorbed or evolved during cure reactions or decomposition process;
– sub-glass or solid state transitions (rarely, but relevant in some studies);
– crystallization kinetics (heat evolved during isothermal crystallization).

Because DSC method is intensively used in calorimetry and polymer science, a
series of physical processes and chemical reaction investigated are listed in Table 1
[3].

Fig. 1 Schematic representation of DSC physical principle. Adapted from Mathot [2]
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2.2 Thermogravimetric Analysis

The thermogravimetric analysis involves the heating of a sample at a constant rate
up to the completed decomposition and monitoring the weight and rate of mass loss
function of temperature. It is commonly used to monitor the polymer degradation
reactions. TGA only requires a sensitive method for monitoring weight and the
sample temperature. Ideally, the sample chamber should have a controllable
environment/atmosphere to monitor the degradation process under various condi-
tions (e.g. in the presence of oxygen or under dry nitrogen). The operation principle
of TGA instrument is shown in Fig. 2 [3].

In the most accurate TGA experiments, the temperature is set to a constant value
and then the sample weight has monitored the function of time. Thus, the results
give quantitative information about the rate of composite degradation process at that
temperature value. Repeating this experiment for several temperatures will give
information about the temperature range under which this material can be used.
Usually, these experiments take a long time and useful results have been obtained if
the degradation occurs at a slow rate. The sample seems to resist at higher
temperatures less than it would actually survive under long-term exposure at lower

Table 1 Physical processes in materials evaluated by the DSC method

Process/transition Exothermal Endothermal Parameter

Solid solid transition ▲ ▼ T

Glass transition T, DCp

Crystallization ▲ Tc, DHc

Melting ▼ Tm, DHm

Vaporization ▼ DH

Sublimation ▼ DH

Adsorbtion ▲ DH

Desorbtion ▼ DH

Absorbtion ▼ DH

Dehydration ▼ DH

Solid solid reaction ▲ ▼ DH

Solid-liquid reaction ▲ ▼ DH

Solid-gas reaction ▲ ▼ DH

Oxidative degradation ▲ DH

Reduction ▼ DH

Oxidation ▲ DH

Polymerisation ▲ DH

Crosslinking ▲ DH

Catalytic reaction ▲ DH

Combustion ▲ DH

Adapted from Turi [3]
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temperatures, thus the results obtained will be very sensitive to scanning rate. The
sensitivity is large because degradation rates may be slow compared to typical
scanning rates such as 10–20 °C/min. By coupling the degradation products
resulted from a TGA experiment to the inlet channel of the other instruments such
as a mass spectrometer, infrared spectrometer or to a pyrolysis instrument, the
obtained data can be useful in the study of polymer degradation mechanisms. Thus,
the coupled instruments help to identify the structure of degradation products. By a
combination of the structural information with those provided by kinetics analysis,
a complete picture of the degradation process results.

TGA experiments provided valuable results for:

– determination of thermal stability of a composite matrix;
– the compositional analysis of composite;
– study of thermo-oxidative degradation processes;
– determination of volatile products (paraffinic, aromatic, plasticizer, solvents,

moisture, cross-linking agents and unreacted accelerators) from composites;
– determination of carbon black content;
– kinetic studies used for assignment of the thermal degradation mechanism of

the composite.

The poor thermal resistance of GCs shows significant disadvantages of these
materials since, depending on the application, GCs must pass regulatory fire tests.
For example, the thermal degradation of natural fibers begins at approximately
200 °C, what substantially limits the number of suitable polymers used as a matrix
for GCs fabrication. The thermal properties of a GC are mainly governed by the
characteristics of natural fibers, but they are also dependent on the matrix polymer
and the interactions between these main constituents. Figure 3 shows the stages of a
typical combustion in GCs.

The interface between the matrix and the reinforcement fiber in green com-
posites is responsible not just for mechanical properties, but also for the thermal

Fig. 2 Schematic drawn of
TGA instrument. Adapted
from Turi [3]
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stability of the material subjected to heat. The thermal stability of composite is
enhanced by improving this interface between polymer matrix and fibers, meaning
a higher energy is required to separate the constituents. Unlike to this reality, a poor
interface in composite decrease the thermal resistance to heat, and finally the
thermal stability is reduced [4].

An important issue on thermal degradation of a material consists of the atmo-
sphere which influences the thermogravimetric results leading to a clearly different
behaviour. Usually, the experiments can be conducted both in an inert atmosphere
(helium or nitrogen) as well as in oxidative atmosphere (air or oxygen). Further, the
literature recorded many works in this field that present different results from TGA
analysis conducted at different flows of gases (nitrogen). By using an inert atmo-
sphere, results of cellulose thermal degradation showed that the main degradation
mechanism (a single DTG peak) was assigned to the formation of macromolecules
containing rings with double bonds. When an oxidative atmosphere was used, the
main peak in DTG was partially overlapped with the exothermic peak from DTA,
assigned to the oxygen reaction with the cellulose. Accordingly, the main DTG
peak was shifted to lower temperatures in the oxidative atmosphere as compared to
the inert one [5].

3 Glass Transition and Physical Ageing of Green
Biocomposites

The glass transition temperature—namely Tg represents the temperature when
amorphous (noncrystalline) polymers are converted from a brittle, glass-like form to
a rubbery, flexible form.

Fig. 3 Stages of combustion in green composites. Reproduced from Väisänen et al. [4]
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This is not a true phase transition, but one that involves a change in the local
degrees of freedom, assigned to change in heat capacity (Cp) of the composite.
Above the glass transition temperature, certain segmental motions of the polymer
are comparatively unhindered by the interaction with neighbouring chains. Below
the glass transition temperature, such motions are greatly hindered, and the relax-
ation times associated with these hindered motions are usually long compared to the
duration of the experiment. The operative definition of glass transition temperature
is that value, with a tolerance of few degrees, to which the specific heat, coefficient
of thermal expansion, free volume and the dielectric constant (in the case of a polar
polymer) all change rapidly. Since the mechanical behaviour of polymers markedly
changes at the glass transition temperature, it is an important characteristic of every
polymer. In the DSC experiment, the glass transition shows a step in the baseline,
indicating a change in the heat capacity of the composite. No enthalpy is associated
with this transition (reason due it is also called second-order transition); therefore,
the effect in a DSC curve is slight, but observable and measurable.

A series of factors can affect the behaviour of composites in glass transition
region imposed by the chemical structure of polymer matrix (main chain flexibility,
stereoregularity, lateral voluminous groups, crosslinking, molecular mass) or by the
effects of plasticizers or crystallinity. But a substantial number of relevant works
from speciality literature contains interesting results about the interface effects
between the polymer matrix and natural fillers on glass transition temperature;
therefore we refer to these in the next paragraph.

Recent work recorded the effect of the interface on specific heat capacity and
glass transition of poly(butylene succinate)-hemp GCs (PBS-hemp) [6]. Here is
highlighted the role of specific intermolecular interactions present at the interface
on the values of specific heat capacity data as resulted from DSC. The maximum of
derivative of specific heat capacity signal from DSC is assigned to glass transition
temperature as is known. In this study, the presence of two amorphous phases—
mobile one in bulk and rigid one at interface explained the differences degree
mobility of PBS amorphous segments. The rigid amorphous phase limited the
relaxation of chain segments inducing a broadening of glass transition region. The
effect of oil palm fibers on glass transition temperature of biocomposites was
reviewed [7]. A higher content of oil palm in phenol-formaldehyde matrix increased
the void formation, facilitating thus the chain mobility at lower temperatures that
decreased the glass transition temperature. The opposite effect of oil palm was
recorded in the polyurethane-based composites or in polyvinyl chloride (PVC)-
epoxidized natural rubber composites, where the glass transition temperature
increased with the fiber content. In addition, the chemical treatment (benzoylation)
of fibers reduced the glass transition temperature due to a plasticization effect of
fibers that diffused or dissolved into the PVC matrix.

Cuinat-Guerraz et al. [8] showed in their work that by a hydrothermal ageing
treatment of the bio-epoxy/flax and the polyurethane/flax composites, the glass
transition temperature was changed. There was remarked an important reduction of
Tg value (15.1 ± 3.2%) for the bio-epoxy/flax, but smaller one (10.7 ± 5.8%) for
the polyurethane/flax composites. This reduction was explained by authors based
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on the water absorption at the interface, which acts as a plasticizer. Once again, the
key role played by the interface in the polymeric biocomposites on the relaxation of
polymer segments in the matrix was highlighted [9]. They showed that the chemical
treatment of ramie fibers at the surface was proven to be effective for the
improvement of poly(lactic acid) PLA-ramie composites. In Fig. 4, the results
obtained from DSC analysis are presented.

Ramie fibers have surface chemically treated with alkali, 3-aminopropyltriethoxy
silane (silane 1) and c-glycidoxypropyltrimethoxy silane (silane 2). In this way, the
interfacial adhesion with PLA matrix was enhanced, resulting in a Tg value increase
such that the mechanical properties of composites were improved. In a more recent
work same author assigned the decrease of glass transition temperature in PLA
matrix-ramie fibers composite with the increase of chains mobility [10]. Authors
found that if PLA-g-MA (poly lactic acid-g-maleic anhydride copolymer) was used
as the matrix, the chain mobility of PLA molecule was improved, and accordingly,
the glass transition shifted to lower temperatures (Fig. 5). More than that, the ramie
fibers increased the amorphous fraction in the composite during cooling, due to a
decrease of PLA chain regularity by the ramie fibers, which finally reduced crys-
tallization ability. Restriction of PLA chain mobility was highlighted when was
studied the PLA-banana fiber biocomposites [11]. Glass transition increased in these
materials at lower fiber content, while the increase of fiber loading caused a poor
adhesion of banana fiber on PLA matrix.

The most important issue related to the study of the GCs thermal behaviour in
the glass transition region is to analyze the effect of various cellulose particles at the

Fig. 4 DSC curves of neat PLA (a) and PLA-ramie fiber composites: untreated (b) and alkali (c),
silane 1 (d) or silane 2 (e) respectively. Reproduced from Yu et al. [9]
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nanoscale range. Different cellulose nanoparticles as nanowhiskers, nanofibers or
nanocrystals isolated from various natural fibers, showed an important effect on
polymeric matrix chain mobility as literature results related. From these works, only
a few most representative were reviewed in this chapter.

Thermal analysis of GCs based on cellulose nanowhiskers (CNW) using PLA as
a matrix, was performed [12]. The results provided by DSC analysis showed a
slight increase of Tg values for PLA-CNW-S composites (obtained by solution
casting technique) compared with Tg values of neat PLA. These findings were
explained by the addition of CNW-S that reduced PLA chain flexibility. In addition,
the mobility restriction of PLA chains was related to the formation of hydrogen
bonds between OH groups of PLA and CNW-S, which increased the energy needed
for occurring of glass transition in this material.

Nanocellulose particles isolated from bagasse by acid hydrolysis were used for
the preparation of nanocomposite films based both on PVA as well on crosslinked
PVA (10% wt. solid PVA) with glyoxal [13]. As expected, the glass transition
temperatures in nanocomposites with crosslinked PVA increased due to a restriction
imposed by crosslinks of nanocellulose particles.

Cellulose nanocrystals isolated from many natural fibers were inserted into a
biodegradable polymer matrix and studied by many authors. A relevant example is
a work in which the cellulose nanocrystals extracted from cotton seeds were
acetylated [14]. The polylactic acid was reinforced with these acetylated cellulose
nanocrystals (ACN) at different contents. For lower ACN contents (up 2%), the
glass transition temperature increased as Fig. 6 shown. obtained results were
explained by the presence of the interactions between the acetylated surface of
cellulose nanocrystals and PLA matrix, which imposed a restriction on the polymer

Fig. 5 DSC thermograms of neat PLA, ramie/PLA without and with different MA content.
Reproduced from Yu et al. [10]
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chain mobility. If ACN content increases at 4–6%, a decreasing of glass transition
temperatures were explained by means of a high number of interactions between
crystalline and amorphous phases from nanocomposite. If a more content of ACN
was added in excess (8–10%) to PLA matrix, the self-aggregation occurred between
nanofillers such that restrain the PLA chain mobility in the amorphous phase,
accordingly the glass transition temperature increased again in these nanocom-
posites. In case of CG preparation based on cellulose nanocrystals has proven to be
a real success by using PLA as a matrix [15]. Here was used the neat and grafted
cellulose nanocrystals onto PLLA chains to preparing PLLA-nanocomposites.
Thermal behaviour of these materials studied by DSC analysis is shown in Fig. 7.
The results denoted that glass transition temperature strongly was decreased
(around of 5 °C) in PLLA grafted with cellulose nanocrystals (CNC-g-PLLA). The
glass transition increased in PLLA matrix when it was reinforced only with neat
cellulose nanocrystals, but much more when PLLA matrix is was reinforced with
grafted cellulose nanocrystals. The confinement effect in nanocomposites induced
by a very high number of cellulose nanocrystals surfaces was claimed by authors in
this study. This effect was countered by the grafting of cellulose nanocrystals which
limited the increase of glass transition temperature in PLLA matrix.

The effect of restriction imposed by the cellulose nanocrystals on chain mobility
of polypropylene carbonate (PPC) matrix was demonstrated [16]. Data obtained

Fig. 6 The DSC curves of
PLA and PLA-ACN
nanocomposites contains
ACN. Reproduced from Lin
et al. [14]
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from DSC analysis and sustained by dynamic mechanical analysis (DMA) results,
clearly showed an increase of the glass transition temperature with cellulose
nanocrystals content. The thermoplastic and plasticized starch (with glycerol) used
as a matrix in the preparation of the CG was reinforced with cellulose nanocrystals
extracted from hemp fibers [17]. Heterogeneity of plasticized starch induced a
separation between glycerol-rich phases and starch-rich continuous phases, hence
the recording a two glass transitions by DSC analysis was expected for these
materials. The low glass transition temperature corresponding to glycerol-rich
phases (around of −58 °C) did not change with cellulose nanocrystals content on
matrix. The intermolecular interactions between starch phases and cellulose
nanocrystals limited the starch chain mobility and the glass transition temperature
increased from 43.3 to 48.7 °C. Plasticized starch was used also as a matrix for
incorporation of cellulose nanocrystals isolated from ramie fibers [18]. The loading
of this filler produced the same effect on behaviour in glass transition of the GC: Tg

values of rich starch phases increased from 26.8 to 55.7 °C. This result involved the
occurrence of intermolecular interactions between starch and stiff cellulose crys-
tallites, which reduced the molecular chains flexibility of starch matrix. In a most
recent study [19], the results from thermal analysis of pectin-cellulose nanocrystals
films showed that the molecular mobility of amorphous pectin chains did not
change by incorporation of cellulose nanocrystals, thus the glass transition
temperatures were insignificantly changed.

Fig. 7 DSC curves of quenched samples from the melt of PLLA, CNC-g-PLLA nanohybrid,
PLLA/CNC nanocomposite and PLLA/CNC-g-PLLA nanocomposite. Reproduced from Lizundia
et al. [15]
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4 Melting and Crystallization of Green Biocomposites

The interface between natural fillers and different polymer matrix structures rep-
resent the most responsible factor in the melting and crystallization behaviour of
green biocomposites. A large number of works related to this topic have been
reported in the literature (maybe too exceedingly), but here just relevant results
from last years were presented. However, in this chapter subsection, many results
were considered pertinent for discussing this issue, so these will be presented
separately as follows.

4.1 Effects Induced by Reinforcing of Natural Fibers

A great influence of natural fibers in the melting and crystallization behaviour of
CG is attributed to the interfacial morphology, which has a direct influence on
mechanical performances or wettability of the material. Numerous results provided
by thermal analysis (in particularly DSC), claims the importance of this interface,
confirming the changes in the melting or crystallization behaviour.

From many others natural fibers, bamboo fibers (BF) are a typical case.
A comprehensive work reviewed the literature data related to composite loaded
with this fiber [20]. Data resulted from DSC analysis of crystallization process in a
various polymer matrix, sustained the conclusions that BF acts as nucleation agents
even as a source of so call b-nucleators. After chemical treatment of these surface
fibers with alkali, new bonds were generated, inducing the improved thermal
properties of composites. Thus, the adhesion degree between fibers and matrix was
enhanced and the crystallinity degree increase, for example. In the same work, some
results were related to the crystallization behaviour: a different temperature of the
crystallization peak temperature at a certain cooling rate has been found directly
proportional to the content of BF loaded in GC. This remark was assigned to a
heterogeneous nucleation effect of BF which increased the crystallization ability of
polypropylene (PP) matrix. In the CG based on recycled PP, the melting temper-
ature lightly decreased, but crystallization rate increased less than in neat PP
composites. The crystallinity in this matrix was obtained at a lower cooling rate,
thus the nucleation role played by fibers has been proved once again. Thermal
behaviour of polylactic acid (PLA) and polybutylene succinate (PBSu) matrices
reinforced with BF was investigated [21]. Here, the effect of lysine-based diiso-
cyanate (LDI) used as a coupling agent in crystallization and melting of biocom-
posites was obvious as results presented in Table 2 are shown. Also, the influence
of LDI content in composites crystallization temperature and crystallization
enthalpy is relevant. Additions of LDI decreased the enthalpy of melting too, but
not the melting temperature. Bamboo fibers increased the crystallization tempera-
ture meaning that the crystallization rate increased in nonisothermal processes.
Actually, the urethane bonds between BF and polymer matrix promoted the
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nucleation effect. The crystallization enthalpy decrease involved the limited
mobility of polymer matrix chains by LDI addition. The strong interfacial inter-
action between the polymer matrix and BF yielded a confinement of polymer chain
orientation which explained the decrease of melting enthalpy, as authors sustained.

Interesting results were obtained by an extensive study of isothermal crystal-
lization kinetics on bamboo cellulose/poly(e-caprolactone) (MBC/PCL) composites
[22]. Data were extracted from differential scanning calorimetry (DSC) study at
different crystallization temperatures (Tc). For a detailed patterning of the isother-
mal crystallization process, it was applied the Avrami model to the data provided
from DSC experiments, and parameters describing the isothermal crystallization
process were computed. According to the values of these parameters, MBC reduced
the crystallization half-time of composites as compared to the crystallization pro-
cess of neat PCL. This work pointed out the quality of nucleating agent of the MBC
fillers in PCL matrix. The Avrami exponent n linearly increased with crystallization
temperature and recorded values in the range of 1.81–2.70 (most between 2 and 3)
for all composites. Actually, these data explained a morphology evolution in these
composites: gradual crystals growth from two-dimensional to a spherical three-
dimensional one. Effect of the MBC loading consisted of an important increase of
the crystallization kinetic constant K and improvement of the overall crystallization
rate of PCL. These results supporting further the role played by MBC as nucleating
agents. Following Hoffman–Weeks theory and after a more DSC data processing,
authors of this work provided the values of equilibrium melting point (Tm

o). The
results showed an increase of Tm

o with MBC content in the composites. Based on
these results, the values of the spherulite growth rate and folding-surface free
energy of PCL/MBC composites have been found. Both parameters values have
increased in the presence of MBC, proving the mobility constraints imposed by
fibers on the PCL chains in the inter-spherulitic regions.

Table 2 Effect of LDI on crystallization and melting behavior of the PLA and PBS/BF (70/30)
composites [21]

Sample LDI content (%) Tc (°C) DHc (J/g) Tm (°C) DHm (J/g)

PLA – 112.8 33.2 165.3 41.1

PLA/BF composite 0
0.11
0.33
0.65
1.30

115.2
118.4
118.7
119.4
120.2

23.5 (33.6)
21.5 (30.7)
20.2 (28.9)
16.4 (23.4)
14.5 (20.7)

162.3
162.7
161.8
162.2
161.6

27.4 (39.1)
23.5 (33.6)
23.6 (33.7)
23.1 (33.0)
22.8 (32.6)

PBS – 68.1 60.1 112.1 65.3

PBS/BF composite 0
0.11
0.33
0.65
1.30

74.6
78.0
80.2
82.2
82.6

40.8 (58.2)
37.8 (54.0)
38.1 (54.4)
37.3 (53.3)
31.2 (44.6)

112.0
112.1
112.3
112.9
112.1

42.3 (60.4)
35.8 (51.1)
29.4 (42.0)
24.5 (35.0)
21.7 (31.0)

( ) Values divided by the weight proportion of polymers
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Thermal behaviour of GCs containing kenaf fibers (KF) was reviewed [23] and
in one of the papers presented here, thermal analysis results showed wide
endothermic DSC peaks present in the thermograms of the modified kenaf-PLA
composites, due to the presence of moisture. Kenaf fibers were chemically treated
with silanes, the most effective treatment being with 3-glycidoxypropyltrimethoxy
silane (GPS). This has a great effect on the material plasticization, most of the
provided data indicating the presence of moisture which reduced the mechanical
performances. If observe the data from this work presented in Table 3, the
crystallization process as investigated by DSC showed a strong impact of the KF on
recrystallization, melting and morphology development.

Data reveal a melting temperature decrease as compared to the blend, but
enthalpy values increase according to DSC results. Author remarked the modifi-
cation of the onset recrystallization temperature with kenaf fiber length, highlighting
the effect of fibers loading on crystallization rate increase in the polymer matrix.
The non-isothermal crystallization behaviour of PHBV matrix in kenaf fiber com-
posite model, bulk and compatible PHBV (with maleic anhydride) was investigated
[24]. Data analysis resulted from DSC analysis followed the kinetic models of
Avrami, Jeziorny, and Mo’s analysis as well as Kissinger approach. Based on
Avrami analysis, the author concluded that KF and the introduction of maleate
groups onto PHBV chains did not significantly affect the crystallization kinetics of
PHBV matrix in the model, bulk and compatibilized systems. Neither the pro-
cessing conditions (for example different cooling rates at 20–5 °C/min), practically
did not have an important influence on the crystallization process. The approximate
crystallization behaviour of polymer resin in model and bulk composites could be
considered as an important result in composite processing. Relevant results were
obtained when the crystallization behaviour of poly(L-lactic acid) PLLA based
composites prepared with KF, rice straw (RS) and two pigments was investigated
[25]. This study revealed the importance of these fillers in nucleation ability of
PLLA matrix in the composites. Cooling from the melt at 10 °C/min of neat PLLA
induced a consistent amorphous phase. Instead, the crystallinity index increased in a
composite containing KF, but much more in those containing RS in same condi-
tions. The data resulted from analysis of the isothermal crystallization showed that
all samples had a maximum rate of crystallization around of 105 °C. This rate was
found about three times faster for the composite containing only KF, KF with red
pigment and RS, compared with those containing neat PLLA. Both the

Table 3 DSC data for PLA-kenaf fiber composites [23]

Sample Tg (°C) Tm (°C) DHm (J/g) Xc

PLA 60 160.3 – –

PLA:Kenaf (5:5) 56.9 164.2 19.2 20.5

PLA:Kenaf (5:5) GPS (1%) 58.7 168.6 22.8 24.3

PLA:Kenaf (5:5) GPS (3%) 59.3 168.1 23.1 24.6

PLA:Kenaf (5:5) GPS (5%) 59.1 167.3 23.3 24.9
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heterogeneous nucleation as well as tri-dimensional spherulitic growth rate
increased the value of Avrami exponent n (at 3.1) for sample PLLA-RS-yellow. An
interesting behaviour was observed on subsequent heating after isothermal crys-
tallization of the samples. The analysis of melting temperatures and crystallinity as
a function of Tc showed three distinct regions corresponding to the values around
90, 110 and 130 °C, respectively. There was involved a reorganization of PLLA
chains during the melting process; the metastable crystals were formed in
isothermal process melt and recrystallized into a more stable crystal followed by a
melting of the latter. In another work, thermal behaviour of composites consisting
of polylactic acid—modified rice straw fibers (PLA-MRSF) and poly-butyl acrylate
(PBA) was investigated by DSC analysis [26]. Obtained results support that the
presence of PBA increased the cold crystallization temperature (Tcc) and reduced
the crystallinity in PLA matrix. In addition, the MRSF loading increased the PLA
crystallinity matrix. Instead, both Tg and Tm values of composites have not changed
as compared with the pure PLA. Accordingly, higher PBA content was not a
suitable compatibilizer between PLA and MRSF as this work sustained.

In composites based on polycaprolactone (PCL) containing rice husk (RH), the
DSC heating scans show in Fig. 8 a continuous decrease of the melting peak
temperature with the increase of RH content [27]. Furthermore, the RH content
decreased the crystallinity extent of PCL phase in PCL-RH eco-composites, while
the results recorded lower crystallinity index values for all samples compared with
the neat PCL. By RH loading in composite, the PCL chains mobility was limited
and the packing affected, thus resulting in a less perfect crystalline structure

Fig. 8 DSC heating scans at 10 °C/min of PCL/RH ecocomposites. Reproduced from Zhao et al.
[27]
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compared with neat PCL. The conclusion of this work sustained that a reducing of
melting temperature and a free volume of PCL phase led to a depression in the
crystallinity.

Ramie is another natural fiber used in composite manufacturing. Its content
affects the thermal behaviour of melting and crystallization, too. In order to
investigate the thermal and mechanical properties, the different content of poly
(butylene adipate-co-terephthalate) (PBAT) was incorporated in same PLA matrix
[28]. Results show in Fig. 9 a gradual decrease of Tm values and crystallinity index
(vc) in ramie/PLA composites with PBAT content increasing. This behaviour was
caused by a decrease in the PLA molecular chain regularity. In other work, the same
author analyzed the effect of ramie fibers on polylactic acid-grafted-maleic
anhydride/ramie (PLA-g-MA/ramie) composites [29]. Here, similar results have
been obtained, but during the cooling process, the amorphous fraction in the
polymer matrix seems to be changed by the ramie fibers. Once more, the decrease
of the PLA-g-MA molecular chains regularity and addition of ramie fibers
explained the vc decrease in ramie-PLA composites.

Coir used as other natural fiber, has an opposite effect in PLA based biocom-
posites if it is treated in alkali solution (NaOH) [30]. The number of H-bonds on
fiber surface has increased by fiber treatment, inducing a better interface and the
crystallinity index increased in these materials, which finally improved the
mechanical properties. Coir fibers substantially decreased the cold crystallization
temperature (Tcc) of biocomposites based on PLA matrix, confirming their nucle-
ating agent role, which accelerated the crystallization process in PLA matrix.

Fig. 9 DSC scans of neat PLA, ramie/PLA without and with different PBAT content.
Reproduction from Yu and Li [28]
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Some natural fibers like sisal, after a chemical treatment, exhibit transcrys-
tallinity effects on PLA matrix [31]. Both untreated sisal fibers (U-sisal) as well as
treated with alkali (A-sisal) and silane (S-sisal) was loaded into PLA matrix for the
evaluation of crystallinity and isothermal crystallization behaviour using polarized
optical microscopy. Results denoted that all type of sisal fibers had a nucleating
ability, influencing transcrystallization in PLA matrix. More than, after computed
the interfacial free energy functions for PLA/U-sisal, PLA/A-sisal and PLA/S-sisal
composites, author supposed that the difference between these fibers has little or no
influence to the nucleation ability in PLA matrix.

Natural fibers extracted from pineapple leaves have proven to be a less efficient
filler when was reinforced in neat PP matrix or even in a matrix of PP grafted with
maleic anhydride (PP-g-MA) [32]. Thermal analysis performed by DSC revealed a
decrease of the composite melting temperature, caused by the interface between
fibers and polymer matrix. Further, fibers showed a heterogeneous nucleation effect
of the crystallization process, which caused the formation of small size crystals
containing defects. Combined with transcrystallinity effects, this is the reason for a
limited crystallinity fraction in these materials. The same behaviour was remarked
after analyzing the thermal properties of LDPE based composites containing
pineapple leaf fibers [33]. The DSC thermograms showed a melting enthalpy
decreasing with the fibers incorporation in the LDPE matrix. Sustained by XRD
data, these results could be explained by a limited molecular diffusion and finally
packing of LDPE chains in the crystal growth process. The crystallinity extent in
these composites increased just thanks to the nucleation effect induced by fibers.
Slightly higher values of melting enthalpy were obtained for composites containing
long fibers as compared with those containing short fibers. Author supposed that the
effects of strong the interfacial interaction between thermoplastic matrix and long
fiber that confined polymer chain orientation were involved. By comparison, this
work concludes that different lengths of fibers did not have an important effect on
melting and crystallization of PP matrix.

Recent work presents the behaviour of the GC containing agave fibers in
poly-hydroxybutyrate (PHB) and poly-hydroxy butyrate-co-valerate (PHBV)
matrix [34]. DSC results showed that the melting temperature did not modify, as
well as crystallinity index had a standard deviation less than 5%. Results confirmed
that the nucleation was only improved by fibers addition; in the crystallization
process, the agave fibers restricted the motion of the chain which should have some
effect on overall crystallinity.

Green composites based on PLA matrix filled with fibers extracted from black
spruce and northern bleached softwood kraft (NBSK) was obtained through melt
compounding and injection [35]. Results denoted again the role of nucleating
agents played by cellulosic fibers in the PLA crystallization process.

Investigation of the nonisothermal crystallization kinetic in these composites
sustained an increase of crystallization temperature and crystallinity, and a crys-
tallization half-time decrease, as Fig. 10 is shown. Further results relieved the effect
of pressurized N2 gas during DSC analysis which affected the foaming of cellulosic
fiber composites based on PLA. A further increase of crystallinity and a
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morphology improving were observed in these composites, but the N2 gas had not
any effect on crystallization temperature or half-time crystallization.

Nowadays flax fibers are well-known as the most natural technical fibers.
Chemical treatment of flax fiber surface increased the interface adhesion with the
different biodegradable polymer matrix. For the first time was proceeded to the
alkalinization of the flax fibers, and then treated with organo silane by an optimized
procedure [36]. The significant effects of treated fibers were remarked on cold
crystallization process of heating: untreated flax fibers acted as nucleating agents
and better promoted cold crystallization upon heating at their surface. By
alkalization and organo silane treatment of flax fibers, PLA chains became entan-
gled and covalently bonded over the fiber surface. Thus chains became less mobile
to have required mobility on crystallization process, and the kinetic was reduced.
The compatibilization of PP matrix by addition of grafted glycidyl methacrylate on
PP (PP-g-GMA), the styrene-ethylene-butadiene-styrene block copolymer (SEBS)
and SEBS-g-GMA improved the interface between hemp fibers in composites [37].
The melting and crystallization behaviour investigated by DSC analysis denoted a
general decrease of PP matrix crystallization temperature with the addition of SEBS
copolymers as compared to non-compatibilized PP matrix. Thanks to a poor mis-
cibility with the polyolefin matrix, the segregation of the SEBS on the fiber surface
occurred. As a result, a flexible interphase layer around the fibers has been pro-
duced, reducing thus the nucleating effect on the PP crystallization as authors
sustained. On the contrary, the composite containing PP-g-GMA showed a crys-
tallization temperature similarly to that observed in binary PP-g-GMA/Hemp
composites. The interaction between fibers and polymer matrix restricted the chain
mobility and a reduction of the dynamic in crystallization process was observed in
case of compatibilized systems. Other fibers that do not promote the nucleation in
these composites hindered the crystallization due to an induced confinement effect,
according to authors.

Fig. 10 a Crystallization temperature variation and b degree of crystallinity of the PLA materials
measured at various cooling rates. Reproduced from Ding et al. [35]
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Soy protein flour plasticized with an anhydride (SPA) was blended with poly-
lactic acid (PLA) in order to obtain an eco-friendly composite [38]. After subjected
to a biodegradation process under specific conditions, the thermal behaviour of
samples was investigated by DSC analysis. The results showed a compatibilization
between SPA and PLA in melt region, SPA acting as a plasticizer in this blend; both
the glass transition temperatures and melting temperatures decreased with soy
protein content increase. Soy protein incorporation in the blend has an important
effect on acceleration of the biodegradation rate of PLA compared with pure PLA.
The effect became visible with the increase of the degradation time in soil: the glass
transition temperatures increased in the early stages of biodegradation and then
decreased. This behaviour could be explained by the amorphous phase decrease in
PLA by degradation process, resulting in a crystalline phase increase, as well as
rigidity increase. When degradation process was extended for a long time, the
raised depolymerisation in the blends reduced glass transition temperatures.

Known as one of the most abundant biodegradable polymer founded in many
renewable resources, starch is widely used in preparing the biodegradable materials.
PLA is the most efficient biodegradable polymer which can be combined with
starch. The thermal behaviour of such material has been reported by a study of the
isothermal crystallization kinetics in composites of thermoplastic starch/poly(lactic
acid) (TPS/PLA) [39]. (DSC) provided data for samples crystallized at different
temperatures (Tc). Following a kinetic-based on the Avrami theory, the process of
isothermal crystallization outlined a complete imagining of the crystallization
process dynamic. The obtained results from data analysis could be used to compute
parameters like the spherulite growth rate, overall crystallization rate, and activation
energy (DEa). In case of TPS/PLA composites, the values of these parameters were
really affected by the incorporation of TPS. The crystallinity in PLA-based com-
posites was improved by TPS which acts as nucleating agent. The computed values
of fold surface free energy (re) according to Lauritzen-Hoffman kinetic theory for
PLA blends showed a higher value in blends as compared with neat PLA. This
finding was explained by a higher work of chain folding (q) needed in the crys-
tallization process, due to a constraint imposed by TPS on the PLA chain mobility
in the composite melt. Later was investigated the crystallization behaviour of
thermoplastic starch/poly-e-caprolactone (TPS/PCL) composites by DSC analysis
[40]. The no integer values founded for Avrami exponent n (between 1.8 and 2.6)
showed that TPS acted as a nucleating agent, and the mechanism consisted of a mix
of thermal and athermal nucleation processes. However, these processes were
followed by a gradual growth of crystals from two to three dimensions. As results
showed, the decrease of crystallization rate from Avrami analysis has resulted in a
crystallinity index reduction, effect sustained also by XRD data.

Biodegradable PCL has been used to prepare biocomposites by melt-mixing
with 5 and 15 wt% of cotton (CO), cellulose (CE) and hydrolyzed-cellulose
(HCE) [41]. The purpose was to study the influence of types and content of lig-
nocellulose fillers on the morphology, crystallization behaviour and thermal prop-
erties of these biodegradable eco-composites. Obtained results have sustained the
decrease of PCL crystallinity for a lower content of CO and CE matrix, while the
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HCE content had no effect. By increasing the filler content, the crystallinity degree
of the matrix decreased to less extent, regardless of which filler type was used. The
calculated values of the theoretical melting point were clearly reduced in these
biocomposites and were assigned to heterogeneous nucleation sites occurred at the
lower content of CO and CE. Data resulted from crystallization kinetic investigation
denoted a reduction of induction and half-crystallization times at low fillers loading,
but this effect was attenuated at higher filler contents. Cellulose fibers isolated from
hardwood (HW), softwood (SW), and bleached kraft softwood (Kraft) pulp was
used in producing and characterization of fully biodegradable natural PLA com-
posites [42]. Thermal behaviour of these materials on heating denoted a general
increase of the cold crystallization temperatures (Tcc) with the pulp fibers addition
as data from Table 4 show. When more fibers were loaded, Tcc values decreased,
that was explained by the author by a heterogeneous nucleation at lower temper-
atures induced by pulp fibers in PLA matrix. The double melting peak present in
neat PLA became more pregnant after the pulp fibers addition.

Furthermore, pulp fibers promoted the recrystallization at a higher temperature:
as data from Table 4 show, the melting enthalpy for all composites increased at the
higher temperature as the fiber content increased from 30 to 40% (w/w). Pulp fibers
did not increase the maximum crystallinity index in composites despite the
nucleation effects induced.

4.2 Effect of Micro and Nanocellulose Loading

Different procedures applied for extraction of cellulose from various natural fibers
have allowed being obtained particles with different dimensions and orientation,
which once they were loaded in a GC, had a significant effect on crystallization and
melting behaviour.

First literature results related to the effect produced by microfibrillated cellulose
(MFC) on thermal behaviour of the green composites were reported [43]. In this
connection, nanocomposites based on PLA matrix and MFC were prepared in two
different states (fully amorphous and crystallized) to investigate the thermal and

Table 4 DSC results of neat PLA and pulp fiber-reinforced PLA composites [42]

Sample Tg (°C) Tcc (°C) DHcc (J/g) DHm (J/g) Xsample (%) Xmax (%)

PLA 60.7 125.3 35.7 37.0 1.3 39.4

PLAHW30 62.9 121.2 25.8 36.5 0.8 40.5

PLAHW40 62.9 114.0 23.0 23.9 0.9 42.5

PLASW30 62.8 119.1 27.2 27.8 0.7 42.4

PLASW40 63.1 115.5 22.1 22.8 0.8 40.6

PLAKraft30 62.9 112.2 26.1 26.6 0.5 40.5

PLAKraft40 62.8 110.0 22.3 22.7 0.4 40.4
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mechanical properties. The presence of MFC accelerated the PLA matrix crystal-
lization as DSC measurements revealed. Results confirmed that the particles of
MFC clearly increased the nucleation in PLA matrix, and thus cold crystallization
occurred at lower temperatures. The overall crystallinity increased in such com-
posites improved thus their mechanical properties (storage modulus). Soon after
this result, the same author prepared composited based on partially crystallized PLA
matrix containing MFC, in order to reduce the manufacturing time of PLA parts
[44]. Experimental data indicated that by using different annealing times (at 80 °C)
has been prepared composites having different crystallinity degree. These results
showing actually a possibility of replacing of fully neat crystallized PLA matrix
with partially crystallized PLA. Later, MFC has been used to prepare fully
biodegradable composites based on polyvinyl alcohol [45]. Thermal behaviour of
these materials studied by DSC method indicated an increase of the glass transition
temperature along with a reduction of melting temperature and crystallinity due to
crosslinking of PVA matrix in MFC-PVA composites. Results showed also that the
crystallization process in PVA matrix was prevented by nano- and micro-fibrils of
MFC.

Known as efficient nanofiller used in the GCs preparation, cellulose nano-
whiskers (CNW) has been isolated from oil palm and then incorporated in PLA
matrix at the different content [46]. Addition of CNW in PLA matrix reduced the
PLA chains mobility, consequently, glass transition temperature in these
nanocomposites slightly increased, as DSC results sustain. On the other hand, CNW
induced a decrease of Tcc values of PLA-CNW as compared to the neat PLA; this
indicated a faster nucleation induced by CNW which acts as a nucleating agent for
PLA. Values of melting temperatures slightly increased due to the perfection of
crystalline morphology, finally leading to better mechanical performances of these
materials.

The effect of cellulose fibers standard size (SF) compared with the cellulose
nanofibers (CNF) induced in the crystallization process was established [47]. In this
report, after studying isothermal crystallization by optical microscopy of PLA
composites, authors did not observe an important effect of SF or CNF particles on
crystallization process. Results sustained that spherulites developed in PLA matrix
have similar sizes, concluding that CNFs doesn’t have influence in the nucleation
process. These findings were supported by results obtained from DSC analysis.

Using DSC results, the effect induced by interactions between the cellulose
nanofibers (CNF), cellulose nanocrystals (CNC) and PU matrix based on PCL diol,
both for the unfilled and filled samples was investigated [48]. Values of melting
temperatures, fusion enthalpy and crystallinity index extracted for the unfilled PU
film and nanocomposite materials reinforced with CNF or CNC are listed in
Table 5. Nucleation effect induced by cellulose nanofillers slightly increased the
crystallinity index in all nanocomposites as compared to the neat PU matrix, the
effect induced by CNF being stronger. Presence of cellulosic fillers at the higher
content (over 5 wt% of CNC and 7.5 wt% of CNF) imbedded the PCL crystallites
growth, as result of the crystallinity index decreased in the nanocomposites.
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A good dispersion and reinforcement of CNF fillers at nanoscale level improved
the crystallinity levels in PCL matrix, due to a number of interactions that increased
through physical bonding. The numerous hydroxyl groups (OH) on the CNF sur-
faces interacted with PU chains, providing a higher thermodynamic compatibility
between components.

Biodegradable nanocomposites were obtained by loading polylactic acid
(PLA) matrix with cellulose nanofibers (CNF) having diameters ranging from 11 to
44 nm [49]. The nanocomposites have been evaluated in detail by DSC analysis.
The main purpose of this study was to investigate the influence of treated (with
3-aminopropyltriethoxysilane) and untreated nanofibers on the thermal properties of
PLA matrix. Results confirmed that the addition of cellulose nanofibers shifted the
cold crystallization peak at lower temperatures and broadened, as compared to the
cold crystallization of neat PLA. This finding supported the nucleation role played
by cellulose nanofibers (CNF) on PLA crystallization process. Furthermore, the
silane treatment of nanofibers shifted to higher values and sharpened the cold
crystallization peak of PLA/CNFS, as compared with the neat PLA. The CNF fillers
increased the crystallinity index in PLA nanocomposites, but CNFS didn’t have the
same effect. Silane treatment induced a stronger adhesion between the PLA matrix
and the CNFS, thus reducing the crystallization ability at fiber surface. The surface
of CNF fibers has been modified by esterification to improve the dispersion and
interfacial adhesion with PLA matrix in order to prepare green nanocomposites
[50]. Loading of treated CNF in PLA matrix caused a slight increase in glass
transition and melting temperatures. However, the nanocomposite films do not
show a significant difference in thermal behaviour as compared with unfilled PLA
film. Cellulose nanofibers have proven to be more effective when is dispersed in
plasticized PLA matrix. Bio-nanocomposites based on CNF and PLA matrix
plasticized with glycerol triacetate (GTA) recorded better thermal properties [51].
A visual monitoring of CNF diffusion in the PLA matrix using optical microscopy
showed no phase separation occurred in the nanocomposites. A slight decrease in
the Tm of PLA matrix, from 174.5 to 169.1 °C resulted due to the addition of
20 wt% of GTA to neat PLA. Thus, GTA plasticized the PLA matrix and increased
chain mobility, accordingly the crystallinity index increased from 23 to 60%.

Table 5 DSC data for PU
(CNC/CNF) composites [48]

Sample Tm (°C) DHm (J/g) Xc (%)

PU 0% 49.4 60.4 38.5

PU/CNF 2.5% 50.1 63.1 41.7

PU/CNF 5% 52.2 65.2 44.6

PU/CNF 7.5% 50.7 59.3 45.2

PU/CNF 10% 51.0 57.5 40.0

PU/CNC 2.5% 49.0 61.8 40.7

PU/CNC 5% 48.9 64.2 42.9

PU/CNC 7.5% 49.9 57.4 40.2

PU/CNF 10% 50.1 49.8 39.7

1208 V. C. Grigoras



Results sustained that plasticizer and CNF dispersion enhanced the nucleation as
well as the crystallization process of PLA matrix. DSC analysis on cooling at
20 °C/min of these nanocomposites highlighted the melt crystallization peak of
PLA matrix containing CNF while melting was not visible for plasticized PLA. An
opposite behaviour was observed by the further addition of 1 wt% of CNF to the
plasticized PLA: crystallinity index of the PLA nanocomposite slightly dropped
from approx. 60–55%. This result has been explained rather by an impingement
phenomenon in the bulk crystallization process due to CNF than the induced
nucleating effect. In another work, the same author prepared GCs based on plas-
ticized PLA matrix with triacetate citrate (TAC) and reinforced with cellulose
nanocrystals (CNC) or chitin nanocrystals (ChNC) [52]. The higher aspect ratio of
ChNC as compared with CNC explained a high efficiency of these particles in the
nucleation and crystallization processes. Accordingly, nanocomposites with better
mechanical properties were obtained by using ChNC.

Cellulose nanofibers surface modified with oleic acid have been used for the
preparation of nanocomposites based on PLA matrix [53]. Hydroxyl groups
substituted by acyl groups on the CNFs surface, esterified CNF increasing thus the
nanofibers hydrophobicity such that finally the compatibilization with PLA matrix
was improved. Increasing the CNFs content (from 4 to 8%) on PLA matrix
enhanced the crystallization process in nanocomposites, as DSC results sustained.

The results confirmed that more dense and perfect crystals had been developed
in PLA matrix due to the ability of modified CNFs to modify PLA chain orienta-
tion. The regularity needed for crystallization process was increased, more than, a
nucleation process induced by these fibers further increased the crystallinity index
in these materials. These assumptions were sustained by DSC thermograms on
cooling as shown in Fig. 11. The higher content (12%) of modified CNF added to
PLA matrix caused fillers agglomeration and viscosity increased during
nanocomposites preparation. This obstructed the crystallization process, and crys-
tallinity index in samples decreased again.

Another strategy for preparation of PLA GCs based on nanocellulose fillers
consist on the exploitation either the miscibility of the PLA matrix with a PVAc
(acting as a dispersion medium for the nanocrystals) and/or the chemical modifi-
cation of PLA and CNFs by radical grafting with glycidyl methacrylate
(GMA) [54]. DSC analysis shows that the phase behaviour and the crystallization
process of PLA in composites were clearly affected by the functionalization and the
cellulose nanofibers content. The melting temperatures of the nanocomposites
decreased with PVAc amount increase and the cold crystallization peak is almost
not noticeable, as DSC results confirm. Functionalized CNFs cause the strong
interactions at the polymer-filler interface and higher miscibility between PVAc and
PLA, preventing the crystallization process in these nanocomposites. Crystallinity
index in nanocomposites decreased due to hindrance caused by PVAC chains on
nucleation and growth PLA crystals, despite to CNFs added to the matrix.
Isothermal DSC thermograms showing a reduction of PLA overall crystallization
rate from the melt in the presence of PVAc and CNC.
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The crystallization process of PLLA has a special interest in industrial pro-
cessing; the using of cellulose nanocrystals (CNC) as a bio-based nucleating agent
was proved an efficient way. The CNC surface was chemically treated with silane
(n-dodecyldimethylchlorosilane) to improve nucleation efficiency of PLLA on both
nonisothermal as well as isothermal crystallization [55]. Obtained partial silanized
particles (SCNC) had 15 nm width and 200–300 nm length. By addition just of 1%
SCNC, the crystallization rate of PLLA was strongly increased, as compared with
CNC untreated particles where did not have such strong effects. The highly
dispersed treated nanocrystal phase has combined with the larger specific surface

Fig. 11 DSC heating (a) and cooling (b) thermograms of the pure PLA film and PLA–MCNF
nanocomposites. Reproduced from Almasi et al. [53]
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area for crystallite nucleation in PLLA/SCNC composites as compared with PLLA/
CNC. The length of cellulose nanocrystals has been reduced by silylation, thus high
aspect ratio of nanocrystals has been modified, and nanospheres were obtained
instead of rods. This has a real effect on composite structuration at the nanoscale
level, significantly improving the crystallinity index and mechanical performances
of CG. Valuable results were obtained with CNC modified with long alkyl chain
grafted (C18-g-CNC) or PLA grafted with CNC (PLA-g-CNC) [56]. Crystallization
behaviour of bio-nanocomposites based on PLA/natural rubber blends filled with
unmodified and modified CNC was evaluated. Obtained results showed an influ-
ence of the modified CNC on crystallization process, improving the nucleation and
increasing cold crystallization temperatures. Natural rubber was proven to have
more affinity toward C18-g-CNC as against to PLA-g-CNC, a result which
explained the reduction of nucleation efficiency in PLA matrix by C18-g-CNC. The
crystals with reduced dimensions were developed, changing thus the nanocom-
posite morphology, and author reported good mechanical properties. Using
hydrolyzed CNCs by treatment with sulfuric acid (CNC-S) and hydrochloric acid
(CNC-H), a better dispersion in poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
(PHBV) matrix was obtained [57]. Following this way, the reinforcement at
nanoscale of PHBV matrix was enhanced by the presence of both types of CNCs
particles. Comparing the reinforcing effects, in Fig. 12a DSC results confirmed the
stronger effect on PHBV morphology produced by the CNC-H particles, especially
at higher content loading (12%). As conclusions of this study sustain, the larger
aspect ratio, higher crystallinity and especially no residual acid groups exhibited by
CNC-H particles have contributed to the thermal behaviour. The effect was raised
by the intermolecular hydrogen bonding interactions, increased on such materials,
leading to crystallite perfection, and the crystallization rate increased and finally
improved the mechanical properties. Variation of Tc and Tc(onset) temperatures with
both CNCs shown in Fig. 12b, sustained that in the CNC-H/PHBV nanocomposites
higher Tc and the smaller Tc(onset) − Tc can be achieved, which means a stronger
nucleation effect produced by CNC-H as compared to CNC-S.

Nonisothermal crystallization performed by DSC analysis and isothermal crys-
tallization studied by PLM of PLA nanocomposites loaded with conventional
spray-dried CNC (CNCSD) and the freeze-dried CNC (CNCFD) were investigated
[58]. A better porosity of PLA matrix was obtained by dispersion of the CNCSFD
as compared with CNCFD particles. The nucleation effect induced by CNCSFD
particles had strong affect on crystalline nucleation and crystallization rates of PLA.
Taking into account this result, PLA based composites showing better mechanical
performances were obtained if CNCSFD particles were used.

An efficient way to synthesise nanocomposites containing CNCs consisted on
in situ ring-opening polymerization of L-lactide in the presence of CNC [59]. Due to
the bimodal molecular weight distribution of free PLLA, the CNC-PLLA nano-
materials showed different thermal behaviour, both for glass transition as well as for
cold crystallization and melting. Consequently, by blending of CNC-g-PLLA with
low molecular weight and free PLLA homopolymer, resulted in a hydrophobic and
homogenous material that was not able to develop any crystallinity. Blends of
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CNC-g-PLLA with higher molecular weights PLLA allowed the crystals growth in
these nanocomposites. Thus, Tcc and Tm values increased with PLLA molecular
weight; nanomaterial containing the highest molecular weight showed the highest
crystallinity index as results confirmed.

Addition of CNC modified with surfactants (s-CNC) and silver (Ag) nanopar-
ticles in PLA matrix denoted different thermal behaviour in the PLA-CNC films
[60]. An increase in crystallinity index was recorded for nanocomposites containing
a binary system of s-CNC-PLA, as thermal analysis showed. The nucleation was
enhanced in these nanocomposites by a good dispersion of s-CNC in the polymer
matrix as favoured by the presence of a surfactant. Instead, lower crystallinity index
resulted in a binary system containing Ag nanoparticles because the nucleation was
not improved. The presence of both s-CNC and Ag nanoparticles in PLA matrix
didn’t improve enough the crystallinity index in the nanocomposites; as expected
their mechanical performances were reduced as well.

For the first time, the CNC incorporation in poly(butyleneadipate-
co-terephthalate) pure matrix (PBAT) was studied [61]. Functionalization of
CNCs with an aliphatic and aromatic isocyanate (octadecyl and 4-phenylbutyl
isocyanate), and then addition to PBAT at 5 or 10% content, yielded nanocom-
posites having same thermal behaviour. Temperatures of crystallizations from the
melt (Tc) increased with treated or untreated CNC amount. Under quiescent con-
ditions, the CNC surfaces acted actually as nucleation centres for PBAT matrix,
despite chemical treatment with isocyanates. Just a slow decrease of crystallinity
index was observed on nanocomposites samples containing CNCs functionalized
with 4-phenyl butyl isocyanate due only to processing technique used, as author
sustained.

Interesting results reported in literature highlighted the improving crystallinity in
a composite matrix through surface grafting reaction of CNCs with PHBV [62].
Toluene isocyanate (TDI) has been used as a coupling agent in grafting reaction, so
by monitoring TDI/PBHV content on copolymers, the length and density of grafted

Fig. 12 DSC curves (a), the crystallization temperature (Tc) and Tc(onset) − Tc (b) for neat PHBV
and the nanocomposites with various CNC contents. Reproduced from Yu et al. [57]
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chains on CNCs surfaces were controlled. Thermal behaviour investigation of
grafted CNCs by DSC analysis indicated important differences both on cooling and
subsequent second heating, as a function of TDI/PBHV fractions. Results shown in
Fig. 13 seem to preserve the initial morphology of PBHV in resulted copolymers.

The changes in crystallization temperatures as well in cold crystallization
behaviour became visible for copolymers containing a high density of grafted
PHBV chains (PHCN8 and PHCN10 from Fig. 13b). The double melting peak

Fig. 13 DSC traces of neat PHBV and the resulting copolymers prepared under various
TDI/PHBV fractions obtained during the first cooling (a) and second heating (b) scans at
10 °C/min. Reproduced from Yu and Qin [62]
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observed in Fig. 13a in the second heating cycle denoted a possibility of melting
transition and the crystallinity control in copolymers by modifying grafting density
or side chain lengths of PHBV.

To produce electrospun bionanocomposites films, the PLA-PHB blend was
plasticized with acetyltributyl citrate (ATBC) and reinforced with CNCs [63]. Due
to the effect of plasticization, PLA-PHB-ATBC matrix showed increased Tcc and
DHcc values as the content of CNCs increased based on the rearrangement of PLA
segments during crystallization. Both melting enthalpy, as well as crystallinity
index, increased in a sample containing less CNC content (1%) due to a better
dispersion of nanoparticles in a composite matrix, which promoted a higher
nucleation effect.

Heterogeneous nucleation of CNCs on PHBV matrix changed the crystallization
behaviour, implying an increase of Tc values, at lower CNC content [64]. A higher
loading of CNCs amount (over 4%) limited the growth of polymer crystals due to
an increase of hydrogen bonds formation, which imposed restrictions on PHBV
chain mobility. Moreover, if the dispersion of CNCs on PHBV matrix was not
homogenous, separate phases resulted, and lowered the composites mechanical
performances as expected.

Tuning hydrogen bonds by controlling the number of hydroxyl groups of cel-
lulose nanocrystals so-named cellulose nanocrystals citrate (CN-C) and cellulose
nanocrystal formates (CN-F) were obtained [65]. Once reinforced in PBHV matrix,
these nanofillers could modify the thermal behaviour of the nanocomposites. Lower
values of parameter Tc (onset) − Tc extracted from DSC results for PHBV filled with
untreated CNCs denoted a greater overall crystallization rate as compared with
those filled with CN-C or CN-F particles. This result led to high Tc values observed
in case of PHBV filled with untreated CNCs.

5 Thermal Stability and Degradation of Green
Composites

Natural fillers generally were very sensitive to temperature changes; the thermal
degradation is expected above 400 °C. Excepting volatile or partially stable com-
ponents (e.g. pectin, waxes, water, soluble substances), for each major component
of natural fibers the degradation process will proceed as follows: depending on the
presence of an oxidative (air) or inert atmosphere, decomposition of cellulose
involves reaction of depolymerization, thermoxidation, dehydration and glycosans
formation [5]. Dehydration process occurs in a range of 210–260 °C in a
non-oxidative atmosphere, or in range of 160–250 °C in presence of oxygen
(or air). The depolymerization and volatilization of glucosans take place at about
310 °C in an inert atmosphere, but maximum rate increases at 350 °C (oxygen) or
375 °C (helium). The hemicellulose components decompose at relatively low
temperatures (159–175 °C), this process being preceded by the cellulose
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decomposition, but its effect is proportionally limited by the content in the fiber.
Instead, lignin decomposition process consists on three steps: below 220–250 °C
side chains are broken and split, followed by the formation of free radicals between
300 and 400 °C and a series of condensation reactions above 400 °C.

Understanding of this item has a major importance on the practical application of
composites since any mechanical performance was generally altered by temperature
increase. Considering that some issues related to the degradation process of natural
particles, organic structures may impose limitations on different applications of
material obtained. As in precedent section of this chapter, the most important results
related to the thermal degradation of GCs from last years reported in the literature
will be presented both for natural fibers as well as for cellulose or starch
nano-particulate fillers.

5.1 Thermogravimetry of Green Composites Containing
Natural Fibers

A considerable number of natural fibers have been used in composite processing,
but here will be overviewed only results related to composites containing common
natural fibers. For each relevant fiber type used, one paragraph will contain and
discussed results provided by one or more works related to this issue.

The TG/DTG analysis of common lingo-cellulose fibers denotes similar results
that could be related to the thermal decomposition of their main constituents. As
thermogravimetric parameters from Table 6 suggest, the TG curve contains three
stages of weight loss: the first one up to about 200 °C, is ascribed to a maximum
weight loss of 10%; this step is followed by a second stage up to about 500 °C,
where the loss is more than 70 wt%. In the final third stage, about 20 wt% of the
mass is a loss, allowing the extending range of TG/DTG test up to 800 °C. The
maximum rate of thermal decomposition was displayed in DTG curves as the main
peak, while the components of the fibers could have assigned like a shoulder or tail
peaks in a DTG curve. The values shown in Table 6 are similar to others reported in
the literature for distinct natural fibers but may vary depending on treatments

Table 6 Thermogravimetric parameters of common natural fibers [66]

Natural
fiber

1st
stage
weight
loss (%)

1st
stage
DTG
peak
(°C)

2nd
stage
onset
T0 (°C)

2nd
stage
weight
loss (°C)

2nd stage
DTG
shoulder
(°C)

2nd stage
DTG main
peak (°C)

2nd
stage
DTG
tail (°C)

3rd
stage
weight
loss (°C)

Jute 8 60 260 89 290 340 470 3

Sisal 9 52 250 76 275 345 465 15

Wood 2 107 290 85 270 367 400 13

Cotton 4 55 265 91 280 330 410 5
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applied to the fiber. According to other results, after water loss in the first stage
(DTG peak), the thermal degradation of main lignocellulose constituents of the fiber
began at the onset of the second stage [66]. The cellulose decomposition was
ascribed by the main DTG peak of this stage, while the hemicellulose and the end of
lignin decomposition were represented by shoulder peak or by the tail peak,
respectively. After the third stage, the residual weight was related to char or to other
products resulted during decomposition reactions.

An important standpoint in discussions of related literature results is represented
by the effect of different atmospheres on the thermogravimetric analysis of natural
fibers. Actually, may be used in two distinct atmospheres, inert (helium and
nitrogen) and oxidative (air and oxygen). Moreover, different flows of these gases
conduct heat at different rates, such that the thermograms obtained in nitrogen may
be significantly different from those obtained in helium. In an inert atmosphere, the
thermal degradation of cellulose resulted in the main DTG peak associated with the
formation of macromolecules containing rings bearing double bonds [5]. This peak
was partially overlapped in an oxidative atmosphere due to oxygen reaction with
the cellulose (exothermic peak corresponding to this reaction). Consequently, the
main DTG peak was shifted to lower temperatures in that atmosphere as compared
to the inert one.

Various thermal behaviours of GCs containing bamboo fibers were related to the
assignment of an enhanced degree of adhesion between the matrix and bamboo
fibers, because a stronger adhesion meaning a better thermal stability [20].
Biocomposites based on PLA, PBS reinforced with bamboo fiber (BF) were
investigated [21]. Results of this study denoted a decrease of thermal degradation
temperature of both composites as compared with those of pure polymer matrix. By
using lysine-based diisocyanate (LDI) as a coupling agent between fibers and
polymers matrixes, the thermal degradation temperature increased in composites.
Authors sustained an increase of molecular weight due to crosslinking reactions
between PLA or PBS matrix and BF, which could induce an increase of thermal
degradation temperatures.

Coir fibers (CF) treated by washing with water, alkali treatment (mercerization)
or bleaching filled a blended matrix consisted of starch/ethylene vinyl alcohol
copolymers in order to prepare biocomposites [67]. Fibers treatments considerably
affected the thermal behaviour, namely increased the thermal degradation temper-
atures, as TGA data sustained. These modifications were attributed to the removal
of some easily hydrolyzed substances, which decomposed earlier than the major
components, cellulose, and lignin. This could increase the thermal stability in the
second step of degradation process as compared with composites filled with
untreated fibers. Interesting results reported on thermal behaviour of PLA based
biocomposites containing both untreated as well as alkali treated coir fiber were
obtained [30]. By alkalization process, the number of H-bonds at surface increased,
improving the adhesion at the interface between coir fibers and PLA matrix.
The TGA results, consisting of both TGA and DTG curves, are shown for untreated
and treated coir fibers in Figs. 14 and 15 respectively.
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The chemical treatment of coir fibers seems to have a significant increase in
thermal stability, increasing the maximum degradation temperatures in the com-
posite. Removal of hemicellulose during alkali treatment could explain this finding.
Nevertheless, due to the embedding of coir fibers in PLA matrix, the thermal
degradation temperatures decreased and the thermal stability of biocomposites
decreased irrespective of the fiber treatment as results show on Figs. 14 and 15. The
author concluded that fiber loading was responsible for the composite thermal
stability decrease, imposed by the lower degradation temperature of coir fibers. The
effect of lignin loading in PP/CF composites both on presence as well as in absence

Fig. 14 TGA curves (a) and (b) DTG curves of neat PLA and PLA/UFC (untreated) coir fibre
biocomposites. Reproduced from Dong et al. [30]
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of MA was investigated by DSC and TGA analysis [68]. The results revealed that
the incorporation of lignin in composites increased the initial thermal decomposi-
tion temperatures and oxidation induction times. Two possible protections played
by lignin that delayed mechanism for thermal decomposition process was involved
by the author of this work: the role of antioxidant and barrier against thermal
degradations.

Matrix-based on polyfurfuryl alcohol (PFA) and plastified lignin (PF) renewable
from various biomasses could be an eco-friendly material having good perfor-
mances for various applications [69]. These two components were blended in two

Fig. 15 TGA curves (a) and (b) DTG curves of neat PLA and PLA/TFC (treated) coir fibre
biocomposites. Reproduced from Dong et al. [30]
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different ratios, then polymerized and investigated on their behaviour in the
thermo-oxidative degradation process; results were compared to those of neat
materials. As this work sustained, strong interactions between PL and PFA in the
blended matrix acted as protection against chains internal scission and depoly-
merization during thermal degradation. The neat PL was clearly decomposed at a
lower temperature than PFA/PL blend, as results from TG/DTG analysis sustained.
Later, PFA bioresin was used as a matrix for preparation of fully green composite
containing kenaf fibers (KF) [70]. Thermogravimetric analysis of composites
showed a decrease of temperature corresponding to maximum decomposition rate
Tmax (from 466 to 458 °C) with KF content increase from 5 to 20 wt%. This
behaviour was explained by increasing of thermally unstable non-cellulosic struc-
tures come from the fiber content in GCs. Retention of about 45% char residue at
800 °C was due to a higher thermostability of PFA matrix in the composite.

Thermal stability of composites containing natural fibers increases generally due
to a chemical treatment applied to fibers. Waxes and non-cellulosic components
were removed from surfaces, increasing thus the interaction with the polymer
matrix. Thermogravimetric and pyrolysis analysis investigations bring out such
results on KF/epoxy composites containing both treated as well as untreated fibers
[71]. By alkalization (with NaOH) of KF, the level of moisture content with 3%
decreased, which influenced the weight loss behaviour, as well as their corre-
sponding composites. A high level of moisture content means more voids and
hemicelluloses on composites, which increase thermal conductivity with thermal
stability decrease. Consequently, by treated KF addition in epoxy composites, the
thermal stability of composites has improved as well as its charring capability. The
alkalization process reduced the char content after thermal decomposition of these
KF/epoxy composites. Loading of composites based on PVC/TPU matrix with KF
enhanced their thermal stability, but in composites based on the biodegradable
matrix (PLA), KF induced a decrease of thermal degradation temperatures due to
PLA depolymerization as in another study was showed [23]. Silanization of KF
fibers induced an increase of thermal stability in these composites.

The thermal degradation of GC containing alkalinized hemp fibers (HAlk)
revealed different behavior when were loaded in the different matrix [72]. The
degradation temperature increased from 351 °C in neat PP matrix containing 25 wt
% hemp fibers, to 376 °C for PP/HAlk and up to 391 °C for PP-SEBS-g-MA/HAlk.
This behavior was explained by the barrier effect induced by hemp fibers against
degradation process, which increased in the ternary system due to a better adhesion
of interface imposed by MA groups. A different behaviour was reported for com-
posites based on MAPP matrix filled with silane treated hemp fibers, which denoted
a decreased thermal stability as compared with those filled with untreated fibers
[73]. Results obtained by thermogravimetric analysis sustained decreasing values of
the temperature up to 25% at 10% weight loss (T10). The weight loss was less than
2% at 240 °C, due to silane treatment of hemp fibers.

Besides the applications of natural fibers on building structures and automotive
area, literature does not report too many results regarding the use of the flax fibers
(FF) in GCs processing. A representative study where a green composite based on
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bio-based resin reinforced with flax and basalt fibers was investigated [74]. Results
from TGA analysis showed a lower thermal stability if it contained neat FF due to a
higher amount of lignocellulosic content, as compared to that contained basalt fibers
in addition.

Thermal behaviour of PLA composites containing ramie fibers (RF) showed
increased values of thermal degradation temperatures if the RF surface was treated
as compared with those which was reinforced with untreated RF [9]. Results were
explained by the chemical bonds between PLA matrix and ramie fiber after treat-
ment that could enhance the interfacial adhesion. It’s worthy to note that the alkali
treatment of RF induced lower thermal degradation temperature in composites as
compared with the composites with silane-treated fiber. This result revealed a
worsening of interface bonds between alkalinized RF and PLA composites as
compared with the interface of silane treated RF and PLA. Later, it was founded
that in case of composites based on PLA matrix reinforced with RF compatibilized
with PLA-g-MA [10] or blended with PBAT [28] thermal stability increased.

Microcrystalline cellulose (MCC) renewed from oil-palm biomass has been used
as filler for PLA matrix [46]. Results based on TG/DTG data (Ton, T10, and T50)
showed an improving the thermal stability of PLA/MCC composites compared to
pure PLA. Due to an intrinsic flame resistant property, the higher content of cel-
lulose I on MCC was related with the highest char residue (2.4%) displayed for the
PLA/MCC 5% composites as compared to pure PLA, or composites containing 1
and 3% MCC. Data from TGA and DTG curves generally denoted a higher thermal
stability for all PLA/MCC composites as compared with pure PLA, due to MCC
incorporation.

Cassava and pineapple flour have been used as fillers in PLA bio-composites,
improving interfacial adhesion when maleated polylactic acid (MAPLA) was added
for compatibilization [75]. Both fillers have reduced the degradation temperature of
PLA but de-starched cassava flour denoted higher thermal stability due to its higher
lignin content compared with pineapple flour. An important result it was that the
thermal degradation temperature was increased by adding MAPLA.

Effects of alkaline and silane surface treatments of wheat or rice husk on thermal
degradation of PLA biocomposites was observed [76]. Both alkaline treated husks
(RA and RG), as well as silane treated husks (RNA and RNG), increased thermal
degradation temperatures in composites, due to an increased number of chemical
bonds which enhanced interfacial adhesion. As results show in Fig. 16, the PLA
biocomposites with untreated husks have lower thermal stability as compared with
those filled with treated husks.

However, results from this figure denote lower thermal degradation temperature
for GCs containing alkaline treated rice husks as compared with those containing
silane treated husks. This study sustained that the interface bonds between alkaline
treated husks and PLA were weaker than the interface bonds between silane-treated
husks and PLA.

An eco-friendly polymer obtained by graft polymerization of Hibiscus sabdariffa
fibers on poly butylacrylate (PBA) has thermal behaviour investigated by the
thermogravimetric analysis (TGA) [77]. Results showed an increase of the thermal
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stability in this material explained by a decay induced by the late decomposition of
PBA. Generally, in the synthesis of grafted polymers crosslinked and entangled
type of networks could be produced, which subjected to degradation temperatures
imbedded char diffusion on the surface, and thus inhibit the degradation process.

Cellulose fiber (CF) extracted from Grewia optiva reinforced GC containing
blend films of corn starch/poly(vinyl alcohol (St/PVA) [78]. Films were
plastified with citric acid (CA) and crosslinked with glutaraldehyde (GLU).
Thermogravimetric analysis of these GC films revealed that for Grewia optiva
fibers, processes like depolymerization, dehydration and glucosan formation were
occurred in the temperature range of 26.0–190 °C. The degradation temperatures of
the composites fall between the degradation temperatures for the St/PVA blend
films and the CF. Results indicated that CF fibers retarded the dynamic of com-
posites degradation process. The increase of chemical bond strength at the interface
between CF and matrix increased the resistance against thermal attack, improving
thus thermal properties of the green composite.

5.2 Thermogravimetry of Green Composites Containing
Cellulosic Nanoparticles

Thermal stability of cellulose can be differently approached if results are discussed
taking in account the nanoscale dimensions of particles. A higher value of specific
surface area for a cellulosic nanoparticle increase the thermal conductivity, the
degradation temperatures occurring at lower values, despite to a degradation
mechanism similar to hemicellulose. But, once embedded in a biodegradable
polymer matrix, celluloses nanoparticles thermal degrade at higher temperatures

Fig. 16 Thermogravimetric curves of the neat PLA and biocomposites with untreated and treated
rice husk. Reproduced from Thao Tran et al. [76]
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due to a lower thermal conductivity. Considering these aspects, a series of valuable
results reported in the literature denoted various thermal degradation behaviours of
composites reinforced with cellulose nanoparticles.

Thermal stability of CNCs, for example, depending on polymer matrix con-
taining these particles. Nanofibers reinforced with CNC were used as fillers in
sustainable composite materials produced via electrospinning of PVA [79].
Thermogravimetric analysis investigations revealed the effect of CNC on the
thermal stability of composites and also allowed to obtain deeper insights into the
interactions between the dispersed and continuous phases of nanofibers. The sta-
bility of PVA polymer was not affected by electrospinning process as TGA results
sustained. Presence of CNC in electrospun nanofibers appeared as a peak in the
first-order derivative curve, over the preexisting ones assigned to PVA matrix. This
peak shifted to lower temperatures due to the accelerated thermal decomposition of
CNCs in PVA melt, attributed to the degradation products that catalyzed the overall
degradation process. Treatment of CNCs by hydrolyzation with sulfuric
acid (CNC-S) and hydrochloric acid (CNC-H) promoted a better dispersion
in poly(3-hydroxybutyrate-co-3-hydroxyvalerate) matrix (PHBV) [57]. Thermo-
gravimetric analysis (TGA) of composites shown in Fig. 17 reveals a higher
degradation temperature for CNC-H as compared with CNC-S where surface
contained sulfated groups, which significantly lowered the degradation temperature.
However, the thermal stability of both nanocomposites was higher than neat PHBV.
Increased content of CNC-S in PHBV matrix resulted in a poor thermal stability of
nanocomposites, an opposite effect being recorded for PBHV loaded with CNC-H
where higher thermal stability was achieved. This study concluded that the number
of intermolecular hydrogen bonding interactions between CNCs and PHBV (higher
for CNC-H as compared with CNC-S) has a decisive role on thermal stability of
composites in addition to a good reinforcement of CNC particles in the PBHV
matrix.

The thermal stability of cellulose nanowhisker/bio-based polyurethane (CNW/
BPU) composites were investigated indicating a clear increase in thermal degra-
dation temperatures with CNW content [80]. The computed values of activation
energies for thermal decomposition of these composites indicated that BPU matrix
was decomposed more difficult due to the incorporation of CNW. The analysis of
parameters following the thermal decomposition kinetics of the BPU/m-CNW
composites also sustained the increasing of the thermal stability of composites due
to the incorporation of CNW. Cellulose nanocrystals were modified by acid
hydrolysis (HCl or H2SO4) and esterified using the modified Fischer method in
order to obtain acetate cellulose nanocrystals (Ac-CNCs) and lactate cellulose
nanocrystals (LA-CNCs) [81]. Then, these modified CNCs reinforced PLA matrices
through melt blending procedure. Under the inert atmosphere, all nanocomposites
showed similar thermal stability, but under oxygen, the thermal stability decrease in
order: LA-CNCs > AA-CNCs > HCl-CNCs > H2SO4-CNCs. Improved thermal
stability in nanocomposites containing LA-CNCs and AA-CNCs particles was
probably caused by a good dispersion that increased compatibility with PLA
matrix, as author sustained.
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Starch matrix has poor thermal stability, but if it is chemically modified fol-
lowing various ways this property is much improved. Thermogravimetric analysis
(TGA) was performed on fully biocomposites of glycerol plasticized waxy maize
starch with and without hydrolyzed starch nanocrystals [82]. The lower thermal
stability reported for the biocomposite mentioned in this work was assigned by a
closer association of glycerol with starch nanoparticles. Results showed that the
effect of the addition of starch nanoparticles in the unplasticized matrix compared to
the one induced in the glycerol plasticized material do not change the thermal
stability. This work assumes a decrease of thermal degradation temperature for
hydrolyzed starch nanocrystals, which act as flame retardants due to char formation.

Fig. 17 TGA analysis (a), T0 and Tmax (b) as a function of the CNC contents of neat PHBV and
the nanocomposites with CNC-S and CNC-H. Reproduced from Yu et al. [57]
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Starches from different vegetal sources (tuber, cereal, and legume) were plasticized
with glycerol and reinforced with cellulose nanocrystals [83]. In all cases, thermal
degradation of TPS films filled with nanocellulose started at higher temperatures
than unfilled TPS. This result showed a good thermal stability for TPS matrix
containing large starch-rich domains as much as the extent of plasticization (high
amylopectin starches) increased. GCs were obtained by reinforcing the glycerol
plasticized corn starch matrix with cellulose nanofibrils (CNF) extracted from wheat
straw (using steam explosion) [84]. The results from TGA and DSC experiments
indicated an interaction between CNF and glycerol, which produced the reduction
in onset of degradation temperatures as compared with the pure matrix. TGA
investigations revealed that thermal stability of these GCs increased after high shear
mechanical treatments. This behaviour was explained by removing of
non-cellulosic material which improved crystallinity after treatments, increasing
thus the thermal stability.

Bacterial cellulose (BC), when was combined with a biodegradable polymer
matrix, generated a fully biodegradable composite with promising applications. The
addition of low amounts (1 and 5%) of vegetal, BC fibers and glycerol (plasticizer)
to the thermoplastic starch matrix (TPS) resulted in a green composite with better
mechanical properties [85]. The results from TGA analysis showed that thermal
stability of composites filled with vegetal cellulose and BC slightly increased (with
9 and 7 °C, respectively). The higher stability of cellulose fillers and the excellent
compatibility between the two carbohydrate components of composites explained
these findings. Very interesting results recently reported were related to preparing of
resistant starch/pectin (RS/P) free-standing films reinforced with bacterial
nanocellulose (BCN) for biomedical use [86]. Presence of BCN or CNF at 0.5%
amount in nanocomposites films produced an almost similar mass loss, as resulted
from TG curves. The strong interaction between matrix and both reinforcement
phases (BCN or CNF) became clear at an increased concentration (from 1.0 to
3.0%), which promoted the better thermal stability in these composites. The thermal
degradation process of nanocellulose (depolymerization and decomposition process
of dehydrocellulose) doesn’t really affect the mass loss of nanocomposite films with
higher amounts of reinforcements.

6 Conclusions

Recent studies focused on the thermal behaviour of GCs presented in this chapter
revealed the most important issues about glass transition, melting and crystallization
on the one hand, and about thermal degradation and stability range on the other
hand. Almost all reviewed works were concerned with the significance of the
interface between natural fillers and various polymeric matrices because it plays the
most important role in the applications area. The binding between GC components
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at interface decided their thermal behaviour in any temperature range. The results
have been separately presented in this chapter, for each range, in order of tem-
perature increase.

Several studies, since 2006 have been discussed results related to glass transition
range which is considered as the important parameter to define the mechanical
performances of GCs. For example, when hemp was reinforced on PBSu matrix or
banana fibers were reinforced on PLA matrix at any content without any chemical
modification, the Tg value of resulted GCs did not show important changes, but its
range was broadened. Authors remarked just a slightly decreased Tg value for CG
based on phenol formaldehyde and filled with oil palm which explained a possible
heterogeneity generated during processing. Decreasing of Tg value by plasticization
(bio-epoxy or PU/flax) or due to some confinement effects at fiber interface with
polymer matrix also were involved.

Instead, a real improvement in the mechanical performances of GCs was
obtained by various chemical treatments applied to the natural fibers or fillers used
as reinforcements. For example, Tg value of GC based on PLA matrix containing
chemically treated ramie increased, improving thus the mechanical properties or
decreased worsening the interfacial adhesion.

As a new finding in the area of GC production, CNC (or CNW) unmodified as a
function of loaded content reduced the polymer matrix chains mobility at the
interface (in case of PLA, PPC, TPS) and increased the Tg values, or have no any
effect (case of pectin). In some situations, due to a chemical treatment (acetylation)
applied to the CNC or by grafting (to PLLA) before adding to polymer matrix
(PLA), Tg value increased, the effects being proportional to the modified CNC
content.

From the cited literature, it seems that only a chemical treatment or any other
modifications of fillers that change adhesion at the interface will have an important
effect on Tg value, so it could be controlled to obtain the desired mechanical
performance when GCs are prepared.

The changes in the thermal behaviour of GC were well presented also when the
melting and crystallization region of polymer matrices was studied by DSC analysis.
Different natural fillers isolated from various natural resources were considered in
almost all presented works as nucleation agents in the crystallization process, which
could change the morphology at the interface. Consequently, the resulted modifi-
cations of the Tc, Tm, DHm, DHc or vc values in polymer matrices were clearly
visible in DSC analysis. The overall crystallization rate and crystallinity index value
increased due to fibers loading in the follow GC: ramie, coir, rice straw—PLA,
kenaf—PLLA, bamboo—PP-g-MA, bamboo—PLA/PBS or rice straw—PLLA.
Instead, these values decreased in kenaf—PLA, rice husk—PC, rice straw—
PLA/PBA and generally in case of chemically treated fibers. In some situations,
fibers like cellulose pulp extracted, sisal, pineapple leafs or agave had reduced or had
no effect on GC crystallinity. A special behaviour had TPS, which increased the
crystallinity in PLA but decreased in PCL matrix.

Different ways of crystals growth and morphology development induced in
polymer matrices by fillers have been determined after evaluation of the polymer
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matrix crystallization kinetic using DSC method, under both isothermal as well as
non-isothermal conditions. By loading of neat fibers, the crystallization kinetic was
improved by the bamboo fibers in PCL matrix, kenaf fibers, and rice straw in PLLA,
black spruce and northern bleached softwood kraft in PLA, but has no any effect or
reduced the crystallization rate when these were chemically treated (ex. sisal—
PLA).

Reduced dimensions of cellulose nanofillers extracted from various bioresources
had a strong effect on crystallinity and morphology of GCs. The nucleation process
was generally increased by these fillers type, and the growth of crystals was
dependent on particular conditions. Thus, the crystallinity was improved in PLA
based composites containing MFA, CNW or ChNC, and in the PU matrix filled
with CNF. Also, in plasticized PLA or PLA/PHB blends, the crystallization was
improved by CNF and CNC, respectively. Chemical treatments (hydrolization,
esterification, and surfactant) or freeze drying applied on CNC surfaces had
increased the crystallization rate in PLA matrix. Decreasing of crystallinity was
reported by loading of MFA or silanized CNF in PVA, CNC-g-PLA in PVAc, CNC
in PBHV, and by grafting PBHV chains onto CNC surface.

All these results mean that the GC morphology can be tuned to control crystals
dimensions, obtaining thus desired mechanical properties (e.g. small crystals—
good mechanical properties), as a function of the application area. To obtain GCs
with good thermal and mechanical properties, at least two conditions must be
satisfied to control the crystallization process: good surface treatment (fillers or/and
polymer matrix) and well dispersion of fillers in the polymer matrix (to prevent
heterogeneity).

In the most situations, the natural fibers improved the thermal stability of GCs,
as much as fiber content increased. A better thermal stability was recorded by the
bamboo fibers loaded in PLA or PBS, coir fibers reinforced in EVA/TPS blend,
PLA, PP-g-MA, cassava and pineapple flour loaded in PLA or by the plasticized
lignin filled with PFA. The degradation temperature was increased when the
chemical treatment applied to the fibers enhanced adhesion with the polymer
matrix. Thus, the scientific literature has registered results related to the alkalinized
fibers as in kenaf—epoxy or PVC/TPU, hemp—PP/SEBS-g-MA and ramie—
PLA-g-MA composites or to silanized (rice husk or kenaf) fibers loaded in PLA
matrix. On the other hand, a decreased thermal stability was reported for kenaf
(or ramie)—PLA, silanized hemp—PP-g-MA and flax (or kenaf)—PFA green
composites.

Cellulose pulp fibers increased the thermal degradation temperatures in corn
starch/PVA blend based composites, or in case of MCC reinforcing PLA matrix.
Also, this property was enhanced in CNW—BPU and in BC—TPS (TPS/pectin
blend), but a chemical treatment of cellulose nanoparticles improved thermal
degradation furthermore. Thus, it was worth to notice the results that confirmed a
thermal stability enhancement for alkalinized CNF—TPS, hydrolyzed
CNC—PBHV (or PLA) and hydrolyzed starch nanocrystals—TPS.
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Beside the interface between natural fillers (fibers or nanoparticles), a well
dispersion in the processing step represent the key factors in a green composite
preparation. Following these findings, the thermal properties of sustainable mate-
rials will be improved, providing thus desired and good mechanical performances.
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Eco-friendly Polymer Composite:
State-of-Arts, Opportunities
and Challenge

V. S. Aigbodion, E. G. Okonkwo and E. T. Akinlabi

1 Introduction

Polymer matrix composites (PMCs) have come a long way in becoming a key
player in the world of high performing engineering materials. With a wide array of
applications due to its properties, these classes of materials are becoming more
popular than their metallic and ceramic counterparts and as such replacing then in
various applications especially where high strength to weight ratio and low density
is a priority [1]. Composites like PMCs being multiphase materials exhibit prop-
erties that are dependent on the constituents; resin and fiber/particulate
(reinforcement/filler). The resin helps to re-distribute stress and holds the rein-
forcement together while the reinforcement (fiber/particulate) provides the neces-
sary load carrying operation and hence the strength and stiffness of the composite.
Moreover, composites can always be tailored to the choice of the producer [2].
However, most popular polymers are synthetic and coupled with decreasing
petroleum resources and environmental policies, they areas such costly and
non-biodegradable under standard conditions. Addition of environmental favour-
able and renewable source of reinforcement to these polymers have not only helped
to shift the overall outlook but also give it a new and wider prospect. Aside from the
ecological benefits of using these materials, overall cost implication and health
problems are also eliminated [3].

As at 2016, an estimated 300 million tons of plastics were produced with the
majority of it finding ways into water bodies like rivers, oceans etc. It is been
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estimated that by 2050, there will be more plastics in the ocean than fishes.1 The
menace doesn’t only extend to this as poor waste management culture in most
developing countries have also led to mismanagement of recyclable portion of these
class of wastes. With the rising volume of plastics dumps all around the world,
these properties come in handy with regard to reduction in carbon emission and
greenhouse gases as is the case due to incineration or burning of these materials,
and as such reclamation of lands used for landfills; environmental pollution.

The birth of eco-friendly composites can be likened to man’s continual quest for
newer breeds of materials crisscrossing from the time of reinforcing bricks with
straw to this day where nanoscience and technology has brought in the era of
nanocomposites that uses Nano-sized materials like nanoclays, nanotubes, nanofi-
bers, and nanosheets etc. as fillers/reinforcement. This can also be associated to
technological breakthroughs that have seen the significant improvement in prop-
erties of some polymers thus opening up more areas of application like in the food
packaging industry that uses PLA, biomedical, agricultural, construction sector,
transport and even in textiles industries [4, 5]. This quest has also led to the
reinvestigation of old processes giving rise to newer products [5]. Though eco-
logical challenges seem to be the driving point behind it, dwindling nature of other
sources of materials like petroleum has also led to a turnaround in material research.
Man’s rate of consumption of non-renewable natural resources is ever increasing
due and outways the rate at which the earth produces them [6]. Therefore the only
option is the search for the sustainable and renewable source of materials and
stimulates ambitious policies for a significant increase in resource efficiency, par-
ticularly through technical change and innovation. Moreover, annual quantity of
agrowastes and natural fibers produces ranks in billions of tons with majority burnt
on-field [7]. This can expand rural agriculture-based economics by opening up new
market [8]. According to Rana S. and Fangueiro R., cultivation of one hectare of
hemp on a hectare area of land causes the absorption of approximately 2.5 tons of
atmospheric carbon dioxide during a vegetative season while jute absorbs 2.4 tons
of carbon dioxide. On the other hand, production of one ton of polypropylene emits
about 3 tons of carbon dioxide into the atmosphere [9]. Thus wastes or materials
which are both biodegradables can be used to reduce the cost of production of
composites without impairing their properties.

1.1 What Are Eco-friendly Composites (EFC)

According to Adeosun et al., composites that are both biodegradable and renewable
are termed eco-friendly composites [10]. This is because they can be easily dis-
posed of without harm to the environment. Asokan et al. [11] sees them as

1FEATURE: UN’s mission to keep plastics out of oceans and marine life. https://news.un.org/en/
story/2017/04/556132-feature-uns-mission-keep-plastics-out-oceans-and-marine-life. Accessed on
January 10, 2018.

1234 V. S. Aigbodion et al.

https://news.un.org/en/story/2017/04/556132-feature-uns-mission-keep-plastics-out-oceans-and-marine-life
https://news.un.org/en/story/2017/04/556132-feature-uns-mission-keep-plastics-out-oceans-and-marine-life


biocomposites since they are manufactured from materials like natural fibers and
agro-wastes. According to Mitra bio-composites covers composite materials where
at least one of the component is bio-based. These include petroleum-derived
polymers like epoxy, polyester etc. reinforced with natural fibres like jute, flax etc.;
bio-polymer like polylactic acid (PLA) reinforced by bio-fibers like coir and
bio-polymers reinforced with synthetic fibers like glass or carbon [1]. However, a
composite that combines both natural fibers/particulates like agro-waste and natural
resins are termed green composite because both the resin and reinforcement
decompose by the action of micro-organisms. As such it is pertinent to point out
that though all the aforementioned composites are friendlier to the environment than
the conventional composites and as such can be termed eco-friendly, a subtle
demarcation can be seen based on their constituent. Hence eco-friendly polymer
matrix composites can either bio-based green since some bio-based polymer matrix
composite requires the introduction of antioxidants to help facilitate degradation
[12, 13] and hence are called oxo-degradable polymers [13]. Nevertheless, bio-
compatible materials for the production of EPCs can either be natural or synthetic
and as such can be used as either the reinforcement or matrix of a composite [14].
Synthetic degradable polymers can be divided into condensation polymers
(polyesters, amides, polyureas, polyurethanes etc.), addition polymers,
water-soluble polymers (polyvinyl alcohol, polyethylene glycol) and blends of
natural and synthetic polymers (starch and PLA based blends). Decomposition is
basically by hydrolysis, microbial action, photo or thermos-oxidation etc. [15].
Natural occurring biocompatible polymers can be divided into agro-polymers and
biopolymers. Agro-polymers are polymers derived from biomass products and
include polysaccharides like starch, cellulose, chitin, etc. and their respective
derivatives, protein like soya protein, casein, zein, gelatin etc., lipids like triglyc-
erides and its derivatives. Biopolymers, on the other hand, include polymers from
the following sources.

I. Synthesis of bio-derived monomers. E.g. PLA,
II. Extraction using micro-organisms. E.g. Polyhydroxyalkanoate (PHA)
III. Synthesis of synthetic monomers. E.g. Polycaprolactone (PCL),

Polyesteramides (PEA), aliphatic copolymers like PBSA, aromatic copoly-
mers like PBAT [5, 16].

On the other hand, most fillers used in the production of eco-friendly composites
are derived from natural fibers/particulates like Nanosilica, graphene, nanoclays,
carbon nanotube, nanocellulose etc. Cellulose and starch-based fibers are the quite
prominent because of their availability, cost and high specific strength.
Nanotechnology has also seen to the production of these fibers at the nano-sized
level. For instance, nanocellulose (NC) can be categorized into three subcategories
based on cellulose source and on the production methods, cellulose nanocrystals
(CNC), nanofibrillated cellulose and bacterial nano-cellulose. CNCs are highly
crystalline [16].
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1.2 Why Eco-friendly Composites and Trends

Like earlier stated, eco-friendly Polymer composites have caught the attention of
researchers due to some of their daring properties especially with regards to
degradation [17]. However, the increase in the research into it can be attributed to
various reasons. According to [17], the drive is because of increased drift towards
maximum utilization of renewable natural resources whereas [18–20] sees it be as a
result of increased environmental awareness. Ease of availability and being eco-
nomical as compared to conventional composites produced wholly with synthetic
material was also opinioned by [21]. Thus from the ongoing, eco-friendly com-
posites have not only come into enhance the already existing products by emulating
nature’s way of producing material but also to expand on it.

One attractive feature of EPC is that it can turn what is regarded as waste to a
very useful material without harm to the environment; a natural way of converting
waste to wealth at little or no cost but with many benefits. For example wood flour,
rice husk, egg shells and various agro and industrial wastes like sawdust [22–26]
have been successfully turned into useful products with many improved properties
and at no harm to the environment. Moreover, with the global demand for wood
and competition from the pulp and paper industry, use of residues like stalks of
cereal is no longer an option but a necessity [27]. A growing class of eco-friendly
composite is the wood plastic composite. This class of composites is produced by
combining thermoplastics with wood/natural fiber [28] or by melt blending
polymer/wood flour or powder mix. These class of composites requires less
maintenance and as such offers alternative to wood products. Moreover, they can be
made into complex shapes [29]. Aigbodion and co-worker have used many natural
fillers in the production of eco-composites among them are (Figs. 1 and 2):

Also, the possibility of hybridization has also increased the range of properties
that can be obtained from this class of composite. According to [32] hybrid

Fig. 1 Polymer composites produced with Bagasse [30]

1236 V. S. Aigbodion et al.



composites are obtained by two or more different fibers in a common matrix. Thus
it allows for modifying the properties of the composite so as to meet the required
need. Various works on hybrid eco-friendly polymer composites have shown
improved properties. Ravindran et al. [28] used coconut shell powder and wood
dust as filler for polyester resin and observed that tensile, flexural and shear strength
of the hybrid composites were better than the mono-reinforced composite. The
similar result has been observed in the works done by [20, 25, 33]. On the other
hand, hybridization also helps in reducing the overall cost of producing a synthetic
composite by balancing out some of the components with some renewable and
easily available ones. Kasiviswanathan et al. [34] worked on the impact of stacking
of natural fibers and a synthetic fiber as reinforcement for polyester resin. Sisal,
banana, and E-glass fiber were used and the fibers were stacked alternatively.
Although the presence of glass fiber improved the mechanical of the composite, that
of the ones with more of sisal and banana fiber were not far off showing that they
can serve as a possible replacement. Udhayasankar and Karthikeyan [35] high-
lighted some of the uses or applications of natural fiber composites.

Nevertheless, the developmental trend of EPCs is ever blazing. Nanoclays are
known for their high aspect ratio and intercalative/exfoliation behaviour. The
behaviour of nanoclay in a PMC is dependent on the type of clay, pre-treatment
method, mode of dispersion of the filler and the resin itself [36]. Addition of
nanoclays to EPCs not only leads to improved mechanical properties but higher
thermal stability [37]. Rahmat et al. [8] from their work on the addition of nanoclay
to rice husk reinforced polypropylene composite observed an improved tensile
strength and modulus compared to the rice husk—polypropylene composite.
Ashori A. et al. also found that introduction of nano-silica in rice husk and beach
bark-Propylene composite enhanced the physical and mechanical properties like
flexural strength whereas the tensile properties suffered due to the high weight
fraction of the fiber incorporated [38]. Nanocellulose fibers, whiskers etc. have all
led to improved optical, electrical, magnetic properties etc. of the produced EPC
thus opening new grounds for engineering applications.

Fig. 2 Polymer composites produced with Breadfruit shell [31]
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1.3 Properties of Eco-friendly Composites

Eco-friendly polymer composites are known to offer very enticing benefits. Besides
their ability to degrade without damage to the environment, they are also known for
their high strength to weight ratio, low density, excellent corrosion resistance [39].
Aside from that, its constituents are abundant, cheap and renewable [40], thus there
is an assured supply means. Some of the properties of eco-friendly composites can
be summarized in Table 1.

1.4 Challenges in the Processing of Eco-friendly
Composites

Although eco-friendly composites posit material for the future most are lignocel-
lulosic which are highly polar in nature. Therefore coupling with nonpolar matrix
leads to poor adhesion at the interface and hence properties that are lower than
expected. Addition of hydrophilic fibers to hydrophobic matrix reduces the
mechanical strength of the composite formed due to incompatibility between the
fiber and matrix. Likewise, nonuniform dispersion and agglomeration of nanopar-
ticle lead to a discrepancy in result [8]. To combat this modification of the surface
of the fibres have been seen to be a plausible solution. Therefore some research into
biobased composite has been done with the aim of finding the right surface treat-
ment so as to enable proper compatibility. This has been done using varied means
ranging from chemical treatment (mercerization, silane treatment, acetylation etc.),
physical methods (stretching, calendering, thermo treatment), electric discharge
(corona treatment, cold plasma etc.) [42].

The collection, storage, transportation and economics of production is another
defying factor that hinders the use of cereal by-product, straw, shell and other
agricultural residues in composites [43]. However, research focused on the use of
these materials have also followed a developmental market, which has led to the
birth of a new market opportunity for these surplus inexpensive field crop husks.

Other challenges include the fact that most reinforcement used in producing
eco-friendly polymer composites are difficult to get in the continuous fibrous state.

Table 1 Properties of eco-friendly composites [35, 41]

• Renewable source of reinforcement/matrix • Reduced dermal and respiratory irritation

• Biodegradable • Acoustic absorption

• Low density • Enhanced energy recovery

• Good stiffness and strength • Reduced tool wear

• No off-gassing of toxic compounds • Reduced fogging behaviour

• Less spintering • Favourable processing properties
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Moreover fiber quality of plant-based fibers is dependent on many factors includ-
ing, the age of the plant, retting method etc. [44–46]. The final properties of
composite materials depend on fibre properties (morphology, surface chemistry,
chemical composition and crystalline contents) as well as matrix properties (nature
and functionality) [43]. Bledzki A. J. et al. compared the properties of by-products
like barley husk, coconut shell and softwood as reinforcement for thermoplastics
like polyethylene. Morphological analysis showed that coconut shell had a rela-
tively smooth morphology. Water absorption behaviour showed that softwood
absorbed the highest quantity of water in the first few days. This can be ascribed to
the hemicellulose content of the fillers. Barley husk showed best tensile and impact
strength whereas coconut-shell shell exhibited the best elongation at break.
Addition of coupling agent (MA-PP) led to increased tensile properties and a
minimal change in impact strength [43].

1.5 Opportunities

EFCs promises sets of materials with excellent environmental compatibility. Aside
from serving as a possible alternative to varying already existing materials, they also
provide a chance for the better utility of assumedwaste.One of the class of eco-friendly
composites that have been gaining relevance is the wood polymer composite which
canbe a goodalternative towood and as suchhelp to relieve the pressure on the forestry
industry. This class of EFC has found application as structural parts for low-cost
buildings, cabinet, and upholstery etc. Incorporation of nanoclays has also led to the
improved thermal stability of polymer matrix composites without affecting their
ecofriendliness thus offering an opportunity for use at higher temperatures [47].

Incorporation of other nanoparticles like nanocellulose in biodegradable polymers
like PLA has made it possible for applications in areas like tissue engineering, seizure
for wounds etc. in food packaging industry these class of materials are of high demand
due to their biodegradability, ability to form barriers to gases and repel water. Other
areas of application of EFCs include as biosensors, tissue engineering etc. [48].

Likewise, polymer blend which has been identified as one of the ways to curtail
the inherent poor properties of some biodegradable polymers. PLA which is a
thermoplastic is known for its brittleness, poor crystallinity and poor impact
strength. However blending with other polymers like PBS, rubber, Polypropylene
has helped to improve its properties. Polymer blends have found application in the
textile industry amongst other engineering applications.

2 Processing of Eco-friendly Composites

The trend in design and processing of polymer composites is one that has continued
to evolve, the fact that can be attained to the development of new reinforcement and
a better understanding of the effect of the interaction of the matrix and
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reinforcement. Traditionally, polymers are classified as either thermosets or ther-
moplastics. Thermoplastics are known for having branched chains. Notable among
them are PEEK, PP. PA-6, PPS etc. and are known for varied application in
aerospace and automobile industry due to properties like high chemical resistivity,
fracture toughness and crack growth resistance. Though they can be reshaped via
heating and cooling, they have lower stiffness and strength compared to thermosets.
Thermosets, on the other hand, are made by crosslinking or chain extension of
monomer chains mostly under low heat and pressure in a processing called curing.
They are characterized by rigid three-dimensional structures and high molecular
weight and normally decompose before melting, unlike thermoplastic. This can be
via poly-condensation, copolymerization or homo-polymerization with a catalyst as
in the case of epoxy. Popular thermosets include epoxy, acrylic, polyester, poly-
urethanes, vinyl ester etc. and have found application as electrical insulators,
waterproof coating, circuit board, car parts etc.

Most of the polymers mentioned above are synthetic polymers though when
mixed with natural fibers or agro-wastes form eco-friendly composites.
Nevertheless, naturally occurring polymers also can also be classified as based on
the subunit (mer group) as seen in synthetic polymers. PLA is a biodegradable
aliphatic thermoplastic polyester, polyhydroxyalkanoate is also a polyester. These
polymers are (bio)degradable polymers due to the potentially hydrolysable ester
bonds and relatively short aliphatic chains present in the macromolecules [49].
Other biopolymers include naturally produced polymers like poly-3-
hydroxybutyrate (PHB), polyhydroxyvalerate (PHV) and polyhydroxyhexanoate
(PHH); synthetic ones like Polybutylene succinate (PBS), polycaprolactone (PCL);
Cellulose esters like cellulose acetate and nitrocellulose and their derivatives; starch
and its derivates among others. Nevertheless, the chemistry of the matrix and fiber
plays an important role in the processing of composite and as such requires a quick
preview.

2.1 Chemistry of Eco-friendly Composites: Matrix
and Fillers for Production of EFC

Research has shown that the behaviour of composites is dependent on the integrity
of the bond between the matrix and reinforcement. Eco-friendly composites are
made up of materials with differing chemical make—up and hence exhibits dif-
fering behaviour. Thus for a proper understanding of this material, it is pertinent to
look at the chemistry of the components which are the matrix and reinforcement.
The matrix is one of the most important parts of a composite. Aside from dis-
tributing stress and acting as a bonding agent, it also shields the reinforcement from
the external environment. In eco-friendly PMCs, the matrix can either be synthetic
or natural polymers. Natural polymers can be derived from renewable sources or
from petroleum. However, some synthetic based polymers can be derived from
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renewable sources For instance polyamide can be synthesized from castor oil. One
of the most widely used matrices is Poly(lactic acid (PLA). It can be produced by
different methods like direct polycondensation. Other methods include azeotropic
condensation polymerization, solid state polymerization, coordination-insertion
mechanism which involves the use of catalysts like metallic alkoxides. PLA has
high transparency and elastic modulus can be thermoplastically processed like
conventional plastics and has been widely used in the development of disposable
products, such as disposable cutlery, cups, and films. Its brittleness at room tem-
perature and hydrolysability have limited its application. Another important natural
occurring eco-friendly polymer used as the matrix is starch. Starch a
semi-crystalline biopolymer is a branched homopolymer of glucose, with a-(1!4)
linear links and a-(1!6) branched links and is the main carbohydrate reserve in
roots, tubers, seeds, fruits, cereals etc. It is normally made up of amylose and
amylopectin and depending on the source of origin, the granules can vary in size,
shape, chemical composition and structure [50]. Starch in granular form has limited
processability and as such is often blended with other polymers. Chitin and its
derivative chitosan is another important and widely used natural polymer. This
polymer is derived from the exoskeleton of insects, crustacean, insects, arthropods.
Chitin has limited solubility in diluted acidic aqueous solutions unlike chitosan.

However due to its, availability, low cost, high biocompatibility, biodegrad-
ability, antimicrobial property, ease of chemical modification and excellent
film-forming ability. This polymer also possesses properties, including its high
viscosity, charge distribution, and release mechanisms, making it particularly
suitable as a carrier this polymer has wide range application from the biomedical to
industrial areas [50, 51]. Aside from cellulose, poly(hydroxyl butyrate) (PHB); a
naturally occurring polyester produced by numerous bacteria in nature as an
intracellular reserve of carbon or energy; guar gum, non-ionic polysaccharides
another natural occurring polymer used as matrix. Just like natural occurring
polymer matrices, the biodegradable polymer matrix can be derived from synthetic
sources like fossil fuel via processes like polycondensation. Poly(e-caprolactone)
(PCL) is a biodegradable and biocompatible polymer manufactured by the
ring-opening polymerization of e-caprolactone (CL). PCL has a flexible chain,
exhibits a high elongation at break, low modulus and the low melting point which is
its major drawback. However, it is normally blended with other polymers to
improve stress crack resistance, dyeability, and adhesion. Poly(butylene succinate)
(PBS) is another biodegradable aliphatic thermoplastic polyester produced through
the condensation polymerization. It has been blended with PLA and has found
applications in the textile sector. Others include Poly[(butylene succinate)-
co-adipate] (PBSA) an environmentally friendly biodegradable thermoplastic
polyester made of butylene succinate adipate random copolymer, poly(butylene
adipate-co-terephthalate) (PBAT), an aliphatic-aromatic liner random copolyester
synthesized by polycondensation reaction of 1,4-butanediol in the presence of
adipic and terephthalic acids etc. [51].

Reinforcement is generally responsible for strengthening the composite and as
such to improve the mechanical properties of the composite. Thus it can be said that
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composites are designed in such a way that the loads applied can be supported by
the reinforcements. Reinforcements can be present in different formats e.g. spher-
oids, spherical, short or continuous fiber, whiskers, platelet etc. However, the most
common form of reinforcements is fibers and particulates.

Fibers are classified as materials whose length is much longer than its width.
They are generally known for their strength and stiffness; properties which have
been taken advantage of in fiber reinforced composites. Fibers can be natural or
synthetic. Synthetic fibers can be organic or inorganic based on having carbon
basis. Natural fibers can be categorized based on sources: animal, plant (lignocel-
lulosic) and mineral fiber as shown in Fig. 3.

Plant-based fibres are classified according to the part of the plant where they are
obtained such as leaf, seed/fruit, stem and bast. Properties of natural fibres vary
considerably depending on the fibre diameter, structure, degree of polymerization,
crystal structure and source, whether the fibres are taken from the plant stem, leaf or
seed, and on the growing conditions. Generally, plant fibres consist of cellulose,

Fig. 3 Classification of fibers [52]
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hemicellulose, lignin, pectin and waxes. Cellulose is a linear condensation polymer
consisting of D-anhydroglucopyranose units joined together by b-1,4-glycosidic
linkages. The molecular structure of cellulose, which is responsible for its
supramolecular structure determines many of its chemical and physical properties.
In the fully extended molecule, the adjacent chain units are oriented by their mean
planes at the angle of 180° to each other. Thus, the repeating unit in cellulose is the
anhydrocellobiose unit, and the number of repeating units per molecule is half a
degree of polymerization which may be as high as 14,000 in the native cellulose
[53]. It provides strength, stiffness and structural stability of the fiber [54, 55].
Reinforcing efficiency of natural fiber is depends upon the nature of cellulose and
its crystallinity. Depending on the type of fibre, cellulose has its own cell geometry
which is responsible for the determination of mechanical properties of plant fibres
[53, 56] (Fig. 4).

Hemicellulose occurs mainly in the primary cell wall and has branched polymers
containing five and six carbon sugars of varied chemical structures. It differs from
cellulose in three aspects firstly it contains several sugar units, exhibits a consid-
erable degree of chain branching containing pendent side groups give rise to its ion
crystalline nature and its degree of polymerization (DP). In the case of hemicel-
luloses it is 50–30 but in cellulose is 10–100 times more than that of hemicelluloses.
Hemicellulose is very hydrophilic, soluble in alkali and easily hydrolyzed in acids
[58]. Hemicellulose found in the natural fibers is believed to be a compatibilizer
between cellulose and lignin [53].

Lignin is a complex hydrocarbon polymer with both aliphatic and aromatic
constituents and it is totally insoluble in most of the solvents and can’t be broken
down into monomeric units. It is considered to be a thermoplastic polymer having a
glass transition temperature of around 90 °C and melting temperature of around
170 °C. It is totally amorphous and hydrophobic in nature. It is not hydrolyzed by
acids, but soluble in hot alkali, readily oxidized and easily condensable with phenol
[55, 58] hence it often used to partially replace phenol in the phenolic and
lignophenolic pre-polymers to produce composites with thermoset matrices. Lignin
keeps the water in fibers, acts as a protection against biological attack and as a
stiffener to give stem its resistance against gravity forces and wind [53].

Pectin is a collective name for heteropolysaccharides. They provide flexibility to
plants. Pectin structure is complex and their side chains are often cross-linked with
the calcium ions and arabinose sugars [58]. Pectin is soluble in water only after a

Fig. 4 Chemical structure of cellulose [57]
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partial neutralization with alkali or ammonium hydroxide. Pectin is normally
removed so as to separate cellulose from hemicellulose in stems. Waxes make up
the last part of fibers and they consist of different types of alcohols [58]. They are
insoluble in water as well as in several acids. The lignin, hemicelluloses and pectin
provide the adhesive to hold the cellulose framework structure of the fiber together.
Natural fibers are also composed of a small amount of organic (extractives) and
inorganic (ash) components. Organic extractives are responsible for the colour,
odour and decay resistance, and inorganic matters enhance abrasive nature of the
fiber [55]. It is pertinent to point out that cellulose is one of most common
biopolymers on earth and has found applications in various industries.

Animal-based fibers are derived from the hair, wool, and silk comprising mainly
of protein and silk. Hairs and wools are made of protein and got from creatures e.g.
Sheep’s downy, goat hair, horse hair, alpaca hair, and so forth. Silk fiber is the
filaments gathered from the dry saliva of bugs or crawling creatures cocoons. Avian
strands are the fiber from fowls [59].

With regards to particulates, shells like an eggshell, periwinkle shell with cal-
cium base are very common. Agrowastes like rice husk, bagasse ash, husks, wood
dust etc. are on the side with regard to having a cellulose base. For use as particulate
reinforcement is also clays. Clays are one of the most important minerals in the
earth and have found varied applications in many sectors [60]. Although they are
known to be hydrophilic, Nanotechnology has made it possible for a modified class
of clay called nanoclay which have been found to improve quality of the product,
save cost and doesn’t harm the environment [61].

2.2 Various Processing Methods

Processing of PMCs entails a blend of both thermal and or mechanical process.
However, a processing method to be used depends on the type of resin (thermo-
plastic or thermoset), nature of reinforcement (fiber or particulate) and even the size
of the reinforcement (micro or nano-sized) [62]. In some processes, the matrix and
reinforcement are combined in the mould whereas in some the reinforcement is
incorporated into the matrix in a pre-moulding operation which is later used in
moulding the composite part [62]. Generally, the extent of dispersion of a filler in a
matrix determines the properties. Unlike in micro-sized particles where interfacial
adhesion shows the extent of wettability, nano-sized particulates especially nan-
oclays are dependent on the extent of exfoliation and intercalation. Thus to achieve
a homogenous mix, less conservative techniques have been developed. The char-
acteristics of various processing techniques for eco-friendly composites will be
highlighted and discussed here. However, the selection of the right process based
on the geometry of the part, scale, cost and mechanical properties is key in
achieving optimum properties from the composite.
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Hand lay up

This is one of the most popular fabrication technique. Known for its low cost
compared to other techniques, it involves the manual application of a laminate ply
or woven fibers before the resin is poured to wet the fibers. A roller is used to
ensure the uniform spread of the resin on the fibers and remove entrapped air before
the composite is allowed to cure. Though it offers a cheap method of producing
composites especially for academic researchers, its industrial application is minimal
because of low production rate and limited volume fraction of the reinforcement
that it can accommodate [63]. Also mixing of the resin is dependent on the oper-
ator’s skill and this method is mostly used for resin with a low viscosity like epoxy,
polyester, phenol etc. Many works on natural fiber reinforced polymer matrix
composites have been done using this method.

Spray up method

In spray up method, chopped fibers and resin are made to mix at the tip of a spray
nozzle before falling into an already prepared mould. Just like in hand lay-up,
rollers are used to remove entrapped air. Spray up technique offers an efficient way
of producing thermosetting PMC as it can accommodate more variety part sizes as
well as the higher volume fraction of reinforcement compared to hand lay-up. But
the skill of operator/worker plays a vital role in determining the final quality of the
composite part produced [63].

Bag moulding

This involves preparing continuous prepregs which area continuous sheet of fibers
already preimpregnated with a layer of the thermoset resin, staking up precuts of the
prepregs in a mould, covering with a thin polymer film and curing in an autoclave
or a press at a higher temperature. In this method, pressure and vacuum are used to
remove excess resins, consolidate the layers of the prepregs while the resin cures.
Though a slow and labour-intensive method, it is used in producing parts with
accurate fiber orientation, minimal void and controlled fiber volume fraction [62].

Filament winding

Known for producing hollow structural parts using thermosetting resins, it entails
pulling a band of continuous fibers through a tank filled with catalyzed resin which
will be wound round a rotating mandrel. The resin-coated fiber band is also tra-
versed back and forth along the length of the rotating mandrel to create a helical
winding pattern. The winding angle can be varied by controlling the mandrel speed
and the traversing rate of the fiber band. The part is cured in an oven, and the
mandrel is removed to create a hollow shape. In some applications, such as oxygen
tanks, the mandrel is not removed after curing, and it becomes a part of the
structure. One of the primary advantages of filament winding is the ability to control
resin usage and minimal fiber is used. However, the difficulty in laying fiber exactly
along the length of the component and high cost of mandrels especially in pro-
ducing large components makes it less economical [62, 63].
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Pultrusion

This is a process of producing long, straight composite part using continuous fibers.
This method of pulling continuous fibers through a tank containing already cat-
alyzed thermosetting resin then through a heated die where the resin-coated fibers
are cumulated to form the shape being produced. Curing takes place as they move
along the length of the die. For industrial application, parameters like the method of
preheating, die temperature, pulling speed has to be set down. Pultrusion provides a
fast and economical way of impregnating and curing fibers using an enclosed
impregnation area thus limiting volatile emission. On the other hand, it is limited to
the production of constant or nearly constant components and cost of heating the
dies cannot be overlooked. However, it can be used in producing natural fiber
reinforced polymers composites [63].

Compression moulding

Here the composite materials are laid between two moulds before heat and pressure
are applied for curing to take place. Varieties of this method exist including bulk
moulding compound (BMC), thick moulding compound (TMC), sheet moulding
compound (SMC) and wet lay-up compression; all depending on the type of
moulded materials [63]. It is known for the rapid production of large quantities of
complex parts, part design flexibility; however, the tooling cost is high due to high
pressure involved though it can be used to produce parts with the good surface
finish.

Resin transfer moulding

This is a very popular liquid composite moulding method. Here dry fiber preform is
placed in the mould and thermosetting resin already mixed with a catalyst or curing
agent is injected into the mould under pressure. As the prepolymer resin enters the
mould, it displaces air and wets the dry fiber with curing occurring at room or
elevated temperature. Compared to bag moulding and compression moulding,
tooling cost is low as the resins are transferred under low pressure. However
improper impregnation of parts can occur leading to increased cost due to the
scrapping of the parts. A variant of this method called structural reaction injection
moulding (SRIM) is used in cases of resins like polyurethanes due to the high
reactivity of the chemicals used in making the matrix.

However, due to the introduction of phases with varying morphologies and at the
same time need for proper dispersal, new methods have also come up. Some of
these include extrusion followed by injection moulding, melt extrusion, melt
compounding followed by compression moulding, direct melting, one step in situ
solution polymerization, injection moulding and solution casting after gelatinization
[64]. Extrusion is a process of converting a raw material into a product of uniform
shape and density by forcing it through a die under controlled condition. It is
basically used for thermoplastic composites. It can modify the thermal stability,
mechanical strength, elongation, adhesive strength and other mechanical properties
of polymers [65]. A variant of extrusion method called solid-state extrusion process
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which involves solid deformation of polymers which makes it possible to highly
oriented structures in quite substantial cross sections for engineering and scientific
studies have been studied by [66] where a haul-off is used to pull the composite
through the die. Injection moulding is one of the most widely used polymer matrix
composite processing techniques. Here the filler used is either short fibers or par-
ticulates. In this method, polymer granules and reinforcement are fed into a heated
rotating barrel through a hopper. Heat in the barrel melts the polymer pellets while
the shearing action of the rotating barrel mixes the polymer melt and filler. The
molten composite is then injected into a mould. One of the widely used types of the
extruder is the twin screw extruder. However other parameters like speed, tem-
perature etc. affect the properties of the mould. Bledzkiet al. used this method to
fabricate NFC composite [43].

Intercalation method is a top-down approach that is based on the exfoliation
property of layered silicates like montmorillonite, mica and other nanoclays. Here
clays already modified with organic surfactants like amino acid, imidazolium, and
phosphonium salts are used as inorganic fillers by intercalating an organic com-
pound into the interlayer space of the silicate. Treatment of the silicate is done to
make it be hydrophobic enough to properly mix properly with the matrix.
Intercalation can be direct (mechanical technique), in situ (chemical technique) or
via melt compounding [67]. Nevertheless one of the major problems with this
technique is incompatibility [48]. Unlike in the normal intercalative method, In situ
polymerization method or in situ intercalative polymerization method involves
polymerization reaction. Here nanoparticles are mixed with a monomer or mono-
mer solution and the polymerization reaction is allowed to take place. Proper dis-
persion of the particulate in the monomer is very important in this method and as
such surface modification is often carried out [67]. This method allows surface
modification on the nanofillers without drying. It is one of the most successful
methods of producing polymer nanocomposites. Examples include Polyamide 6—
clay nanocomposite [48].

Solution polymerization involves exfoliating layered nanoparticles like silicates
into single layers using a solvent in which the polymer is soluble. Predispersed in a
solution of the polymer, allows the fillers to be finely dispersed in the polymer
matrix after which the solvents are later removed by evaporation. However certain
polymers are not soluble in conventional low boiling point solvent which limits the
application of this method to some polymer matrix [67]. Nevertheless, use of
ultrasonic waves can be employed if there is low viscosity. Melt compounding or
blending involves mixing the nanofiller with a polymer melt. Unlike solution
polymerization, no solvent is required however the level of intercalation depends on
the compatibility between the matrix and filler. Melt compounding depends on the
shear can be less effective than in situ polymerization in producing an exfoliated
nanocomposite. Thus for better exfoliation ultrasonic mixing which provides high
shear force has been proposed. However, due to the weakening of this force when
the viscosity is high, it would be difficult to achieve uniform dispersion of the
nanofillers into the polymer melts on a large scale [67]. This is one area where
solution polymerization has an upper hand [48]. Other methods include emulsion
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polymerization which has the advantage of no environmental concern as in solution
polymerization but involves the use of surfactant and stirring, ultrasound irradiation
etc.

Although various techniques exist, new ones continue to evolve with respect to
the manufacturing of composites. Tanahashi [67] developed a new method of
fabricating nanocomposites that are based on the conventional simple melt com-
pounding technique and does not require surface modification. The concept is based
on the fracture strength of agglomerates of the dispersed particles and involves
preparing agglomerates with a porous structure, before melt compounding.
Nevertheless, the key to successful dispersion lies in having agglomerates with a
low strength which can be easily broken down by shear stress induced during melt
compounding. With respect to the environment, this method was seen to be envi-
ronmentally friendly since it doesn’t require chemicals used in the in situ and
sol-gel method, is more suitable for large-scale production since its more com-
patible to industrial processes like extrusion and injection moulding. Moreover, it
allows for the use of polymers not suitable for in situ polymerization, sol-gel and
solution mixing [67]. In likewise manner new concepts like automated tape lay-up
(ATL) and automated fiber placement (AFP) which entails the introduction of
computer-guided robotic are also enroute. However it is pertinent to point out that
each method is unique with its shortfalls and advantages, integration can also be
done to achieve better results. For instance in polymer nanocomposites, better
intercalation has been achieved using an extruder with the polymer in a melt.
Moreover, the condition of the reinforcement (natural fibers and particulates) should
always be taken into account when considering the method of choice.

2.3 Effect of Processing Technique

Literature reviews have shown that processing techniques affect the properties of
the composite. Diez E. A. while using extrusion method to produce a semicon-
ductive polymeric composite observed that extrusion temperature and screw speeds
did not have a much significant effect on the electrical properties of the composite.
But with respect to screw type, use of conventional screw gave better result
compared to barrier screw [68]. Processing conditions like draw ratio, temperature,
speed have been observed to affect the properties of composites produced by
extrusion [66, 69]. Cai et al. from their work on the effect of temperature and draw
ratio on the mechanical and morphological properties of a wood-polymer composite
made with polypropylene and wood flour observed that density, tensile strength and
tensile modulus increased with draw ratio. This was seen to be due to a high degree
of orientation and morphology achieved due to use of solid state extrusion.
Elongation at the break, on the other hand, decreased with increasing draw ratio
which was attributed to increase in crystallinity. With regards to temperature,
density and tensile modulus decreased with increasing die temperature whereas
elongation at break and tensile strength increased [66].
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Feldmann M. et al. studied the influence of process parameters on the
mechanical properties of a bio-based polymer composed produced via extrusion.
Polyamide from castor oil was used as matrix while chopped man-made cellulose
was used as reinforcement. Thermogravimetric analysis shows different screw
configurations and processing temperatures have an influence on the mass loss of
the compounds. Also, different screw configurations and temperature settings led to
minor deviations in the mechanical properties and the morphological structure of
the bio-compounds [70].

Kadam and Mhaske [71] also looked at the effect of reprocessing via extrusion
on the properties of nylon 6/talc nanocomposite and observed that reprocessing of
the composites up to three times leads to a decrease in mechanical properties.
However, with regard to the concentration of nanotalc, the mechanical properties
increased showing that the decrease in mechanical properties of the composite was
due to degradation of nylon 6 as was also confirmed by thermal and rheological
analysis. Poletto M. looked at the effect of processing condition on cellulose fiber
reinforced polystyrene composite. The result of his study showed that extruding at
400 RPM improves the mechanical and dynamic properties of a composite due to a
reduction in fibre size, increasing the superficial area of the fiber and as such more
contact area with matrix [72]. Reprocessing has also been observed to affect the
properties of composites especially when recycling is of primary concern.

Nevertheless, the effect of processing parameters also seems to be a function of
the polymer involved. Peinado V. et al. found out from their work on the
mechanical and rheological properties of reinforced PLA that reprocessing and
recycling via extrusion of this bio-based material doesn’t have a significant effect on
the mechanical properties. A number of extrusions were also seen to not have any
effect on the flexural and tensile modulus of the virgin matrix and composite.
Rheological studies also showed that on extrusion, the viscosity of natural PLA
decreased as expected due to chain degradation especially above 190 °C. However,
the composite having nanoclay showed high viscosity values [69].

Although processing parameters affects the interfacial adhesion, addition of
compatibilizers do affect the end product as observed by Gunning et al. [65] who
explored the effect of compatibilizer content on the mechanical properties of a
bioplastic like polyhydroxybutyrate (PHB) produced via hot melt extrusion. The
result showed that addition of compatibilizers to PHB resin reinforced with hemp,
jute and lyocell fibres respectively increases resistance to water absorption,
improves fiber dispersion, melt flow index and improved flexural modulus.
Likewise some processing techniques like film stacking requires pressure, the effect
of pressing parameters like pressure and pressing time have been seen to have
significant effect on properties of eco-friendly composites [73] from the study on
PLA/Flax fibre, PLA/Jute fibre and PLA/cotton fibre composite prepared via film
stacking showed PLA/Flax fiber showed the best combination of tensile and flex-
ural strength. All in all with higher pressure, and longer pressing time, the adhesion
between the PLA and the fibers is improved which causes significant increase on
the mechanical properties [74] also observed that in a polyester-kenaf fiber
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composite, pressure was the only production condition that had significant impact
on the mechanical and water absorption behavior of the composite.

Dispersion method has been seen to affect the mechanical behaviour of com-
posites especially ones with nanoparticles as observed by Agubra et al. [75].
Karripal et al. [36] used ultrasonification method to disperse nanoclay particles in a
hybrid composite made of epoxy, glass fibre and nanoclay. Using nanoclay ranging
of 0, 2, 3, 5 and 6 wt%, they observed that tensile and flexural strength, as well as
the moduli, increased up to 5 wt% fraction. This was attributed to improvement in
the dispersion of nanoclay and interfacial adhesion between the matrix and nan-
oclay which helped in restricting chain mobility. Interlaminar shear strength (ILSS)
and hardness of the composite also increased up to 5 wt% before decrease of which
was attributed to lesser uniformity in the dispersion at higher weight fraction.

Morphological analysis revealed higher fiber pullout at higher weight fraction
which can be due to agglomeration of the nanoclay particles and as such improper
wetting. DSC scan, on the other hand, revealed a lower glass transition temperature
above 2 wt% nanoclay which can be due to the alteration of chain kinetics due to
interaction with the particles. Khoo et al. [16] studied the properties of poly (lactic
acid) (PLA)/CNC nanocomposite prepared using solution casting technique.
Cellulose nanocrystals (CNC) were synthesized by acid hydrolysis of microcrys-
talline cellulose (MCC) powder. Morphological analysis using Energy-filtered
transmission electron microscopy (EFTEM) studies showed that the CNC exhibited
needle-like structure (approximately 10–20 nm in width and 250–300 nm in
length), which is a typical measurement found in wood-based nanocellulose. DSC
analysis showed that CNC (up to 5 wt%) is capable of acting as nucleating agent for
PLA whereas TGA analysis showed that the of decomposition temperatures PLA/
CNC nanocomposites were higher than that of pure PLA. Zaini A. S. S. M. et al.
evaluated the effect of UV radiation on the mechanical properties of wood polymer
composite produced using rice husk, waste fibre and polypropylene. The result
shows that with increasing number of hours of exposure to UV radiation, the
compressive strength and impact energy decreased whereas density remained barely
the same [29].

3 Challenges

3.1 Drawbacks in the Processing of EFCs

The difference in hydrophilicity between polymers and reinforcement has been a
core challenge in producing polymer matrix composite. This hydrophilicity results
in incompatibility with the hydrophobic polymer matrix. Hydrophilicity of natural
fibres indicates the high moisture absorption of the fibres which is the main reason
of the weak adhesion to hydrophobic matrices and this causes the produced com-
posites to fail in wet conditions through surface roughening by fibre swelling or
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delamination. Moisture present during manufacturing will lead to poor process-
ability and low mechanical performance of the composite. Natural fibers also have
the tendency to form aggregates during processing, poor moisture resistance,
inferior fire resistance, lower durability, variation in quality and price, and difficulty
in using established manufacturing process. The major cause for this drawback is
the presence of hydroxyl and other polar groups in natural fibres which makes them
hydrophilic in nature.

Subsequent to this the majority of natural fibres have low degradation temper-
atures (˂200 °C) which are inadequate for processing with thermoplastics with
processing temperatures higher than 200 °C. Interfacial treatments can improve this
condition either through surface treatments, resins, additives, or coatings.
Nourbakish et al. [38] observed that even though the eco-friendly composites
showed good mechanical properties, water intake was also high which was
attributed to the high content of the lignocellulosic materials present in the com-
posite. absorbed by the cellulosic material in the composite. As mentioned, the
water absorption of composites is due to the hydrogen bonding of the water
molecules to the free hydroxyl groups present in the cellulosic cell wall materials
and the diffusion of water molecules into the filler-matrix interface. Additionally,
large numbers of porous tubular structures present in fibers accelerate the pene-
tration of water by the capillary action [38]. Modification of the surface seems like a
viable option as shown by various studies. Silane treatment is used to stabilize
polymer composites reinforced with natural fibres by treating the fibres to resist
water leaching. Here silicon is accumulated in the cell lumina and bordered pits of
fibres thus plugging pathways for penetration of water [76].

Acrylation pretreatment of fibers provides covalent bonds across the interface.
Through such treatment, the surface energy of the fibers was increased, thereby
providing better wettability and high interfacial adhesion. Pretreatments with per-
manganate are conducted by using a different concentration of potassium per-
manganate (KMnO4) solution. Plasma treatment is another effective method to
modify the surface of natural polymers without changing their bulk properties.
Microwave treatment, corona plasma are some of the common plasma treatment
methods. The type of ionized gas and the length of exposure influenced the mod-
ification of the wood and synthetic polymer surfaces. Most of the chemical treat-
ments have been found to decrease the fiber strength due to breakage of the bond
structure, and disintegration of the noncellulosic materials but silane and acrylation
treatment lead to the strong covalent bond formation and the strength was enhanced
marginally.

Cruz and Fangueiro [77] in his review of the effect of different modification
method on the properties of eco-friendly composite showed that modification
improves the properties of the composite by creating sites for proper interfacial
adhesion. Chern et al. [78] in their work on the effect of addition of hydrophilic
nanoclay on oil palm mesocarp fiber-reinforced polylactic acid/polycaprolactone
blend observed that addition of the hydrophilic nanoclay not only led to band shift
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as shown by FTIR test but improved tensile, flexural and impact strength thus
suggesting that it can act as a compatibilizing agent.

Thermogravimetric analysis showed that improved thermal stability which was
attributed to the ability of clay to hinder permeability of volatile degradation. Also,
an improved glass transition temperature was also observed due to the incorporation
of clay. However soaking time, the concentration of solution etc. helps to determine
the success of this method. Longer soaking time leads to fiber degradation and as
such reduction in mechanical properties of the composite. Use of compatibilizer/
coupling agents has also been tried as an alternative means of improving the
adhesion between the fiber and matrix [43]. Observed that addition of MA-PP to
barley husk, softwood and coconut shell improved the tensile strength. Zaaba et al.
[79] in their work on modification of peanut shell powder with polyvinyl alcohol
showed that the modified peanut shell powder showed better interfacial adhesion to
the matrix than the unmodified one.

Also, the cost of using chemicals to improve the surface of natural fibres have
been highlighted as one of the shortfalls of using natural fibres. However [65] found
that use of cost of using compatibilizers like is substantially when compared to the
virgin matrix, but same cannot be said of another method of improving the inter-
facial adhesion. Lower thermal stability of most natural fibers has made processing
of EFCs difficult as high processing temperature leads to fiber degradation. This is
supported by morphological and thermal analysis of most EFCs. The high vari-
ability in diameter and length of fibers is another major drawback. This can be as a
result of the environment where the fibre is obtained from.

3.2 Work on Eco-friendly Composites and Effect
on Properties

Composites generally are materials where the addition of reinforcement to a matrix
helps in bringing out a new class of material with more improved properties. In
composites, PMCs have come out as the most prevalent [80] due to the ability to
combine materials from different sources and morphologies i.e. particulates and
fibers, natural and synthetic, micro, micron and nano to produce a more superior
material. Use of different kinds of reinforcement in PMCs have been studied for
decades ranging from oxides like Al2O3, MgO, SiO2, Fe2O3; fibers like PET fibers;
carbides like SiC etc. [81]. However, most of the studies started with the use of
synthetic reinforcement but the incorporation of green fillers in a bid to create a
more environmentally friendly material has also been seen to be able to perform
comfortably well in various regards thus pushing for a total replacement of syn-
thetic materials with green based ones. With regards to tribology, Hassan [82]
showed that addition of eggshell particulates to polyester improved both the
compressive strength and hardness of the composite (Figs. 5, 6 and 7).
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Fig. 5 Eggshell samples. a Uncarbonized, b uncarbonized (ground), c carbonized, d carbonized
(ground) [82]
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Aigbodion et al. [30] show that incorporation of Baggase ash in recycled
low-density polyethylene improved the wear resistance. Similarly, Aigbodion and
Asuke observed that carbonization of agro-wastes like periwinkle shell particles
before use as reinforcement also affects properties like wear resistance and hardness
where the carbonized particles showed better hardness and wear resistance [81]
(Figs. 8 and 9).

Likewise [83] showed that with increasing weight fraction of particulates of
orange and pomegranate, the composite showcased better wear and hardness result.
Atuanya et al. [84] also observed that addition of bean pod particulates to
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low-density polyethylene led to an increased hardness, flexural and tensile strength.
The similar result has also been observed by [31, 85, 86]. Other agro-wastes like a
chicken feather, hooves and horns have shown improved dielectric and flame
resistance in resins like polyester, and epoxy [87–89].

According to Omah et al. [90], the addition of cassava cortex to polyester
improved the dielectric properties. A similar result has also been observed by Kiew
et al. [88]. Use of natural fibers like jute, flax, hemp etc. has also shown the
tremendous result. From the review carried out by [91, 92], the addition of these
fibers have not only helped to increase the mechanical properties but also reduce
cost due to the decreased wearing of tools, reduced dermal and respiratory irritation,
enhanced energy recovery [93]. Mohanta N. and Acharya S. K. showed that
incorporation of Luffa Cylindrica fibres in epoxy resin increased the tensile, flex-
ural, impact and interlaminar shear strength of the composite [19] Sound damping
properties of composites have improved due to use of natural fibres [94].

Particle size has been observed to play a major role in the properties of com-
posites. Ameh et al. [95] studied the effect of particle size on properties of date palm
seed reinforced polyester composite. Optimum tensile strength was observed at the
lowest particle size whereas highest hardness was showcased by the composite with
highest weight fraction and particle size. Also, water absorption behaviour was
observed to decrease with decreasing particle size. Shokoufa et al. [96] worked on
the effect of the addition of nanoclay to wheat stalk flour reinforced polypropylene
composite. Improved flexural strength was observed and was seen to be due to the
high apparent coefficient of nanoclay particles which helps to enhance the interface
between the two phases. Singla et al. [97] experimented on the possibility of using
lignin powder as reinforcement for producing a bio-based composite. PLA was
used as matrix while the weight fraction of lignin was varied. Tensile properties
were seen to increase on the addition of the lignin powders which was also sup-
ported by the SEM micrograph which showed significant interaction between the
components. Impact strength decreased due to coarse and non-uniform shaped
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lignin particles which cause stress concentration in the PLA matrix or because of
intrinsic brittleness of PLA and rigidity of lignin particles. Nevertheless, DSC and
FTIR analysis showed the existence of intermolecular interaction with the peaks of
hydroxyl groups of lignin and carbonyl groups of PLA in the FTIR spectra shifting
toward lower wavenumbers thus indicating the presence of hydrogen bonding
interaction between them.

Natural rubber (NR) and epoxidized natural rubber (ENR) are renewable
resources that exhibit a unique combination of toughness, flexibility, biocompati-
bility and biodegradability. Its low cost makes it was an alternative to improve the
toughness of brittle thermoplastics like PLA. Pongtanayuta et al. [98] compared the
morphology, crystallization behaviour, thermal stability and mechanical properties
of PLA/NR blends to that of PLA/ENR blend. Morphological examinations showed
a coarse structure which is due to partial compatibility between the blends.
However, NR at 10% weight gave optimum property though, at a high content of
NR, tensile properties did suffer. Addition of ENR led to a reduced crystallization
ability, thermal resistance and tensile properties of the blend. The rubber particles
behave as stress concentrators enhancing the fracture energy absorption of brittle
polymers and ultimately results in a material with improved toughness. The rubber
particles behave as stress concentrators enhancing the fracture energy absorption of
brittle polymers and ultimately results in a material with improved toughness.

Even hybrid of these materials has not also fallen short of expected properties.
Hybrid composite of coconut coir/chicken feather showed improved flexural
strength [99]. Saikishore et al. [100] also observed that addition of chicken feather
improves impact strength and hardness of the composite. Njoku et al. [101] showed
that compatibility between sisal and periwinkle in sisal/periwinkle/E-glass fiber/
polyester composite led to improved tensile strength.

Polymer blends have been seen as one of the ways of improving the properties of
biodegradable composites. Blending polymer is a simple technique to enhance the
property of the pure polymer. The benefits of blending include providing new
materials with desired properties at low cost, quick formulation changes, plant
flexibility, high productivity and reduction of the number of grades that need to be
manufactured and stored [102]. Hassan et al. [103] also looked at PLA/PBS blend
produced via extrusion. Thermal analysis shows that thermal stability of the blends
was higher than that of pure PLA and the weight loss of PLA/PBS (40/60 wt%) was
lower than neat polymers. DSC thermograms of blends indicated that the thermal
properties of PLA did not change noticeably when blended with PBS. DMA
analysis shows that storage modulus of the blend was lowered which indicated the
increase of molecular mobility by adding PBS due to lower glass transition.
Increasing PBS content led to a decrease in tensile strength because PLA has a
higher tensile strength than PBS and also due to poor stress transfer across the phase
of each polymer. Elongation was increased with increased PBS whereas fracture
behaviour changed from brittle to ductile as PBS increased. However, the impact
strength of the blends was higher than neat PLA [104]. Improvement in impact
strength might be due to the high flexibility of PBS. All in all PLA and PBS have
shown partial miscibility [105]. The tensile strength and modulus of blends
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decreased with the increasing PBS content. But impact strength has improved about
two times compared to pure PLA. Darie-Nita et al. [106] blended Poly(lactic acid)
(PLA) and poly(butylene succinate) (PBS) using a twin screw extruder. Poly
(butylene succinate) (PBS) is a biodegradable polymer, which derived from pet-
roleum resources. PBS has good as well as elasticity and crystallization thus the
addition of PBS could enhance the elasticity of PLA/PBS blend fibers. Tensile
properties of the blend showed good tensile modulus and strength when adding
PBS up to 30 wt%. it was also observed that increasing the PBS contents in the
blends made it difficult for spinning Nevertheless PLA/PBS blends of 90:10 ratio
could be spun and successfully collected at the take-up speed of 50 m/min and can
find application in textile industry.

However, the properties of polymer blend are limited by immiscibility between
neat polymers. To solve this problem, compatibilizers are often used as additives to
improve the compatibility of immiscible blends. The compatibilization could
achieve optimization of the interfacial tension, stabilize the morphology and
enhance adhesion between the phases in the solid state [102]. The effect of
polypropylene/poly(lactic acid) weight ratios on the properties of blend films
compatibilized with polypropylene grafted-maleic anhydride has been investigated.
FTIR spectra confirmed the interaction between compatibilizer and polymers
whereas morphological analysis showed distinct phases of polypropylene and poly
(lactic acid). Increasing of PLA content led to a decrease in melting temperature and
crystallinity. Tensile increased with increasing PLA content, while elongation at
break was drastically decreased however the blend proved to be a better barrier for
oxygen than for water vapour [102].

Use of self-reinforcing polymers have also been looked at self-reinforcement is a
situation whereby the same polymer is used as both matrix and reinforcement. Jia
et al. [105] compared properties of PLA self-reinforced (PLA-SR) to that of
PLA-PBS blend. The composites were made by film stacking and subsequent hot
pressing. Tensile tests show that the tensile strength and elastic modulus of the
PLA SR composite are higher than those of the PLA–PBS composite by more than
40%. This is due to the PLA film itself having better tensile properties than the PBS
film and also due to the stronger interfacial adhesion between the PLA fibre and the
PLA. The toughness of the PLA–PBS composite is more than three times higher
than that of the PLA SR composite because matrix cracking and fibre/matrix
debonding dissipate energy to give a more progressive fracture. This work goes on
to show that the stiffness or toughness of a composite can be tailored to specific
needs by selecting fibre and matrix constituents. Therefore if damage resistance and
tolerance are required, the PLA–PBS composite is more preferable whereas, for
stiffness and strength, the PLA SR composite should be offered a better option
[105].
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4 Current Opportunities

High demand has led to a rise in production capacity for eco-friendly polymers and its
composites. The naturalfibers such asflax or sisal have relatively high stiffness and are
low in cost. Agrowastes like rice husk, bagasse, egg shells, coconut shells are rela-
tively abundant. Annually, billions of tons of agro wastes and natural fibers which
would have been a major source of income are burnt on the field producing all to take
optimum advantage of the constituents in order to produce superior and a more
economical material [7]. Similarly biodegradable polymers market is expanding year
by year due to the demand from various sectors. As at 2015, the production capacity of
biodegradable polymers is expected to be approximately 2.8 million ton/year [50].

4.1 Future Opportunities in EFC

The interest in biopolymers has continued to grow. In the food packaging industry,
use of eco-friendly plasticizers like epoxidized soya bean oil, lactide, PLA oligo-
mer, poly(ethylene glycol) (PEG 2000 or PEG2) poly(ethylene glycol) (PEG 4000)
and for PLA films processing has been studied [106]. Wood-based fillers is another
area that is bound to continue growing. Past decade has seen a rapid growth in the
wood plastic industry. This is due to low cost and reinforcing capacity [107]. The
main application areas of wood flour filled composites are the automotive and
building industries in which they are used in structural applications as fencing,
decking, outdoor furniture, window parts, roofline products, door panels, etc. There
are environmental and economic reasons for replacing part of the plastics with
wood but the wood could also work as reinforcement of the plastics. The elastic
modulus of wood fibres is approximately 40 times higher than that of polyethylene
and the strength about 20 times higher [107].

Continual improvement in the understanding of the chemistry behind the
interplay between the reinforcement and matrix have continued to open more
ground for an increase in the areas of application of various eco-friendly materials.
However, the challenges for the future are in terms of processing, characterization
and the mechanisms governing the behaviour of these advanced materials. The
primary determinant of the performance of a composite material is the interface
between the reinforcing fibre/particulate and matrix.

5 Conclusions

According to food and agriculture organization 2014 handbook, apart from enteric
fermentation; a major contributor to greenhouse gas emission comes from rice
cultivation, crop residue, manure management and burning crop residue [108].
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Therefore in the bid to maintain sustainable development of environmentally
compatible composites at low cost, the study of this class of materials has continued
to pull in increasing research interest with amazing results recorded for various
applications in many areas. Natural fibers especially the lignocellulosic ones are
known for their hydrophilic. However, surface modification and blending have
proved to be a way of modifying the properties. Nanotechnology has also shown to
be a bright burner in the drive towards a sustainable environment by providing an
avenue for environmentally friendly nanofillers to be incorporated as fillers.

All in all, EFCs promises a set of sustainable materials for the future. Though the
tensile strength of composites is dependent on matrix properties whereas modulus is
dependent on filler properties, use of environmentally friendly materials for both
can allow for proper tailoring of the properties of the composite so as to meet both
environmental policy regulation and customer satisfaction.

Our ability to solve the engineering challenges of today and tomorrow is still
being driven by the cost and availability. One needs to overcome this challenge to
achieve the required degrees of success. Our understanding of how materials
interact, how they can be reliably integrated with combinations in functional
requirements have to be explored. The challenges, as well as the opportunities, will
be in the areas of materials development, synthesis, fabrication, integration,
characterization and validating the recycling technologies, which of course aids
capitulate a lot of potential in Innovating new ideas.
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EVOH Ethylene vinyl alcohol
PVDC Polyvinylidene chloride
3D Three-dimensional
AGU Anhydroglucose units
AcGGM/GGM O-acetyl galactoglucomannans
DMF N, N-dimethylformamide
DMA/LiCl N, N-dimethylacetamide/lithium chloride
DMSO/THF Dimethyl sulfoxide/tetrahydrofuran
DMAP 4-dimethylamino pyridine
NBS N-bromosuccinimide
TEA Triethylamine
DS Degree of substitution
MSA Methane sulfonic acid
[BMIM]Cl 1-butyl-3-methylimidazolium chloride
IL Ionic liquid
LC Lauroyl chloride
LH Lauroylated hemicelluloses
HFIP Hexafluoroisopropanol/1, 1, 1, 3, 3, 3-hexafluoro-2-propanol
CDI N, N′-carbonyldiimidazole
SET-LRP Single-electron-transfer mediated living radical polymerization
AcGGM-SH Thiolated O-acetyl galactoglucomannan
PEG-MA Polyethylene glycol monomethacrylate
ETA 2, 3-epoxypropyltrimethylammonium chloride
QH Quaternized hemicelluloses
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MMT Montmorillonite
NaH Sodium hydride
BnGGM Benzyl galactoglucomannan
TBAI Tetrabutylammonium iodide
CHMAC 3-chloro-2-hydroxypropyltrimethylammonium chloride
GTMAC Glycidyltrimethylammonium chloride
METAC [2-(methacryloyloxy) ethyl] trimethylammonium chloride
HPMA 2-hydroxypropyltrimethylammonium
DME 1, 2-dimethoxyethane
PHL Pre-hydrolysis liquor
GTMAC Glycidyltrimethylammonium chloride
METAC [2-(methacryloyloxy) ethyl] trimethylammonium chloride
MeGlcp-Xylan O-acetyl-4-O-methylglucuronoxylan
WH Wood hydrolysate
AG Arabinogalactan
EDC/NHS N-ethyl-N′-(3-dimethylamino)propyl carbodiimide hydroxide/

N-hydroxysuccinimide
TA Tyramine
HRP 260 purpurogallin unit/mg solid
DMT-MM 4-(4, 6-dimethoxy-1, 3, 5-triazin-2-yl)-4-methylmorpholinium

chloride
CuAAC Copper(I)-catalyzed azide-alkyne cycloaddition
AX Arabinoxylan
AGX Arabinoglucuronoxylan
[emim][Me2PO4] 1-ethyl-3-methylimidazolium dimethyl phosphate
[DBNH][OAc] 1, 5-diazabicyclo[4.3.0]non-5-enium acetate
[Amim]+Cl− 1-allyl-3-methylimidazolium chloride
XylC6N3 Di-O-(6-azidohexanoyl)-xylan
PLLA Poly(L-lactide)
PMDETA N, N, N′, N′, N″-pentamethyldiethylenetriamine
LLA L-lactide
TBD Triazabicyclodecene
PLA Polylactide
AN Acrylonitrile
MA Methyl acrylate
AM Acrylamide/acrylic amide
DMC Methacryloyloxy ethyl trimethyl ammonium chloride
APMP Alkaline peroxide mechanical pulping
MMA Methyl methacrylate
NIPAM N-isopropyl acrylamide
GMA Glycidyl methacrylate
GM Galactomannan
QCM-D Quartz crystal microbalance with dissipation
TEMPO 2, 2, 6, 6-tetramethylpiperidine-1-oxyl
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Cy Cysteine
LOD Limit of detection
AgNPs Silver nanoparticles
PMP Polymeric magnetic microparticles
MP Magnetic microparticles
CMH Carboxymethyl functionalized hemicellulose/carboxymethyl

hemicellulose
Pd NPs Palladium nanoparticles
XH Xylan-type hemicelluloses
CKGM Carboxymethyl Konjac glucomannan
CS Chitosan
BSA Bovine serum albumin
WVP Water vapor permeability
OP Oxygen permeability
PVA Polyvinyl alcohol
HPKO Hydrogenated palm kernel oil
HLBs Hydrophilic-lipophilic balances
LDPE Low-density polyethylene
DMA Dynamic mechanical analysis
NCH Chitin nanowhiskers
BH Bleached hemicelluloses
BAH Acetylated bleached hemicelluloses
NCC Nanocrystalline cellulose
CNCC Cationically modified NCC
HC/SB Hemicelluloses/sorbitol
GTMAC Glycidyltrimethylammonium chloride
HL Hemicellulose/lignin
NFC Nanofibrillated cellulose
MFC Microfibrillated cellulose
CNFs Cellulose nanofibers
CNT Carbon nanotube
j-car/LBG j-carrageenan/locust bean
GA Gum arabic
SA Stearyl acrylate
SM Stearyl methacrylate
EB Electron beam
PLGA Poly(lactic-co-glycolic acid)
TFAA Trifluoroacetic anhydride
PET Polyethylene terephthalate
CHPS 3-Chloro-2-hydroxypropyl sulfonic acid
SCHMAC (S)-(-)-(3-chloro-2-hydroxypropyl)-trimethylammonium

chloride
CHPMAC 3-chloro-2-hydroxypropyl-trimethylammonium chloride
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Ra Roughness value
Seq Equilibrium swelling ratio
HEMA 2-hydroxyethyl methacrylate
HEMA-Im 2-[(1-imidazolyl)formyloxy]ethyl methacrylate
AnMan5A Enzyme b-mannanase
M-AcGGM Methacrylated AcGGM
CM-AcGGM Maleic anhydride-modified M-AcGGM
AA Acrylic acid
CA Citric acid
SHP Sodium hypophosphite
NIPAAm N-isopropylacrylamide
MBA N, N′-methylenebis-acrylamide
DMAP/NMP 2, 2-dimethoxy-2-phenylacetophenone/N-methyl pyrrolidone
ACX Acylated xylan
Hce-MA/AHC Acylated hemicellulose
LCST Lower critical solution temperature
APS/TEMDA Ammonium persulfate/N,N,N′,N′-tetramethyl-ethane-1, 2-diamine
MeDMA [2-(methacryloyloxy) ethyl] trimethylammonium chloride
ECH Epichlorohydrin
GDEP Glow discharge electrolysis plasma
MFRHH Magnetic field-responsive hemicelluloses-based hydrogel
SRs Swelling ratios
ECH Electrically conductive hydrogels
ECHH Electrically conductive hemicellulose hydrogel
AP Aniline pentamer
C-AcGGM Carboxylated AcGGM
AT Aniline tetramer
SRHMGs Stimuli-responsive hemicellulose microgels
CMCH Carboxymethyl chitosan-hemicellulose
CHNT Carboxymethyl chitosan-hemicellulose network
SDS Sodium dodecyl sulfate
DTPA Diethylene triamine pentaacetic acid
DHC Dialdehyde hemicelluloses
CNF Cellulose nanofibrils
CNC Nanocrystalline cellulose
NFC Nanofibrillated cellulose
IPNs Interpenetrating polymer networks
MA-CMC Methacrylated carboxymethylcellulose
SWH Softwood hemicellulose hydrolysate
kC-xylan-PVP Kappa-carrageenan/xylan/polyvinylpyrrolidone
KPS Sodium persulphate

1270 X. Peng et al.



PEG Poly(ethylene glycol)
PEG-PPG-PEG Poly(ethylene glycol)-b-poly(propylene glycol)-b-poly(ethylene

glycol)
IA Itaconic acid
PAA Poly(amidoamine)
GO Graphene oxide
PAM Polymerized acrylamide
MW-CNTs Multiwall carbon nanotube
MB Methylene blue
PEGDE Polyethylene glycol diglycidyl ether

1 Introduction

During the last few decades, synthetic polymers and polymer-based materials have
become indispensable materials in people’s lives. The polymer composites are
utilized in a very wide range of applications from household to aerospace, from
agriculture to medicine or pharmacy. However, due to the growing awareness on
environment and human health as well as the scarcity and increase in the price of
the fossil resources, tremendous attention and efforts have been given to the
environmentally friendly materials. Production of environmentally friendly bio-
materials from renewable biomass resources is a critical route to solve the envi-
ronmental pollution and the upcoming depletion of petrochemical resources. In the
past decade, various biomass resources, such as cellulose [1], lignin [2, 3], hemi-
celluloses [4, 5], chitosan [6, 7], starch [8, 9], psyllium [10], have been used to
fabricate biomaterials and biocomposites that have potential applications in various
fields. Hemicelluloses are the secondly abundant sustainable polymers on the earth
which possessing 25–30% of the total weight in the wood plant, and will not
compete with food supply for the production of biopolymers [5, 11–14]. Recently,
the global number of trees was estimated to be *3.04 trillion, and thus generating
*3900 million m3 of wood per year and providing large amounts of plant materials
including cellulose, hemicelluloses, and lignin [12, 13]. The hemicelluloses-based
polymer can be cast into films and take a substitute to traditional non-degradable
and high-cost petroleum-based products such as ethylene vinyl alcohol (EVOH) or
polyvinylidene chloride (PVDC). Additionally, it also can be fabricated into
three-dimensional (3D) hydrogel networks and used in adsorbing the heavy metals
[15–20] and methylene blue [21, 22], drug delivery [23–26], food package [27–29]
and paper surface engineering [30]. However, hemicelluloses have some inherent
disadvantages, for instance, brittleness, water/moisture sensitivity, high water
vapour permeability, and so on. Physical, chemical and enzymatic modifications of
hemicelluloses by either bulk or surface modification are essential ways to settle
these problems because of abundant free hydroxyl groups and carboxyl distributed
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along the backbone and side chains of hemicelluloses [5]. Up to now, various
chemical methods, such as esterification, etherification, ionization, amination,
amidation, acetylation, grafting copolymerization, crosslinking, blending, have
been explored to modify hemicelluloses and fabricate functional materials. This
chapter gives an overview of the recent advances in the synthesis of various
polymer composites based on hemicelluloses such as modified hemicellulose-
based materials, hemicellulose-based particles, films, and gels, as well as their
potential applications.

1.1 Occurrence of Hemicellulose

Hemicelluloses are the most abundant plant polysaccharides next to cellulose,
which form the hydrophilic component of the cell wall in the wood plant. There are
several methods applied to isolate hemicelluloses from the wood materials such as
acid pretreatment [31], alkaline extraction [32], liquid hot-water extraction [33],
steam treatment [34], ionic liquid extraction [35–37], hydrogen peroxide extraction
[38], wet-oxidation [39], microwave treatment [40], and organic solvent treatment
[41]. Among these methods, acid pretreatment and alkaline extraction are the most
important methods for hemicelluloses isolation. However, high cost and environ-
mental pollution make acid treatment, not a good choice. And more importantly,
approximately 100% of hemicelluloses are broken down into monomeric sugars
and sugar degradation products, including weak acids, furan derivatives, and
phenolics during acid treatment. Therefore, alkaline extraction is extensively
applied and well-studied in hemicelluloses extraction due to the integrity of
extracted hemicelluloses [11, 42, 43]. Of hemicelluloses, modification of xylan
draws a special attention, due to its abundance and widely available as compared
with other hemicelluloses. Galactglucomannan is another important hemicellulose
to develop novel hydrogel, film laminates for oxygen barriers, cationized materials,
and multifunctional macroinitiator for single-electron transfer-mediated living
radical polymerization [44].

1.2 Structure of Hemicellulose

Hemicelluloses are non-crystalline polysaccharides bearing different anhydroglu-
cose units (AGU) in their chains or branches and have an average degree of
polymerization ranging from 100 to 200. Figure 1 gives the structure of the most
important AGU units of hemicelluloses [42, 45], to a lesser extent, 4-O-methyl-D-
glucuronic acid, D-galacturonic acid, L-rhamnose, L-fucose, and a variety of
O-methylated neutral sugars also exist in hemicellulose [46]. Moreover, The AGU
repeating units can be O-acetylated at the C-2 and/or C-3 positions. It is well known
that hemicelluloses belong to a highly heterogeneous group of noncellulosic
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polysaccharides containing xylans, mannans and glucomannans, xyloglucans, and
b-(1!3,1!4)-glucans [12]. Additionally, hemicellulosic compositions, structures
and amounts vary from different sources of different biomass resources. Xylan is
the most common type of hemicelluloses in hardwood and gramineous plants.
Xylan from many plant materials are heteropolysaccharides with homopolymeric
backbone chains of 1, 4-linked b-D-xylopyranose units. Besides xylose, xylan may
contain arabinose, glucuronic acid or its 4-O-methyl ether, and acetic, ferulic, and
p-coumaric acids. The backbone consists of O-acetyl, a-L-arabinofuranosyl, a-1,
2-linked glucuronic or 4-O-methylglucuronic acid substituents. The frequency and
composition of branches are dependent on the source of xylan, thus xylan can be
categorized as linear homoxylan, arabinoxylan, glucuronoxylan, and glu-
curonoarabinoxylan, whereas, softwood hemicelluloses contain mostly O-acetyl
galactoglucomannans (AcGGM). AcGGM consists of a backbone chain
containing b-(1!4)-linked mannose and glucose units partially substituted with
a-(1!6)-linked galactose units [42, 47].

2 Synthesis and Characterization of Modified
Hemicelluloses (Zero-Dimensional)

Hemicelluloses have an abundance of free hydroxyl groups distributed along the
backbone and side chains and are, therefore, ideal candidates for chemical func-
tionalization. Researchers have explored these options using various techniques
such as esterification, etherification, ionization, amination, amidation, acetylation,
fluorination, sulfation, benzylation or grafting methods [5]. Chemical modification
of wood hemicelluloses offers numerous possibilities to control and tailor the
properties of hemicelluloses, leading to conductive, stimuli-responsive, more
elastic, and more hydrophobic or thermoplastic products [12].

Fig. 1 The main constituents of hemicelluloses (Reproduced from [45] with permission)
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2.1 Esterification

The esterification of hemicellulose is typically conducted with acid chlorides
or anhydrides under solutions such as N, N-dimethylformamide (DMF),
N, N-dimethylacetamide/lithium chloride (DMA/LiCl), dimethyl sulfoxide/
tetrahydrofuran (DMSO/THF), or various ionic liquids and alkaline catalysts
such as pyridine, 4-dimethylamino pyridine (DMAP), or N-bromosuccinimide
(NBS) in the presence of triethylamine (TEA) to neutralize the hydrochloric acid
generated during the reaction. Different types of esterification reactions (acetylation,
propionylation, oleoylation, lauroylation, benzylation, and cross-linking) have been
used to tailor the potential applications of hemicelluloses, for example improving
the hydrophilicity, thermal stability, thermoplastic property of hemicelluloses, as
well as their solubility in organic solvents for a good use in heavy metal ions
adsorption, drug delivery and food packaging [11, 12].

The esterification of hemicelluloses always happens with acid chlorides or
anhydrides having short alkyl chains. In order to improve the esterification of
hardwood xylan with a high degree of substitution (DS), two different approaches
were investigated. The acetylation reaction of xylan-type hemicelluloses can be
carried out with acetic anhydride in a homogeneous solution of DMF/LiCl in the
presence of DMAP as a catalyst. This reaction can also be performed under
heterogeneous conditions in the absence of organic solvent and use methane sul-
fonic acid (MSA) or DMAP as a catalyst. The highest DS of 1.6 and maximal yield
of 85% can be achieved under the screened optimal reaction conditions. The results
show that the amount of MSA has a significant influence on DS and yield. In
addition, the esterification of propionic and hexanoic anhydrides was also con-
ducted to obtain hydrophobic xylan esters with low DS values [48]. Homogeneous
esterification of xylan-rich hemicelluloses with maleic anhydride in 1-butyl-
3-methylimidazolium chloride ([BMIM]Cl) ionic liquid by using LiOH as a catalyst
was performed by Peng et al. [49] (Fig. 2). The novel functional biopolymer has
carbon-carbon double bond and carboxyl groups, and the DS values range from
0.095 to 0.75 can be achieved. The influences of the molar ratio of maleic anhy-
dride toanhydroxylose unit in xylan-rich hemicelluloses, reaction temperature, time,
and dosage of LiOH on the DS value of hemicellulosic derivatives were investi-
gated. Most notably, the DS increased to 0.72 when 0.02 g LiOH was applied, and
the thermal stability of the new polymer was lower than that of the native xylan-rich
hemicelluloses.

Fig. 2 Reaction scheme of homogeneous esterification of XH with MA in [BMIM]Cl ionic liquid
(Reproduced from [49] with permission)
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Zhang et al. [50] performed the esterification of hemicelluloses with butyryl
chloride in [BMIM]Cl ionic liquid (IL) using TEA as a neutralizer, as shown in
Fig. 3. The as-prepared butyrylated hemicellulose was characterized by FT-IR,
TGA, 1H, and 13C NMR spectroscopies, and the results indicate that the DS of the
products changed with the reaction conditions such as molar ratio of the substrates,
temperature and reaction time. The highest DS of 1.89 can be obtained at the
preferred reaction condition. Furthermore, the hydrophobicity and thermal stability
of the butyrylated hemicelluloses increased with the increasing DS value.

Hemicelluloses modified with acid chlorides or anhydrides having long alkyl
chains were also been investigated. Sun et al. [51] obtained stearoylated hemicel-
luloses with different DS values (0.20–1.71) by a rapid reaction of wheat straw
derived hemicelluloses with stearoyl chloride in homogeneous DMF/LiCl system
with DMAP as a catalyst and TEA as an acid acceptor. The concentrations of
stearoyl chloride and TEA, as well as the reaction temperature, have different effects
on the DS. The results also demonstrated that TEA was better than pyridine as an
acid acceptor. Under optimum conditions, the highest DS value of 1.71 can be
obtained, and approximately 92% of the free hydroxyl groups in native hemicel-
luloses are stearoylated with a minimal degradation (� 8%). The thermal analysis
shows an increase in the thermal stability of the stearoylated hemicelluloses.
Another ester with a low DS has been synthesized by oleoylation of sugarcane
bagasse hemicelluloses using NBS as a catalyst in the DMF/LiCl system [52]. The
thermal stability of the oleoylated hemicelluloses decreases slightly upon chemical
modification, but no significant further decrease in thermal stability was observed
for the derivatives with a DS � 0.29. Such low-DS polymers have great appli-
cation in food packaging. Similarly, lauroylated hemicelluloses (LH) can be pre-
pared in homogeneous [BMIM]Cl IL without catalyst [53]. The relationships
between reaction parameters including the molar ratio of lauroyl chloride (LC) to
anhydroxylose unit in hemicelluloses, reaction temperature, and reaction time with
the DS value of hemicellulose are studied. The highest DS value of 1.82 can be
achieved in the optimal condition. A significant degradation of the derivative occurs
with the increase in molar ratio, reaction time, and temperature, and thus the
thermal stability of the derivative is lower that of the native hemicelluloses. The
synthesis of poplar wood hemicellulose-based esters containing different groups
(including short and long alkyl chains) are similar to Sun et al. [51]. The GPC

Fig. 3 Butyrylation of hemicelluloses (Reproduced from [50] with permission)
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analysis reveals no significant degradation for the polymers during the reaction
process [54, 55].

In some cases, xylan esters can be electrospun into nanofibers, the mechanical
properties of the esters are also investigated. A series of xylan esters with varying
alkyl chain lengths (C2–C12) are synthesized by heterogeneous and homogeneous
reactions. The thermal stability and solubility in CHCl3 increase after esterification.
The film forming performance of the new polymers is highly dependent on the
molecular weight, while the tensile strength and Young’s modulus decrease with
the increase of alkyl chain length and conversely in the hydrophobicity and elon-
gation at break of the xylan esters. Especially, the high-molecular-weight xylan
esters in hexafluoroisopropanol (HFIP) can be electrospun into nanofibers [56].

Hemicelluloses-based esters can be used as drug carriers. Xylan ibuprofen esters
with a high drug loading were synthesized via the activation of the ibuprofen
carboxylic acid with N, N′-carbonyldiimidazole (CDI) in DMSO [57]. For the sake
of enhancing its hydrophobicity, sulfation of xylan ibuprofen esters was carried out
in the SO3/DMF system (Fig. 4). The xylan ibuprofen esters form spherical
nanoparticles with a size ranging from 328 to 473 nm (PDI = 0.123–0.255) after
dialyzed in DMA; the mean diameter, however, reduces from 342 to 162 nm
(PDI = 1.04) after sulfation (Fig. 5). In addition, preliminary stability tests indicate
that hydrolytic stability decreases with the introduction of sulfate groups.

There is an increasing need for barrier coatings in food packaging to prevent
oxygen, carbon dioxide, water and toxic substances. O-acetyl-galactoglucomannan
(GGM) is the main hemicellulose in softwoods and has been widely applied in the
synthesis of biopolymers. For the environmental consideration, a way to prepare

Fig. 4 Synthesis of xylan ibuprofen esters and sulfated xylan ibuprofen esters (Reproduced from
[57] with permission)
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GGM ester has been proposed by Kisonen et al. [58]. In their work, GGMs were
esterified with phthalic and benzoic anhydrides, respectively. The results showed
that GGM ester has a better water vapour resistance and grease barrier than native
GGM when coated onto carton board with a thin coating (1–3 g/m2). Penetrating
0.1% rapeseed oil with a 2.4 g/m2 coating thickness cost up to 54 h and the lowest
water vapor transmission value was 39 g/m2/24 h with 9.7 g/m2 coating, which
indicates a significant decrease in grease barrier in comparison to the uncoated
carton board. Moreover, the high-molar-mass GGM coating performed better than
the low-molar-mass GGM coatings. To sum up, GGM and GGM esters provide a
sustainable and safe conception for barrier coatings in food packaging.

Buchanan et al. [59] suggested that arabinoxylan acetate/propionate/butyrate can
be rapidly prepared using MSA as a catalyst. The average molecular weight of the
esters was *500,000, and the glass transition temperatures (Tg’s) range from 61 to
138 °C and increase with the decrease of DS, the thermal stability is enhanced in
comparison to the parent arabinoxylan but undergoes a rapid degradation when the
temperature was above 225 °C. Surprisingly, arabinoxylan acetate/cellulose acetate

Fig. 5 SEM images of nanoparticles of xylan ibuprofen esters (upper) and sulfated xylan
ibuprofen esters (beneath) prepared by dialysis: a DSIbu = 0.79, b DSIbu = 1.24 (upper);
a DSSulfate = 0.15, b DSSulfate = 0.25 (beneath) (Reproduced from [57] with permission with
permission)
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blends can be cast into optically clear films, and the clarity of films is influenced by
solvent, which provides a possibility of incorporating these arabinoxylan deriva-
tives and other polysaccharide esters into the mixture for preparing novel
composites.

Single-electron-transfer mediated living radical polymerization (SET-LRP) has
appeared as an effective strategy to achieve living radical polymerization and
produce graft copolymers with brush-like architecture without the use of any toxic
catalyst. This method is appealing for the design of hybrid materials from macro-
molecules such as polymers based on sugar moieties, known as polysaccharides.
An esterification between AcGGM and a-bromoisobutyric acid with the assistance
of CDI yields a macroinitiator ester AcGGM-Br. The macroinitiator as a catalyst
can be applied in SET-LRP of methyl acrylate (MA) with Cu0/Me6-TREN, pro-
ducing hemicellulose/MA copolymer (Fig. 6) [60]. Kinetic analyses demonstrate
the living property of the SET-LRP process together with a high conversion of up to
99.98%, offering a brush-like structure of the hybrid copolymers.

The synthesis of hydroxycinnamic acid xylan esters from oat spelt arabinoxylan/
birchwood glucuronoxylan in the presence of LiCl/DMA and pyridine/DMAP was
reported by Wrigstedt et al. [61]. Owing to the antioxidative nature of ferulic and
sinapic acids, the esterified xylan polymers remained antioxidative activity and
exhibited a better lipid antioxidation when comparing with the native oat spelt
and birch wood xylans. Further studies show that ferulic acid glucuronoxylan esters
and ferulic acid xylan esters were more efficient antioxidants than arabinoxylan and
sinapic acid-modified arabinoxylan.

Thiolation is a way to form an ester bond with the hydroxyl groups in hemi-
celluloses. Maleki et al. [62] proposed a one-pot procedure to synthesize thiolated
O-acetyl galactoglucomannan (AcGGM-SH) by AcGGM-mediated nucleophilic
ring-opening of c-thiobutyrolactone and the activation of the hydroxyl groups in
hemicellulose (Fig. 7). 1H, 13C NMR spectroscopy and Ellman’s reagent assay
confirmed that the thiol groups were successfully incorporated into the backbone of
hemicellulose. Interestingly, three AcGGM hydrogels were fabricated by using
three different methods named thiol-ene click reaction, thiol-Michael addition and
disulfide bond formation reaction, respectively. Besides, some polymers such as
polyethylene glycol monomethacrylate (PEG-MA) were grafted onto AcGGM-SH
by a thermally induced thiol-ene click reaction. Hence, the thiolation of AcGGM is
indeed a good choice to design hemicellulose-based esters and hydrogels by
employing “click” chemistry.

Fig. 6 The SET-LRP of MA (9) with a-Briba-AcGGM (6) as a macroinitiator (Reproduced from
[60] with permission)
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2.2 Etherification

Etherification is extensively studied by researchers for chemical modification of
hemicelluloses, and many reactions including methylation, alkylation, benzylation
and cationic moieties are usually introduced by this way. This reaction occurs
between hydroxyl and alkylating agent such as acrylamide, alkyl halides (chlorides,
bromides, and iodides), alkyl sulfonates, and epoxides by using alkaline (e.g.
sodium hydroxide) as a catalyst under the organic (e.g. DMSO, ethanol, ethanol/
acetone, isopropanol, butanol, and DMF) or inorganic (e.g. water) system [5]. The
ether bonds are more stable than ester bonds and not easy to be hydrolyzed in an
alkaline environment. What’s more, the solubility and film formability of hemi-
celluloses are improved through etherification. However, In order to reduce the
degradation of hemicelluloses, heterogeneous reaction systems like water/organic
solvents are required [12]. Ren et al. [63] synthesized novel hemicellulosic
derivatives through five different heterogeneous/homogeneous systems by etheri-
fication with acrylamide in the presence of sodium hydroxide as a catalyst (Fig. 8).
The as-prepared hemicellulose derivatives containing carbamoylethyl and car-
boxyethyl achieved the highest DS value of 0.58 under the optimal condition.
Especially, reaction medium has a significant influence on the extent of etherifi-
cation in terms of solvent polarity and stereochemistry. The reaction efficiency
increased as the polarity of the solvent decreased. In addition, the thermal stability

Fig. 7 One-pot thiolation of AcGGM in DMSO (Reproduced from [62] with permission)
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decreased after etherification. According to the research described above, Peng
et al. [64] synthesized identical hemicellulosic derivatives with a higher DS of 0.92
in butanol/water media. The molecular weights of the products were lower than that
of the native hemicellulose due to the significant degradation of hemicellulose
during alkaline activation in the etherification reaction. Furthermore, the new
derivatives exhibited a less elastic behaviour as compared with the native hemi-
cellulose due to the influences of molecular weight and the functional groups on the
structure of macromolecule chains.

Etherification of hemicelluloses with 2, 3-epoxypropyltrimethylammonium
chloride (ETA) can be carried out under sodium hydroxide/water media, obtain-
ing quaternized hemicelluloses (QH). Afterwards, smooth and heat-resistant films
basing on QH and montmorillonite (MMT) platelets were prepared by a vacuum-
filtrated technique. It turns out to be the electrostatic and hydrogen-bonding
interactions between the electropositive QH and the exfoliated anionic MMT that
contribute to the film-forming process. The excellent thermal property provides a
great potential application for the nanocomposite films in flame retardant [65, 66].
By using similar condition, cationic galactomannan/xylan can also be prepared
(Fig. 9). The desired DS of 1.3 could be obtained with a maximal grafting rate of 48
and 64% of mass yield at the optimal condition [67]. In a similar way, Ren et al.
[68] synthesized a cationic hemicellulose from sugarcane bagasse hemicellulose.
13C NMR spectra justified that the etherification reaction mainly occurred to C-3
position of hemicelluloses. In addition, the molecular weight of the new products
reduced sharply from 28,890 (native hemicellulose) to 15,520 g mol−1

(DS = 0.33), which is attributed to the degradation of hemicellulose (especially
when prolonging the time of alkaline activation at higher temperature).

Fig. 8 Etherification of hemicelluloses with acrylamide in alkaline condition (Reproduced from
[63] with permission)
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Methylation is a typical example of etherification, Fang et al. [69] prepared a
methylated hemicellulose by using methyl iodide as an alkylating reagent and
sodium hydride (NaH) as a catalyst in DMSO. The reaction mechanism involves
methyl sulfinyl anion capturing a proton from the hemicellulose to form the
polyalkoxide. The conversion of methylation was high up to 90% with a DS value
of 1.7; an endothermic degradation and an obvious increase in thermal stability
were observed due to the existence of methyl after methylation.

Hydroxyalkylated xylans were produced by the etherification of xylan and
epoxides (propylene oxide, butyl glycidyl ether, and allyl glycidyl ethers) under an
alkaline condition. The DS values of the functionalized xylans varied from 1.5 to
0.2. Moreover, the xylan derivatives exhibited a significant oxygen barrier and
surface strength as well as low mineral oil migration, which indicates a promising
application in barrier coatings for packaging and pigment coating binders for
printing papers [28].

Williamson benzylation was used for preparing hydrophobic benzyl galac-
toglucomannan (BnGGM). In this research, the benzylation of AcGGM hemicel-
lulose was carried out using benzyl chloride as a benzylation reagent and
tetrabutylammonium iodide (TBAI) as a phase transfer catalyst in water/sodium
hydroxide system, and then surface modification was conducted by plasma treat-
ment followed by styrene addition or vapor-phase grafting of styrene, which was
followed by lamination [70]. The vapour-phase-grafted films showed a better tol-
erance toward to humidity than the plasma-treated ones. The contact angle and
oxygen permeability measurements indicate that the films were not only
water-resistance but also had excellent oxygen barrier and moisture tolerance
properties. Therefore, the surface grafting and lamination methods seem to be a
good choice for obtaining good barrier properties even in high humidity environ-
ment. Another similar example about hemicelluloses benzylation is the benzylation
of wheat straw hemicelluloses in an ethanol/distilled water system (Fig. 10). The
low DS value ranging from 0.09 to 0.35 was dependent on the volume ratio of

Fig. 9 a Cationisation of the hemicelluloses and b concurrent reaction forming the by-product
(Reproduced from [67] with permission)
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ethanol/water, the molar ratio of sodium hydroxide or benzyl chloride to anhy-
droxylose unit in hemicellulose, reaction temperature and reaction time. FT-IR and
13C NMR spectra identified that benzyl groups were incorporated onto the back-
bone of hemicellulose, the introduction of benzyl groups increased the thermal
stability as well as the hydrophobic property of the new materials [71].

Thiols are very useful groups in developing new materials and bio-inspired
polymers. By combining the etherification and thiol-ene reaction, novel thioether
xylans were synthesized with a protected thiol that can be stored at atmosphere. At
first, allyl groups were introduced in the backbone of xylans by etherification with
allyl chloride in aqueous alkaline condition at 40 °C, giving etherified xylans with a
DS of up to 0.49. Afterwards, the allyl groups in xylans were reacted with different
thiols via thiol-ene reaction by using potassium peroxydisulfate as a radical initiator
and water as the solvent, producing novel thiol-, amine- or amino acid function-
alized xylans. The thiol-functionalized xylans have broad applications such as
preparing hydrogel scaffolds, cross-linking foams by a thiol-thiol oxidative
coupling reaction, and modifying filter paper surface by the simple dipping
method [72].

The cationization of hemicelluloses was carried out by using 3-chloro-2-
hydroxypropyltrimethylammonium chloride (CHMAC), glycidyltrimethylammo-
nium chloride (GTMAC), [2-(methacryloyloxy) ethyl] trimethylammonium
chloride (METAC), or ETA as a quaternary nitrogen source in heterogeneous (e.g.
H2O) or homogeneous system (e.g. DMSO) [73]. As described in etherification [65,
67, 68], cationic 2-hydroxypropyltrimethylammonium (HPMA) xylans based on
birch wood xylan and ETA were synthesized in 1, 2-dimethoxyethane (DME)/H2O
system. In this research, adjusting the molar ratio of HPMA and anhydroxylose
units of xylans led to the altering of DS in cationic xylans and the highest DS was
calculated to be 1.64. Furthermore, the HPMA xylans can be cast into films and had
a polyionic structure with positive charged ammonium group (Fig. 11) [74]. In a
similar case, a cationic ETA-GGM polyelectrolyte was synthesized and subse-
quently re-acetylated to obtain enhanced thermal stability and hydrophobic property
[75]. Higher reaction efficiency and lower degradation were achieved by using

Fig. 10 Reaction scheme of benzylation of hemicelluloses with benzyl chloride (Reproduced
from [71] with permission)
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THF/H2O or DMSO/H2O as a reaction media in comparison to that of only with
plain water. As reported, the cationised GGM can be potentially utilized as poly-
electrolyte layers in films and coatings.

Liu et al. exploited hemicelluloses that isolated from pre-hydrolysis liquor
(PHL) to render cationic copolymers under the glycidyltrimethylammonium chlo-
ride (GTMAC)/NaOH system [73]. The cationization parameters were investigated,
the result indicates the charge density and DS value of the cationic hemicelluloses
increased with the increasing dosage of NaOH from 1 to 5% (wt.), but rapidly
decreased when the amount of NaOH exceeded 5% (wt.). By copolymerization of
xylan and [2-(methacryloyloxy) ethyl] trimethylammonium chloride (METAC) in
the presence of K2S2O8, a cationic xylan copolymer was produced. The as-prepared
xylan-METAC copolymer has an application as a flocculant for dye removal from
wastewater [76]. In Kong’s research, a higher DS of cationic xylan was obtained by
using a semi-dry process compared to that of in the wet process [77]. The GPC
analysis shows a substantial degradation of the xylan copolymers occurred during
the cationization under alkaline conditions. Conversely, cationic ETA-
hemicellulose copolymers with low average DS value were prepared in homoge-
neous DMSO/H2O media without significant degradation in alkaline media [78].

2.3 Amination

A reductive amination is a common approach used in polysaccharide chemistry to
immobilize different types of amino-functionalized moieties entities to saccharide
structures by using the ring-opened aldehyde at the reducing end of the hemicel-
lulosic chain as a reactive center for attaching amino coupling agents. This reaction

Fig. 11 (i) MeGlcp-Xylan reducing-end hemiacetal in equilibrium with the ring-opened
aldehyde, (ii) MeGlcp-Xylan amine functionalization, (iii) head-to-head chain extension of
MeGlcp-Xylan (Reproduced from [79] with permission)
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is conducted in aqueous media and under mild conditions, and thus represents a
robust and highly selective method for the chemical modification of hemicellulose
[12]. The hemicellulosic derivative exhibits an enhancing amphiphilic property
with increasing molecular weight after reducing amination, which can be utilized as
reinforce way for films and coatings. In the report by Dax et al. [79], reductive
amination was conducted between native GGM and a series of amino-functional
fatty acids in the presence of NaBH3CN, yielding block-structure amphiphilic
GGM derivatives which were only water-soluble [80]. In another sample, a
chain-extended O-acetyl-4-O-methylglucuronoxylan-rich (MeGlcp-Xylan) wood
hydrolysate (WH) was prepared through reductive amination with the assistance of
NaBH3CN (Fig. 12). Especially, the formability and mechanical performances of
WH films were significantly improved after the treatment, and simultaneously
reduced the need of co-components. In addition, the produced films exhibited an
excellent oxygen barrier performance. Therefore, reductive amination could be
applied for increasing the molar mass of a low-molecular-weight xylan with mono
and bifunctional amines on its reducing end and has a potential utilization in films
and coatings [81].

Ehrenfreund-Kleinman et al. [82] synthesized arabinogalactan (AG)-based
sponges by reductive amination on the reducing end of the oxidized AG with
different amines in the presence of NaBH4. The as-prepared sponges exhibited high
swelling and had a possible use in cell growth in tissue engineering. Particularly,

Fig. 12 Amidation of spruce xylan with tyramine (Reproduced from [84] with permission)
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AG-chitosan sponges showed good biocompatibility with an inflammatory response
confined to the implant site which decreased with time.

2.4 Amidation

Amidation of hemicellulose with amine-functionalized compounds can be defined
as the coupling of amines to carboxylic acids through amide bonds and is com-
monly activated by N-ethyl-N′-(3-dimethylamino)propyl carbodiimide hydroxide/
N-hydroxysuccinimide (EDC/NHS) (carbodiimide-mediated amidation) in aqueous
media [83]. Kuzmenko et al. [84] reported the amidation of glucuronic acid groups
from xylan backbone and tyramine (TA) with the activation of EDC/NHS (Fig. 13)
followed by enzymatic crosslinking of the phenol-containing TA-xylan conjugate
in the presence of HRP/H2O2, and fabricating a 3D hydrogel in a negligible time
(20 ± 5 s) for cell encapsulation and vivo delivery. The spruce xylan-based
hydrogel exhibits an obvious increase in the storage module and excellent swelling
stability, which provides a great potential application in tissue engineering. In
another case, oxidized GGM (containing uronic acid) was functionalized with
arginine or 1, 6-diaminohexane by using the same carbodiimide-mediated
amidation. This amidation is performed after the oxidation of hydroxyl groups
in GGMs [83]. Except for EDC, 4-(4, 6-dimethoxy-1, 3, 5-triazin-2-yl)-4-
methylmorpholinium chloride (DMT-MM) was also employed as a superior
acid-amine coupling reagent for the amidation of an acidic xylo-oligosaccharide
fragment from 4-O-Methylglucuronoxylan hemicellulose without the tight control
of PH. As a result, amidation of C-6 acids was performed efficiently by using the
coupling reagent DMT-MM and formed an amide linkage. A triazine side product
which hindered C-1 amidation, however, was observed. Furthermore, the modified
monomers were polymerized via copper(I)-catalyzed azide-alkyne cycloaddition
(CuAAC) “click” reaction, and thus forming a soft gel. This pathway provides a
rarely used system of DMT-MM with preferable performance compares to EDC
under certain conditions [85].

Fig. 13 Acetylation of wheat straw hemicelluloses (Reproduced from [89] with permission)
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2.5 Acetylation

Hemicellulose acetylation is an important chemical modification that introduces
acetyl groups to the hemicellulose chain through esterification reactions as men-
tioned above. This reaction was carried out in non-water medium such as ionic
liquids (ILs), DMA/LiCl, DMF, in the presence of DMAP, pyridine or NBS as
catalysts. The thermal stability, mechanical properties, oxygen transmittance and
hydrophobicity of the acetylated hemicellulose have been investigated by altering
the reaction conditions [11].

Fundador et al. [86] acetylated xylan from hardwood with acetic anhydride or
propionic anhydride in homogenous DMA/LiCl system by the catalysis of pyridine,
obtaining xylan acetates and xylan acetate propionates with varied DS values. The
structure and DS of the modified xylans were elucidated by 1H, 13C NMR spec-
troscopy, and two-dimensional (2D) NMR techniques. The results show equal
reactivities at the C-2 and C-3 of xylose during the acetylation process. Moreover,
the thermal stability and solubility in chloroform of xylan were improved after
acetylation. In this study, xylan acetate (DS = 2.0) nanofibers with a diameter of
163–429 nm were formed by an electrospinning method and using HFIP as a
solvent. Mechanical tests of xylan acetate propionate films showed that the tensile
strength and elongation at break increased as the DS decreased from 1.1 to 0.6.
Another acetylation of wheat straw hemicellulose was reported by Sun et al. under
the same condition mentioned above, except for using DMAP as a catalyst. Both
the yield and DS of the acetylated hemicellulose were increased with temperature
(from 60 to 85 °C) and reaction time (from 12 to 60 h); and a high DS value of 1.49
could be obtained under the optimal condition (85 °C, 60 h) with 80% of the free
hydroxyl groups being acetylated. The GPC analysis revealed a sharp decompo-
sition when the reaction time was 72 h at 85 °C, resulting in a low
molecular-average weight of 22,890 g mol−1. Moreover, the chemical modification
leads to a decreased thermal stability [87]. Due to the toxicity of pyridine and the
high cost of DMAP, a new catalyst NBS was utilized for the acetylation of sug-
arcane bagasse hemicellulose with acetic anhydride under an almost solvent-free
system. The overall yield varied from 66.2 to 83.5% and DS ranged from 0.27 to
1.15 by altering the reaction temperature and duration. Furthermore, the results of
TG-DSC indicate that the thermal stability of the modified hemicellulose was
higher than that of the native hemicellulose [88].

ILs are considered to be a green and effective solvent for the acetylation of
hemicelluloses by using iodine as a catalyst (Fig. 14) [89]. The DS of acetylated
hemicelluloses ranged from 0.49 to 1.53, and about 83% hydroxyl groups in the
native hemicelluloses were acetylated under the optimal reaction condition.
Moreover, the thermal stability was enhanced after functionalization. In order to
achieve full acetylation under mild conditions, Stepan et al. [90] reacted rye ara-
binoxylan (AX) and spruce arabinoglucuronoxylan (AGX) with acetyl chloride and
acetic anhydride in two new ILs, respectively. The first system was
1-ethyl-3-methylimidazolium dimethyl phosphate ([emim][Me2PO4]) with CHCl3
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as a co-solvent, and the other was 1, 5-diazabicyclo[4.3.0]non-5-enium acetate
([DBNH][OAc]) without co-solvent. The complete acetylation was achieved within
5 min in both reaction systems under the optimal condition. FT-IR and 1H NMR
spectroscopy confirm the full acetylation of xylan. GPC result shows no significant
degradation occurred during acetylation of rye AX but a minor depolymerization
took place in the case of spruce AGX. Both of the acetylated xylans maintained a
relatively high molecular weight. In addition, the solubility of the new polymers in
CHCl3 and dimethyl carbonate allowing it casting into transparent films.

Acetylation has a significant influence on the solubility, water content and
thermal properties of the modified hemicelluloses. The differences have been well
investigated by the reaction between aspen glucuronoxylan and acetic anhydride in
formamide/pyridine system [91]. For instance, the water content in humidity
strongly decreased after acetylation. The fully acetylated glucuronoxylan was sol-
uble only in aprotic solvents, such as chloroform and DMSO, while the native
glucuronoxylan was partially soluble in hot water. The decomposition temperatures
for a 10% weight loss were 283 and 335 °C for non-acetylated glucuronoxylan and
the acetylated sample, indicating an improving thermal stability after acetylation.
DSC analysis indicated that glucuronoxylan with a DS of 1.2 had a significant glass
transition temperature during 160–200 °C and could form films under pressure, but
not the case in non-acetylated samples.

A new method for synthesizing acetylated hemicelluloses was developed in
1-allyl-3-methylimidazolium chloride ([Amim]+Cl−) ionic liquid without using
catalyst [92]. The DS ranged between 0.03 and 1.25 and increased with the reaction
time and temperature. The properties of the as-prepared hemicellulosic derivative
such as solubility, equilibrium water content, thermal stability were also signifi-
cantly changed. In conclusion, eco-friendly ionic liquids are excellent solvents to
generate value-added hemicellulose acetate with high DS and can be used in var-
ious industrial applications.

Fig. 14 Synthetic pathway for the grafting of L-lactide oligomers from the acetylated
galactoglucomannan (AcGGM) backbone (Reproduced from [96] with permission)
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2.6 Grafting Copolymerization

Graft polymerization is an effective method to overcome the disadvantages of
hemicelluloses and tailor their properties for specific end uses. Most graft
copolymers are formed by free radical grafting polymerization, such as SET-LRP,
which is a water-tolerating polymerization technique conductible at benign condi-
tions with the catalysis of Cu(0). In addition, “click chemistry” offers a promising
pathway for the synthesis of graft-copolymers of polysaccharides. Among the
radical polymerizations of hemicelluloses, the free hydroxyl groups in hemicellu-
loses are used as initiator sites to perform polymerizations of a number of mono-
mers to form grafts [5, 93–95].

Graft copolymers XylC6N3-g-PLLAs basing on di-O-(6-azidohexanoyl)-xylan
(XylC6N3) and Propargyl-terminated poly(L-lactide) (PLLA) were prepared in the
presence of N, N, N′, N′, N″-pentamethyldiethylenetriamine (PMDETA) and copper
(I) bromide via click chemistry. The results indicate that the grafted PLLA
side-chains act as an internal plasticizer for xylans [94]. Similarly, L-lactide
(LLA) oligomers were functionalized with wood hydrolysate derived
hemicellulose-rich fractions by ring opening graft polymerization (Fig. 15), the
as-prepared copolymers can be applied as a compatibilizer for hydrolysate/PLLA
film [96]. Persson et al. [97] developed biodegradable PLA-g-xylan copolymers

Fig. 15 Schematic outline of the pathways for grafting poly(CBAA-3) and poly(CBMAA-3)
from the AcGGM-Br macroinitiator via SET-LRP under mild conditions (Reproduced from [100]
with permission)
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with different branch length in the catalysis of triazabicyclodecene (TBD). The
obtained polymers with long polylactide (PLA) branch exhibited better mechanical
and thermal properties than the polymers with short PLA branch.

Acrylonitrile (AN) or methyl acrylate (MA) can be grafted onto hemicelluloses
containing lignin. The graft polymerization of hemicellulose with low and high
lignin content can be carried out by using ceric ammonium nitrate and FeSO4/H2O2

redox system as an initiator, respectively [98]. Taking FeSO4/H2O2 as an initiator,
Dong et al. [93] synthesized copolymers by grafting acrylamide (AM) and
methacryloyloxy ethyl trimethyl ammonium chloride (DMC) on the hemicelluloses
from alkaline peroxide mechanical pulping (APMP) effluent. The resulting
copolymers show enhanced physical strength and water resistance on corrugated
paper, which is attributed to the functional groups (–OH and –NH2) and the
covalent bonds formed between the hemicellulose and the graft copolymer.

According to the previous description [60], a series of hemicellulose-based
graft-copolymers with tunable hydrophilicity were synthesized via SET-LRP pro-
cess, including methyl methacrylate (MMA)/hemicellulose, N-isopropyl acrylamide
(NIPAM)/hemicellulose, and acrylamide (AcAm)/hemicellulose copolymers [99].
In Edlund’s report, AcGGM-graft-GMA copolymers with a conversion of high up
to 80% were successfully prepared by the SET-LRP procedure of AcGGM-Br and
glycidyl methacrylate (GMA). A new class of zwitterionic polymers were prepared
by grafting poly(carboxybetaine) onto AcGGM-Br via the same technique (Fig. 16)
[100]. In another case, grafting copolymers composed of methylated xylan and
polystyrene were synthesized by O’Malley’s group, and the mechanism involved
the reaction of “living” polystyrene with the methyl glucuronate moiety and gen-
eration of well-defined comb-like structures [101]. Therefore, SET-LRP is regarded
as a powerful method for the design of new hemicellulosic copolymers.

2.7 Oxidation

Oxidation is a reaction that transforms the alcohol groups of hemicellulose to
aldehydes or carboxylic acids in the presence of specific enzymes such as galactose

Fig. 16 Reaction scheme of the cationization of xylan with EPTA (Reproduced from [74] with
permission)
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oxidase, catalase and horseradish peroxidase or oxidizing agents including KI/I2,
NaClO2 and NaIO4 [12].

Parikka et al. [102] studied the regioselective oxidation of guar galactomannan
(GM), tamarind galactoxyloglucan (XG), and spruce GGM by galactose
oxidase-catalyzed reaction to form galactoaldehydes and further selectively
chemical oxidation to obtain galacturonic acids with the assistance of I2/KI or
NaClO2 (Fig. 17). Quartz crystal microbalance with dissipation (QCM-D) mea-
surement was applied to determine the interaction of the products with cellulose, the
result showed that the chemo-enzymatically oxidized galacturonic polysaccharides
with an unmodified backbone had a better ability to interact with cellulose than 2, 2,
6, 6-tetramethylpiperidine-1-oxyl (TEMPO)-oxidized products. Similarly, a series
of polysaccharides containing terminal galactose were oxidized by galactose oxi-
dase, catalase and horseradish peroxidase. The oxidations result in significant
changes in properties of different polysaccharides. For instance, tamarind
xyloglucan formed a gel and larger particles were dispersed in the solution of
spruce galactoglucomannan after oxidation [103, 104].

TEMPO oxidation can specifically convert the primary alcohols on C-6 to
carboxylate groups. Song et al. [105] reported a TEMPO/NaClO2 oxidized
b-D-glucan and the product was applied as an enhanced bonding agent for paper-
making. A significant enhancement in tensile strength and folding endurance of
paper could be observed when using oxidized b-D-glucan a strengthening agent.
Xylan can be oxidized by NaIO4 to introduce dialdehydes and hemiacetal bonds
formed between the aldehyde groups and hydroxyl groups of the modified xylan
during the freeze-casting process, obtaining cross-linking hydrogels with the rein-
force of nanocrystalline cellulose [106]. The strength of the gels decreased with the
increasing degree of oxidation due to the change in xylan molecular rigidity.
Another aldehyde functionalized xylan MGX was prepared by the oxidation of
NaIO4 [107]. It is found that periodate oxidation is specific to vicinal diols for the
formation of aldehydes at low periodate concentration and no depolymerization
occurs at 0.05 NaIO4/xylose ratio. The effect of different oxidants on the degra-
dation rate of oxidized arabinogalactan-chitosan sponges was proposed by
Ehrenfreund-Kleinman et al. [108]. The result indicates the degradation of sponges
oxidized with sodium chlorite was faster than that of the sample with sodium
periodate.

Fig. 17 Oxidation of the galactosyl units of polysaccharides to galacturonic acid (R = backbone
of the polysaccharide) (Reproduced from [102] with permission)
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3 Hemicellulose-Based Particles (Zero-Dimensional)

Hemicelluloses possess many hydroxyl groups and reducing aldehyde groups, and
exist as helical chains or random-coil chains in aqueous solution, which provides a
possibility to act as a green reducing agent and stabilizing agent by capping metallic
nanoparticles in the special structure [109]. In addition, hemicelluloses are widely
used as a substrate or coatings for nanoparticles and have an application in target
drug delivery and chemical catalysis.

By using biopolymer xylan as a stabilizing and reducing agent, Luo et al. [110]
prepared highly stable xylan/Au nanoparticles (AuNPs) composites with the highly
sensitive sensing of cysteine. The obtained nanoparticles could distinguish cysteine
(Cy) among dozens of kinds of amino acids with a limit of detection (LOD) of
0.57 lm, exhibiting a potential application for Cys detection in real biological
samples. Similarly, well-distributed spherical silver nanoparticles (AgNPs) could be
rapidly synthesized by using bamboo hemicellulose as stabilizer and glucose as
reducer with the assistance of microwave [111]. The effects of reaction parameters
on the shape of AgNPs were investigated, the result revealed that the average
particle size of AgNPs increased with AgNO3 concentration. The coexistence of
silver Ag(0) and Ag(I) was found by XPS analysis. In another case, xylan/AgNPs
composites were developed via tollens reaction by reduction of [Ag(NH3)2]

+ under
microwave irradiation (Fig. 18) [109]. The nanoparticles showed a high selectivity
and sensitivity for Hg2+ detection with a low LOD of 4.6 nm, indicating a suitable
detector for harmful heavy metal detection. Xylan-coated magnetic microparticles
were produced by emulsification of Fe2+/Fe3+ suspension and xylan solution, fol-
lowed by interfacial cross-linking in the presence of terephthaloyl chloride [112].
The obtained polymeric magnetic microparticles (PMP) can undergo not to be
dissolved at gastric PH but not of that in magnetic microparticles (MP) without the
xylan coating, which demonstrates the xylan coating did shield magnetite from the
gastric pH.

In Wu’s research, carboxymethyl functionalized hemicellulose (CMH) was used
as a substrate for the deposition of palladium nanoparticles (Pd NPs) to provide a
novel heterogeneous catalyst CMH-Pd(0) by using ethanol as a solvent and an
in situ reducing agent. The CMH-Pd(0) was a very active and stable biobased
catalyst for Heck coupling reaction and could be easily recovered and reused at
least 5 times [113]. Chen et al. [114] used xylan-type hemicelluloses (XH) sup-
ported terpyridine-palladium (II) nanoparticles to catalyze Suzuki-Miyaura reaction
with a high yield up to 98%. In another study by Chen et al. [115], PdNPs@XH
catalyst was synthesized with the same deposition-precipitation method and showed
excellent catalytic activity in the Suzuki, Heck, and Sonogashira coupling reactions.
These works broaden the applications of hemicelluloses in green catalysis.

The BSA-loaded CKGM-CS nanoparticle basing on carboxymethyl Konjac
glucomannan (CKGM) and chitosan (CS) was formed by electrostatic interactions
and was applied for the encapsulation of bovine serum albumin (BSA). The mean
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size of the nanoparticles increased with an increase in either the CKGM or CS
concentration. Particularly, the concentration of CS can effectively dominant the
zeta potential measurements, which was attributed to its cationic nature [116]. As
observed, the nontoxic CKGM-CS nanoparticles have a promising application as
green drug carriers. Xylan furoate pyroglutamate was prepared by esterification
between xylan and pyroglutamic acid/furan-2-carboxylic acid in the presence of
CDI [117]. Small-size spherical nanoparticles (60–85 nm) yielded by simple dial-
ysis of the obtained esters in DMSO. Garcia et al. [118] employed an original
method by neutralizing the alkaline xylan solution with HCl or acetic acid to form
micro and nanoparticles. The result demonstrated that the size of xylan particles
was dependent on xylan concentration and nanoparticles with 100–900 nm could
be obtained only in a low xylan content.

Fig. 18 The possible formation course of xylan-AgNPs composites (Reproduced from [109] with
permission)
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4 Hemicelluloses-Based Films and Coatings
(Two-Dimensional)

Hemicelluloses have inherent properties including low oxygen permeability, water
solubility, and biodegradability. The low oxygen permeability makes hemicellu-
loses have a promising application in barrier films and coatings, notably in
food-packaging. Considering the low cost and environmental friendliness of
hemicelluloses, they are good substitutions for the conventional package materials,
for example, aluminium foil, EVOH or PVDC. However, the disadvantages of
water/moisture sensitivity, high water vapour permeability (WVP) and brittleness
hinder their better use in films and coatings. Thus, chemical or enzymatic modi-
fications of hemicellulose are required to alter their physicochemical properties by
grafting, crosslinking, blending and other methods, and finally improve the oxygen
barrier, WVP and mechanical properties of native hemicelluloses for special use
[12]. The oxygen barrier properties can be quantified by oxygen permeability
(OP) and expressed in cm3 lm/m2 d kPa, while WVP is usually determined by the
cup test in the order of g m−1 Pa−1 h−1 or g m−1 Pa−1 s−1.

4.1 Blending

Hemicelluloses-based films can be formed by organic and inorganic additives
including emulsifiers (sucrose esters, palmitic acid, etc.) [119–121], plasticizers
(glycerol, sorbitol, xylitol) [122, 123], polyvinyl alcohol (PVA) (44), MMT [27, 65,
124], chitosan [27, 125], cellulose derivatives [126–132], alginate [122], carbon
nanotube [133], and other materials [134–137].

The emulsifiers have a significant effect on the stabilization for the structure of
the film especially during drying, and can strongly influence the barrier and
mechanical properties of films. In Phan’s research, hydrogenated palm kernel oil
(HPKO) and sucroesters with varied hydrophilic-lipophilic balances (HLBs) were
successively added to AX/glycerol solution, and films were formed after stirring,
homogenizing and drying. The film with 2.5% SP10 shows a 30% decrease in WVP
value when comparing to lipid-free AX film. The presence of SP10 also improved
the moisture resistance of film due to its low melting point and hydrophobic
property. However, SP30, SP40, and SP70 do little effect on the water absorption
rate and the contact angle of films [121]. Another two similar reports about the
AX-lipid-based edible films elucidated the influences of drying temperature and
lipid type on film structure and properties, [119, 120]. Increasing drying tempera-
ture induced a gain of mechanical performances (elongation) of film containing
lipid and an apparent “bilayerlike” structure that led to the reduction of moisture
transfer. The lowest WVP and a smallest mean diameter (0.54 lm) were observed
in HPKO-AX emulsion films. Additionally, water contact angle measured on the
HPOK-AX film was comparable to those observed for low-density polyethylene
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(LDPE) films (>90°). However, only triolein-AX films gained elongation after
emulsification. As illuminated, HPKO is a good emulsifier to enhance water
resistance of AX-based film [120].

A plasticizer was required to avoid brittleness of hemicellulosic films, and the
most commonly used plasticizers are propylene glycol, glycerol, sorbitol, and
xylitol. AcGGM was physically blended with alginate or carboxymethyl cellulose
in the presence of plasticizer (glycerol, sorbitol or xylitol), and films were formed
by solution-casting technique. All films have been evaluated by dynamic
mechanical analysis (DMA) equipped with a humidity scan, Ox-Tra® Mocon and
DSC to measure their storage modulus, oxygen permeability and thermal proper-
ties. It was found that the incorporation of plasticizer resulting in a low O2

permeability [� 4.6 (cm3 lm)/(m2 d kPa)], high mechanical toughness, and flexi-
bility within the AcGGM-based film. Therefore, AcGGM film is an excellent
candidate for making new renewable barrier materials for food packaging [122].
Without alginate or carboxymethyl cellulose, corn hull arabinoxylan films
with a plasticizer (glycerol, propylene glycol, or sorbitol) had lower WVPs
(0.23 * 0.43 � 10−10 g m−1 Pa−1 s−1) and may be attributed to the antiplasti-
cization effect. Moreover, the blend films had a tensile strength of 10–61 MPa,
modulus of 365–1320 MPa, and elongation ranging from 6 to 12%. Interestingly,
grapes coated with arabinoxylan/sorbitol films achieved a decrease of 41% in
weight loss rates after 7 days [123].

Reinforcing agents such as inorganic clays possess the flame retardant property
and other superior physical properties. MMT is commonly used to incorporate with
biopolymers in film casting through a green and simple paper-marking method. The
heat-resistance hybrid films (Fig. 19) were prepared from QH and MMT with dif-
ferent ratios [65]. The film forming mechanism is the electrostatic and hydrogen-
bonding interaction between QH and MMT nanoplatelets. The thermal stabilities of
the hybrid films were higher than those of QH due to the addition of MMT and the
proper proportion of QH and MMT. In a study by Chen et al. [124], QH/MMT/PVA
or QH/MMT/chitin nanowhiskers (NCH) hybrid films with different proportions
were formed by vacuum filtration. Compared with QH-MMT film, the films
containing PVA or NCH exhibited an improved mechanical strength, thermal sta-
bility, and oxygen barrier property, as well as a higher optical transparency.

Chitosan (CS) is an electropositive biopolymer due to the presence of –NH2

groups and could generate electrostatic interactions with anionic groups in acidic
media. Together with biodegradability and biocompatibility, chitosan is an excel-
lent film-forming candidate. When chitosan was introduced into QH/MMT matrix,
producing nanocomposite films with nacre-like structure and excellent mechanical
properties [27]. UV-vis test shows that the opacity was increased with the increment
of MMT amount. With the addition of small amount of CS, QH-MMT-CS film
showed a high tensile strength of 57.8 MPa, which was 30.2% higher than
QH-MMT composite film. The new prepared films also possess a good thermal
stability, lower oxygen permeability and preferable water vapour permeability.
Basing on the above results, these hemicelluloses-based nanocomposite films can
be good candidates for non-renewable films and have a great potential application
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in packaging. By introducing chitosan and glycerol, bagasse hemicelluloses films
were prepared with varied hemicellulose concentrations, chitosan/glycerol amount
and the drying temperature [125]. Due to the highly hydrophilic nature of glycerol,
the WVP of hybrid films rose as the increasing glycerol amount and decreased by
48% as the drying temperature increased from 25 to 55 °C. Besides, the tensile
strength and the elongation were changed significantly in the same range of tem-
perature. In summary, drying temperature has a noticeable effect on the mechanical
properties of these films.

In recent years, incorporation of biodegradable reinforcements such as celluloses
and other polymers has been extensively used for producing composite films with
enhancing mechanical performances and good barrier property. Xylan from corn
cob was blended with two kinds of cellulose and elaborating two composite films
by solvent casting [126]. One film was hydrophilic and fabricated from bleached
hemicelluloses (BH), unmodified cellulose and glycerol (as a plasticizer). The other
film was hydrophobic and composed of acetylated bleached hemicelluloses
(BAH) and acetylated cellulose, as shown in Fig. 20. The hydrophobic film had a
higher maximum weight loss temperature than the hydrophilic one, revealing a
higher thermal stability for the hydrophobic film. In addition, hydrophobic film
(a Young’s modulus *2300 MPa, a tensile strength of 44.1 MPa, and a strain at
break of 5.7%) showed better mechanical properties than the hydrophilic films
(a Young’s modulus of 3 MPa, a strength of 3.3 MPa, and a strain at break of
5.3%), indicating acetylated cellulose did not alter its reinforcing potential.

Fig. 19 The QH-MMT film forming process (Reproduced from [65] with permission)
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Huang et al. [128] reported a comparative study on the influence of nanocrys-
talline cellulose (NCC) or cationically modified NCC (CNCC) to the prepared
hemicelluloses/sorbitol (HC/SB) films. NCC was cationized by glycidyltrimethy-
lammonium chloride (GTMAC). The presence of NCC and CNCC remarkably
improved the mechanical properties of HC/SB films with increased elastic modulus
and higher tensile stress. Moreover, HC/SB/CNCC films exhibited better thermal
stability and a relatively smooth surface as compared to that with HC/SB/NCC
films. For the first time, hemicellulose/lignin (HL) film plasticized by 30% sorbitol
was reinforced with different loadings of nanocelluloses (ACNF, CNC, OCNF,
ACCNF). The film exhibited significant improvement in flexibility, transparency,
mechanical and moisture barrier performances. For instance, the film with ACNF
enhanced Young’s modulus and tensile strength up to 319 MPa and 266%,
respectively; while a film with CNC20 possessed a lower MVP and a less moisture
content as compared to other films. This work shows a great feasibility of turning
agricultural residues into high value-added film materials [127]. Kisonen et al. [129]
took the good affinity between GGM and nanofibrillated cellulose (NFC) to cast
films and coated with either succinic esters of GGM [GGM-Su1 (DS = 1.0) and
GGM-Su2 (DS = 1.6)] or native GGM. The contact angle measurement revealed
that NFC-GGM film double-coated with GGM-Su2 had better a hydrophobic
characteristic than other films; the lowest OP value of 0.1 [(cm3 lm) (m2 d kPa)]
and an improvement in barrier property and stiffness were achieved by the addition
of GGM-Su2 on NFC-GGM substrate. Furthermore, all films were demonstrated to
be grease impenetrable even at high temperature. Similarly, NFC/glucomannan
films could be fabricated by taking sorbitol as a plasticizer. The incorporation of
NFC improved the tensile and bursting strength of the films. Notably, the films can
be gravure printed with solvent-based ink using a gravure K-proofing press due to
its relatively high surface energy [130]. In another case, microfibrillated cellulose
(MFC) was mixed with GGM to form composite films with the addition of glycerol.
The reinforcement of MFC improved the mechanical properties and decreased the
moisture uptake of the films at low glycerol content (5–15%) [131]. Peng and
co-workers synthesized nanocomposite films basing on xylan-rich hemicelluloses
and cellulose nanofibers (CNFs) in the presence of sorbitol. The strong hydrogen

Fig. 20 Optical images of films: a test specimens of hydrophilic films with different percentages
of nanofiber, b hydrophobic films without reinforcement, c hydrophobic films with 1% of
acetylated cellulose and d hydrophobic films with 5% of acetylated cellulose (Reproduced from
[126] with permission)
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bonding between CNF and xylan allowed good interfacial adhesion between xylan
matrix and CNF, which results in a high mechanical strength and increased thermal
stability [132].

For the purpose of gaining conductivity of hemicelluloses, carbon nanotube
(CNT) is utilized as a filler material. The prepared CNT-hemicellulose films were
cast by either spinning or drop-drying method. The CNT-hemicellulose films
showed excellent conductive properties with a bulk conductivity of up to
2000 S cm−1 [133].

Hemicelluloses also can be utilized as reinforcement. Hemicellulose from
autohydrolysis process was incorporated with j-carrageenan/locust bean (j-car/
LBG) system in the presence of 0.30% (w/w) glycerol to prepare polymer-blend
films. The addition of hemicellulose resulted in a higher tensile strength and a lower
moisture content but did not lead to an obvious change in WVP and elongation at
break [136].

Without any addition, glucose and hemicelluloses-based films were prepared
with cellulosic and hemicellulosic portions from alkaline pretreatment of cotton
stalks at three different temperatures. The result showed that pretreatment temper-
ature did significant influence on the yield of cellulose and hemicellulosic portion
and the physical properties. The optimal pretreatment temperature was determined
to be 60 °C, at which could form an integrated film with a proper content of lignin,
and the film had better oxygen permeability and moderate mechanical properties.
Increasing pretreatment temperature to 90 °C, however, was detrimental to the
mechanical properties of the films (Fig. 21) [134]. By using autohydrolysis and
alkaline extraction of hemicelluloses as mentioned above, free-standing films could
be prepared from the hemicellulosic fractions with different xylan/GGM ratios. The
rapeseed xylan-GGM films exhibited strain-to-break values >60% without any
plasticizers [137]. Xylan could be used as an additive for production of
biodegradable wheat gluten film. Mechanical properties changed not only due to the
PH of suspension and drying temperature, but also were attributed to the type and
composition of xylan [135]. Hemicelluloses can be applied as coating materials

Fig. 21 Films obtained from hemicelluloses isolated at the end of pretreatments conducted at 25,
60 and 90 °C (Reproduced from [134] with permission)
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with gum arabic (GA) for food microencapsulation. The synthesis of microcapsules
by encapsulating fish oil with the emulsions of GA, GA-HC and HC as the coating
materials using spray dryer method was reported by Tatar et al. [29] According to
SEM observation, the as-produced microcapsules were surface smooth with no
cracks and splits. The viscosity increased with the addition of HC, which resulted in
the coalescence of oil particles and large amounts of oil particles with the largest
size. Finally, the combination of GA and HC lowered the cost of the coating
material.

4.2 Cross-Linking

Cross-linking is a good way to increase the molecular weight of polymers. By using
the laccase-catalyzed cross-linking method, aromatic moieties were successfully
bounded to wood hemicelluloses. Subsequently, carboxymethylcellulose sodium
salt and glycerol were mixed into the cross-linking hemicelluloses and cast into
films. The cross-linking sample with high molecular weight (high-MW) hemicel-
lulosic fractions formed a film that gave better mechanical properties and lowers
oxygen barrier when compared with those with low-MW hemicellulosic fractions,
confirming that molecular weight could significantly affect the strength and barrier
properties of films [138].

4.3 Grafting

Grafting is an effective method for modifying biopolymers and their special use.
Hemicellulose-lipid-based films were prepared by grafting various omega-3 fatty
acids onto arabinoxylans (AXs) polymeric chains in the presence of glycerol, using
cold oxygen plasma associated with electron beam (EB) irradiation treatment.
Among these films, the linseed oil-based edible film had the lowest WVP
(1.09 � 10−10 g m−1 s−1 Pa−1), which was 50% lower than the unmodified film.
Surface hydrophobicity of fish oil-based and marine oil-based films increased and
were almost comparable to those of LDPE films [139]. The same technique was
also applied in preparing AX-based films by grafting stearyl acrylate (SA) and
stearyl methacrylate (SM). The AX-based films with functional acrylates had
contact angles of superior to 110°, which was much higher than the original film
(70°), indicating an improved hydrophobicity after treatment. Additionally, a
decrease of 24% in the WVP occurred after modification. Combining the oxygen
plasma and electron beam (EB) irradiation technique with copolymer grafting is
demonstrated to be a good way to improve barrier properties of films for better use
in packaging [140]. By using plasma treatment, b-(1!3) (1!6)-glucan was grafted
onto the poly(lactic-co-glycolic acid) (PLGA) film, resulting in an increasing
hydrophobicity and inducing cell affinity onto the polymer surface. The obtained
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plasma/b-glucan PLGA film facilitated the cell proliferation procedure and was
expected to be applied in skin tissue engineering [141].

4.4 Other Modifications

Modifications such as oxidation, amination, fluorination and etherification are
extensively employed to obtain hemicelluloses-based films. Hydrophobic plastic
films from maize bran heteroxylan were prepared by periodic oxidation with
sodium periodate, followed by reductive amination with dodecylamine in the
presence of sodium cyanoborohydride. The DS values ranged from 0.5 to 1.1, and a
higher DS resulted in an increase in elongation and a decrease in the elastic
modulus [142]. Gröndahl et al. [143] proposed a method to produce hydrophobic
AX-based films by gas-phase surface fluorination with trifluoroacetic anhydride
(TFAA) (Fig. 22). IR spectra confirmed the presence of fluorinated moiety only
on the film surface. A hidden increase of water contact angle for AX film with 7%
fluorine (70°) compared to an untreated film (30°), except that, a decrease in the
equilibrium moisture content took place from 18 to 12% after the treatment. The
relatively modest increase in the hydrophobicity may be attributed to a partial
hydrolysis of the trifluoroacetate groups in contact with the water droplet.

In a research by Laine et al. [28], xylan extracted from bleached birch kraft pulp
were hydroxyalkylated by propylene oxide or glycidyl ethers and produced barrier
coatings in the presence of sorbitol/glycerol with or without citric acid. The data
shows a considerable WVP and the best OP of hydroxypropylated xylan coating
was nearly one-third of those for polyethylene terephthalate (PET) coating. The
modified films also exhibited oil and grease resistance. Thus, the results elucidate
its value-added applications in packaging and pigment coating binders for printing
papers. In another case, xylan was functionalized with 3-Chloro-2-hydroxypropyl
sulfonic acid (CHPS), (S)-(-)-(3-chloro-2-hydroxypropyl)-trimethylammonium
chloride (SCHMAC) or 3-chloro-2-hydroxypropyl-trimethylammonium chloride
(CHPMAC)/CHPS, respectively. Afterwards, these samples were applied for films
casting. The products were water soluble and reproducible. Quaternized films had a

Fig. 22 Fluorination of hemicelluloses (Reproduced from [143] with permission)
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supreme tensile strength (64.3 MPa) and hydroxypropyl sulfonate xylan films
gained a higher Young’s modulus (3350 MPa). Furthermore, the xylan-
quaternized/sulfonated film was surface smooth but fractured with a higher thick-
ness of 234 ± 18 lm as observed by SEM. The mechanical properties gave values
that are close to the average value of the two derivatives [144]. As previously
described [70], the benzylated AcGGM-based film was manufactured to be a
potential oxygen and moisture barrier. In order to investigate superstructural fea-
tures of the hemicellulose-based film, xylan-based furan-2-carboxylic acid ester was
prepared by mixing furan-2-carboxylic/CDI/DMSO solvent with xylan/DMSO
solution, and the obtained xylan furoate was cast into the film. Porous structure with
a macropore size of smaller than 250 nm and a meshwork-like pore-structure in the
upside within the film could be observed. In addition, a roughness value (Ra) of
150 nm and a maximum height (Rmax) of 1500 nm were determined [145].
Conclusively, research in the area of hemicellulosic films and coatings is ongoing
and seems to hold great promise for future practical applications.

5 Hemicellulose-Based Hydrogels (Three-Dimensional)

Hydrogels are polymeric three-dimensional networks that have a high capacity of
adsorbing a large amount of water or biological fluids and swell to many times
comparing with their dry mass while maintaining structural integrity [43]. From the
biocompatible and biodegradable point of view, natural polysaccharides and
especially hemicelluloses are extensively used in fabricating hydrogels.
Hemicellulose hydrogels, however, generally suffer from poor mechanical perfor-
mances, less stretchable for special use, and thus hindering their applications. To
overcome these drawbacks, the chemical modification has been made to prepare
many types of highly stretchable and tough hemicellulose-based hydrogels [146].
Given to their favorable properties such as high stretchability, responsiveness,
swelling/deswelling, and good mechanical performances, hemicellulose-based
hydrogels have been employed in many fields such as waste treatment [15–20,
147], dye adsorption [21, 22, 148, 149], drug delivery and release [23–26, 150–
152], tissue engineering [153], biodetector [154], biosensor [24, 25, 151, 155–160],
conductive polymers [153, 161, 162] and so forth. The swelling ratios of the
hydrogel samples are measured using a gravimetric method and defined as the
equilibrium swelling ratio (Seq).

5.1 Cross-Linking Hemicellulose-Based Hydrogels

In general, hydrogels are formed either by covalently cross-linking or physically
cross-linking, such as chemical treatment [163, 164], heating, or microwave irra-
diation. Hemicellulose-based cross-linking polymers offer resistances to thermal
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degradation, cracking by liquids and other harsh environments [11]. In a research
by Andersson et al. [152], AcGGM-based hydrogels were prepared by three steps.
Firstly, 2-hydroxyethyl methacrylate (HEMA) was mixed with CDI in anhydrous
CHCl3 and obtained 2-[(1-imidazolyl)formyloxy]ethyl methacrylate (HEMA-Im),
followed by HEMA-Im covalently coupled to AcGGM in DMSO with the catalysis
of triethylamine; and finally hydrogels were synthesized by the cross-linking of
HEMA with the modified AcGGM in the presence of ammonium peroxodisulphate
and sodium pyrosulfite as catalysts and a simultaneous incorporation of BSA.
The DS value of HEMA (DSHEMA) ranged between 0.1 and 0.36, and BSA release
from hydrogels was reduced with an increase of DSHEMA. The addition of enzyme
b-mannanase (AnMan5A) enhanced the release of BSA up to 95% within 8 h as
compared with that of 60% without a catalyst. In a similar case, Voepel et al. [150]
designed neutral hydrogels composed of methacrylated AcGGM (M-AcGGM) and
HEMA, and ionic hydrogels basing on maleic anhydride-modified M-AcGGM
(CM-AcGGM) and HEMA through radical-initiated polymerization and
cross-linking method (Fig. 23). The tests elucidated the drug release rate and
swelling ratio of the neutral hydrogels decreased with an increase in the degree of
methacrylation. The ionic hydrogels, however, showed quicker drug release
kinetics and higher swelling capabilities than the neutral gels, especially at neutral
conditions. As expected, the release speed was lowered under acidic media due to
the protonation of carboxylic functionalities. According to the above descriptions,
these novel hemicellulose-hydrogels have future prospects in oral drug release.

Several monomers have been used to prepare hemicellulose-based hydrogels,
including acrylic acid (AA), citric acid (CA), maleic acid, methacrylic acid. For
example, hemicelluloses were plasticized and cross-linked by CA with or without
sodium hypophosphite (SHP) as a catalyst and formed hydrogels using reactive
extrusion. The highest drug release can be obtained in an alkaline medium due to a
higher swelling ratio of hydrogels. Additionally, the concentration of CA and the

Fig. 23 Synthetical route applied for the preparation of poly(M-AcGGM-co-HEMA) hydrogels
(Reproduced from [150] with permission)
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molecular weight of polymers can influence the degradation of hydrogels [23]. Gao
et al. [24] prepared xylan-based temperature/PH sensitive hydrogels by the
crosslinking copolymerization of xylan with N-isopropylacrylamide (NIPAAm) and
AA using N, N′-methylenebis-acrylamide (MBA) as a cross-linker and 2,
2-dimethoxy-2-phenylacetophenone/N-methyl pyrrolidone (DMAP/NMP) as a UV
initiating agent. The swelling ability of the hydrogel was greatly influenced by the
amounts of NIPAAm, AA and MBA. A drug encapsulation efficiency of 97.60%
could be achieved, and the cumulative release rates of acetylsalicylic acid were
90.12 and 26.35% in the intestinal and gastric fluids, respectively. Besides, MTT
assay revealed the biocompatibility of the hydrogel with NIH3T3. Therefore, the
novel hydrogels have potential applications as oral acetylsalicylic acid drug carriers
for the intestinal-targeted drug delivery. Similarly, acylated xylan (ACX)-based
magnetic Fe3O4 nanocomposite hydrogels (ACX-MNP-gels) were fabricated by
copolymerization of ACX with acrylamide and NIPAAM [154], as shown in
Fig. 24. Especially, the as-prepared magnetic hydrogels exhibited excellent cat-
alytic activity and gave a sensitive response to H2O2 even at a concentration of
5 � 10−6 mol L−1. Therefore, the magnetic hydrogels can be utilized as a detection
tool in the field of biotechnology and environmental chemistry.

By taking the UV photo-crosslinking method as described above, Yang et al.
[159] synthesized honeycomb-like HC-based hydrogel by photo-cross-linking
acylated hemicellulose (Hce-MA) with NIPAAm in NMP. The lower critical

Fig. 24 Schematic process for the preparation of magnetic Fe3O4 nanocomposite hydrogels
(Reproduced from [154] with permission)
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solution temperature (LCST) of the hydrogel increased with Hce-MA and the
equilibrium swelling ratio was to rest with the environment temperature, which
indicated the temperature sensitivity of the hydrogels. Novel hydrogels basing on
wheat straw hemicelluloses were formed by taking AA as a monomer and MBA as
a cross-linker under the K2S2O8/Na2SO3 system and used for acetylsalicylic acid
and theophylline release. Equilibrium swelling ratio of the hydrogel can be affected
by pH values [25]. Cross-linked with the same monomer AA, hemicelluloses from
the spent liquor were utilized to prepare hydrogel by using ammonium persulfate/N,
N, N′, N′-tetramethyl-ethane-1, 2-diamine (APS/TEMDA) as a redox initiator
system. The as-prepared hydrogels gave a rapid response to pH, salt and ethanol,
and showed excellent mechanical properties with the highest compressive strength
of 105.1 and strain at break reach of 34.8% [155].

By graft copolymerization of AA, acrylic amide (AM) with hemicellulose in the
presence of APS/NaHSO3, hydrogels with excellent water absorbency (1128 g/g)
were synthesized. The results showed that the undulant surface and broad network
structure were responsible for its excellent water absorbency [154]. In a research by
Peng et al. [158], ionic hydrogels basing on xylan were prepared by free radical
graft copolymerization of AA and xylan. The prepared ionic hydrogels exhibited
different swelling degrees to pH, salt, and organic solvents, having potential
applications in separation and drug release systems, as well as removing heavy
metal ions [18].

Cationic hemicelluloses-based hydrogels were fabricated by Dax et al. [16]. The
procedure can be concluded as: firstly, GGM was modified with GMA in the
presence of DMAP and obtained GGM-MA, followed by cross-linking GGM-MA
with [2-(methacryloyloxy) ethyl] trimethylammonium chloride (MeDMA) as a
monomer. The resulting hydrogels can effectively remove arsenate and chromate
ions from aqueous solutions. According to the previous description [26, 65, 155],
CQH was synthesized by crosslinking quaternized hemicelluloses with epichloro-
hydrin (ECH), followed by graft copolymerization with AA and providing
hemicelluloses-based hydrogels [165]. The biocompatibility test confirms the
nontoxicity of the as-prepared hydrogels, which can allow cell growth and have a
potential application in functional biomaterials.

By using thiol-ene click reaction with MBA, thiol-Michael addition to MBA,
and disulfide bond formation, three AcGGM-hydrogels were synthesized. The
as-prepared hydrogels do not dissolve in water when prolonging the immersion
time over 54 h, demonstrating the successful formation of a covalently bonded
three-dimensional network [62]. Glow discharge electrolysis plasma (GDEP)
treatment can provide energetic species such as HO·, H·, and HO2· to induce a
chemical reaction in aqueous solution. GDEP treatment was applied for the
preparation of dual sensitivity reed hemicellulose-based hydrogels. Surprisingly, all
hydrogels have the same phase-transition temperatures of approximately 33 °C
under different discharge voltages. However, under the discharge voltage of 600 V,
the hydrogels become more sensitive to temperature and pH and thus obtaining a
higher deswelling ratio [160]. By using the same technique, Zhang et al. [147]
developed a hydrogel from reed hemicelluloses for the adsorption of heavy metal
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ions. The hydrogel retains high reusability for the adsorption of metal ions after 8
repeated adsorption/desorption cycles. Zhao and co-workers synthesized a magnetic
field-responsive hemicelluloses-based hydrogel (MFRHH) with excellent BSA
adsorption and controlled release. The fabricating process can be described as the
cross-linking between AcGGM and ECH in the presence of FeCl3�6H2O and FeCl2
(Fe3+:Fe2+ = 2:1) under basic media. The magnetizations of the MFRHHs
increased as the increasing Fe3O4 nanoparticles content, the equilibrium swelling
ratios (SRs) were 12.1, 7.4 and 2.4 for the M-5, M-10, and M-15 hydrogels,
respectively, lower than that of M-0 (hydrogel without Fe3O4 nanoparticles)
(SR = 27.0). Therefore, the MFRHH has great potential applications in controlled
drug delivery and magnetically assisted bioseparation [26]. Figure 25 shows the
MFRHH in different states and the macrostructure of MFRHHs with different
Fe3O4 nanoparticles contents.

5.2 Conductive Hemicellulose-Based Hydrogels

Conductive polymers attract much attention as humans relying on various electrical
equipment such as cellphone, computer, car and daily necessities. Conductive
polymers such as polyaniline, polypyrrole and polythiophene are extensively
applied in the microelectronics industry, including battery technology, photovoltaic

Fig. 25 Photographs of hemicellulose hydrogel (M-0) and MFRHHs (M-5, M-10, and M-15) in
the dry state (M-0-a, M-5-a, M-10-a, and M-15-a) and swollen state (M-0-b, M-5-b, M-10-b, and
M-15-b) (left). Corresponding SEM images �100 (a), �300 (b) and �2000 (c) magnification
(right) (Reproduced from [26] with permission)
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devices, light-emitting diodes, and electrochromic displays as well as biomaterial
field [161]. Electrically conductive hydrogels (ECH) combine the unique advan-
tages of conductive polymers and hydrogels, but the non-degradability of ECH
greatly limits their application. Therefore, conductive hydrogels basing on natural
polymers such as hemicelluloses are synthesized to solve this problem due to the
good compatibility of hemicellulose and polymers [153]. Zhao et al. [161] prepared
an electrically conductive hemicellulose hydrogel (ECHH) by cross-linking
AcGGM with epichlorohydrin and conductive aniline pentamer (AP) in basic
media under ambient condition (Fig. 26). Increasing the AP content led to an
enhancement in thermal stability of ECHH and a reduction in equilibrium swelling
ratio. Simultaneously, conductivity increased from 9.05 � 10−9 to 1.58 � 10−6 S/cm.
In the second study by Zhao et al. [162], free-standing ECHHs were obtained

Fig. 26 Schematic synthesis of ECHHs using epichlorohydrin as a cross-linker in basic media
(Reproduced from [161] with permission)
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by a copolymerization of carboxylated AcGGM (C-AcGGM) with GMA and subse-
quently covalently coupling with aniline tetramer (AT). The swelling ratio of the
hydrogels decreased with an increasing AT content; and particularly, the conductivity
increased by two orders of magnitude as the AT content changed from
10 to 40% (w/w).

A series of stimuli-responsive hemicellulose microgels (SRHMGs) were repor-
ted by Zhao et al. [151]. AcGGM as a matrix was cross-linked with different
functional materials (including poly(acrylic acid), AP, and iron) during spray
drying, giving SRHMGs with response to pH, electrochemical stimuli, magnetic
field, or dual-stimuli (Fig. 27). Comparing with single-stimuli hydrogel, the one-pot
reaction products had more practical applications, such as controlled drug release,
magnetic resonance imaging, biosensors, electronic devices, and tissue engineering.

Fig. 27 Synthesis of SRHMGs and suggested application fields of these microgels (Reproduced
from [151] with permission)
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5.3 Hemicellulose-Polymer Composite Gels
(Hydrogels and Aerogels)

To overcome the drawbacks of Hemicellulose hydrogels such as weak thermal
stability, brittle properties and weak mechanical properties, compatible ingredients
such as clay, chitosan, cellulose derivatives, carbon materials, polyvinyl alcohol
and other polymers are utilized to the synthesis of composite hydrogels with
enhancing functional properties [166].

Chitosan is also a renewable biopolymer possessing many functional groups
such as N-acetyl groups, reactive hydroxyl and amino groups, and has been widely
used to prepare natural hydrogels. Hemicellulose hydrogels can be cross-linked
and/or reinforced by chitosan to improve their mechanical performances [15, 20]. In
the study of Gabrielii et al. [166], xylan-containing glucuronic acid functionalities
and chitosan were dissolved in acidic condition to form hydrogels. The gelation
mechanism was the complexation between glucuronic acid functionalities in xylan
and amino groups in chitosan. The hydrogels were sensitive to pH and responded in
a reversible manner to the stimuli. In a similar way, –NH2 groups in chitosan were
cross-linked with carboxylic acid groups in hemicellulose derivative obtained from
esterification of hemicellulose with citric acid in SHP, and producing an elastic,
highly porous and durable hemicellulose citrate-chitosan hydrogel [167]. The
aerogel can adsorb up to 100 g of a saline solution and 80 g of water per gram of
the material, respectively, which can be used to reduce the overall salinity of the
water. Wu et al. [20] demonstrated a cross-linking carboxymethyl chitosan-
hemicellulose (CMCH) hydrogel with highly macroporous structure, pH-sensitivity
and highly efficient adsorption with metal ions. Furthermore, CMCH could be
reused without significant loss of the adsorption capacity. In another work by Wu
and co-workers, TiO2 nanoparticles were incorporated into the carboxymethyl
chitosan-hemicellulose network (CHNT) with the assistance of sodium dodecyl
sulfate (SDS). Due to the favourable chelating groups existing in its structure, the
hydrogels not only had the capacity of removing heavy metal but also exhibited
good regeneration of loaded metal ions with EDTA [19]. Since diethylene triamine
pentaacetic acid (DTPA) has a high-affinity binding with hemicellulose in the
catalysis of SHP, the hemicellulose-DTPA-chitosan hydrogel can be synthesized
after crosslinking DTPA-hemicellulose and chitosan [15]. The resulting foam can
be used for water desalination and the maximum salt uptake is nearly 0.30 g/g.

Guan et al. [168] reported a novel dialdehyde hemicelluloses (DHC)/chitosan/
Ag composite hydrogel possessing antimicrobial activity against microbes. DHC
was obtained by oxidation of hemicelluloses with NaIO4, and the hydrogel was
formed by a reduction of silver ions within the cross-linked DHC/chitosan
hydrogels, as shown in Fig. 28. The swelling degree of the hydrogel decreased
sharply after the addition of silver ions. The composite hydrogel seems to be a
potential antimicrobial material and can be used to treat accessible wounds to
prevent or kill the existing infection.
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In another work by Guan et al. [169], hemicelluloses, PVA, and chitin nano-
whiskers were mixed with a mass ratio of 1:1:1 to form a hydrogel in water by
using the freeze-thaw technique. FT-IR and NMR spectra confirmed that the
repeated freeze-thaw cycles induced the physical crosslinking. The mechanical
properties were significantly enhanced by increasing the content of chitin nano-
whiskers. As a conclusion, this physical method is a good way to prepare hydrogels
with good mechanical properties [169, 170]. Cellulose whiskers were coated to
HEMA modified hemicellulose and formed a hydrogel by in situ radical poly-
merization of HEMA. The resulting hydrogels exhibited a rubber-like behaviour
with enhancing toughness, increasing viscoelasticity, and improving recovery
behaviour [171].

Fig. 28 The mechanism for the synthesis of (DHC)/chitosan/Ag hydrogel (Reproduced from
[168] with permission)
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Identically, nanocellulose such as cellulose nanofibrils (CNF) and nanocrys-
talline cellulose (CNC) also can be applied as a reinforcing material for
hemicelluloses-based gels. Cellulose nanofibrils (CNF)-GGM sponge-like aerogels
was elucidated by Alakalhunmaa et al. [172], as shown in Fig. 29. The aerogels
could adsorb water up to 37 times of their initial weight and possessed reversible
sponge capacity, which can be used as a substitute of petroleum-based materials in
food-packaging. Dax et al. [173] designed a hydrogel basing on nanofibrillated
cellulose (NFC) and GGM-MA. The electrostatic attraction between the anionic
charges in NFC and the quaternary ammonium groups in the polymer chains
resulted in the successful connection of NFC to the polymer and thus enhancing the
modulus of the hydrogel. Moreover, the hydrogels revealed a high adsorption
capacity to chromate ions. Xylan/CNC hydrogels were successfully synthesized by
cross-linking the oxidized xylan with CNC during freeze-casting [106]. Within this
hydrogel, hemiacetal bonds formed between aldehyde groups and hydroxyl groups
during solidification/sublimation process, which was determined by NMR spectra.
Thus, freeze-casting/cross-linking method could enable the fabrication of nanore-
inforced biopolymer-based hydrogels with tailor-made architectures.

Interpenetrating polymer networks (IPNs) are unique ‘‘alloys’’ of cross-linked
polymers in which at least one network is synthesized and/or cross-linked in the
presence of the other. IPN hydrogels are endowed with improving responsiveness
and mechanical performance, as well as fast adsorption of ionic species like dyes
and heavy metal ions. Lately, biopolymer-based IPN hydrogels have been widely
reported, especially hemicelluloses-based IPN hydrogels [174, 175]. Malaki et al.
[176] fabricated a semi-IPNs hydrogel by through cross-linking methacrylated
carboxymethylcellulose (MA-CMC) with AA as co-monomer and MBA as
cross-linker in the presence of softwood hemicellulose hydrolysate (SWH), as
shown in Fig. 30. The semi-IPN hydrogels demonstrated a highly porous structure
and appreciable mechanical performance, and the swelling ratio was similar to the
single SWH network. In Malaki’s another research, full IPNs hydrogels were
prepared from AcGGM via free radical polymerization and a thiol-ene click reac-
tion. The as-prepared IPNs hydrogel showed a faster swelling rate and a higher
shear storage modulus (35–40 times higher) than the corresponding single network

Fig. 29 The repeatable liquid water absorption capacity of the aerogels that maintained their
structure and shape in water (Reproduced from [172] with permission)
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of AcGGM after click reaction [177]. Meena and co-workers reported a hydrogel
basing on kappa-carrageenan/xylan/polyvinylpyrrolidone (kC-xylan-PVP) blend,
using sodium persulphate (KPS) as a water-soluble initiator under microwave
irradiation. The resulting hydrogels also possessed a semi-IPN structure with
enhancing swelling ability and water holding capacity as compared to untreated
blends [178]. To sum up, the radical graft copolymerization [179] of hemicelluloses
offers new opportunities to derive functional hemicellulose-based composite
hydrogels; and these IPN hydrogels are preferable to serve as membranes [180],
adsorbents and supports and relieve the pressure of the environment.

The fabrication of xylan (with or without acetyl moieties)/poly(HEMA)-based
hydrogels is similar to the previous reports [152]. Surprisingly, the resulting
hydrogels demonstrated to be stiffer and possessed a lower water swelling capacity
due to the presence of acetyl moieties. Simultaneously, the drug release efficiency
was enhanced and the hydrogels could act as cargo carriers to deliver an anticancer
drug [181]. Basing on the studies described above [152, 181], an elastic, soft, and

Fig. 30 Schematic outline of the synthesis of SWH-based semi-IPN hydrogels (Reproduced from
[176] with permission)
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water-swellable hydrogel named as hemicellulose/HEMA and hemicellulose/poly
(ethylene glycol) (PEG) was synthesized [182, 183]. The swelling behaviour of the
hydrogels were comparable to the pure poly(2-hydroxyethyl methacrylate)
(PHEMA) hydrogels, providing a suitable way for the preparation of novel poly-
meric structures. Utilizing CuAAC, thermoresponsive hydrogels basing on birch-
wood xylan were prepared by introducing reactive azide groups on the backbone of
xylan via etherification and crosslinking the azide groups with poly(ethylene
glycol)-b-poly(propylene glycol)-b-poly(ethylene glycol) (PEG-PPG-PEG) in the
presence of propargyl bromide and NaH. The hydrogel showed a reversible
swelling ability at low temperature and deswelling performance at high tempera-
ture. The compressive modulus of the hydrogel increased at 7 °C and its stiffness
decreased at 70 °C [157]. Xylan-MA/PVA blends with different ratios of maleic
anhydride (MA) and PVA were heated and then cross-linked to generate hydrogels
under acidic media. Xylan-MA was the product of esterification between xylan and
MA. The swelling and strength behaviours of the new hydrogel were rest with the
content of PVA and MA [184]. Another PVA-enhanced temperature- and
pH-sensitive hemicellulosic hydrogel was prepared by grafting MA onto hemi-
cellulose, followed by copolymerization of the obtained acylated hemicellulose
(AHC) with NIPAAm and itaconic acid (IA) and incorporated with PVA. The
resulting hydrogel with enhancing compressive strength was proved to be bio-
compatible and the salicylic acid could release rapidly in the simulated gastric fluid
at the initial time. As observed, the hydrogels have an extensive application in terms
of controllable drug delivery [156]. Novel poly(amidoamine) (PAA)/hemicellulose
hydrogel was prepared by graft polymerization of methacrylic acid onto the
AcGGM backbone in the presence of acrylamide end-capped PAA oligomers as
cross-linkers and Na2S2O5/(NH4)2S2O8 as initiator [17]. The as-prepared hydrogel
gained a high swelling degree, low storage moduli, and a high adsorption capacity
of various heavy metal ions, and can be used for the treatment of highly contam-
inated wastewaters [185].

Graphene oxide (GO) and CNT have emerged as carbonaceous materials with
the high specific surface area and excellent mechanical strength. GO and CNT is
reliable and promising physical fillers for the preparation of composite hydrogels
with enhanced mechanical strength [186]. Kong et al. [146] established a drawing
procedure that GO was incorporated into polymerized acrylamide (PAM)/car-
boxymethyl hemicellulose (CMH) solution, followed by ionic crosslinking with
Al3+ to obtain PAM/GO/Al-CMH nanocomposite hydrogel. The hydrogen bonding
between GO and polymer chains and the network formed by Al3+ ionically
cross-linking CMH led to a decrease in the swelling capacity and an enhancing
mechanical property. Figure 31 shows the gelation procedure of PAM/GO/
Al-CMH hydrogel and its mechanical property was depicted in Fig. 32.

Another organic-inorganic hybrid hydrogel composed of hemicellulose-g-poly
(methacrylic acid) and multiwall carbon nanotube (MW-CNTs) was prepared for
the removal of methylene blue. The cross-linking was initiated by (NH4)2S2O8/
Na2SO3 after adding the cross-linker MBA and the monomer methacrylic
acid [149]. The adsorption kinetics of methylene blue (MB) followed the
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pseudo-second-order kinetic model and the mechanism of adsorbing methylene
blue is depicted in Fig. 33. A superabsorbent basing on MWCNT-xylan composite
and poly(methacrylic acid) was synthesized by the same method described above,
and also exhibited high removal rate for MB [148].

Clay can act as a physical crosslinker and provides physically crosslinking
during the gelation process of hybrid hydrogels. Cheng et al. [22] developed a facial

Fig. 31 Formation of GO/PAM/Al-CMH nanocomposite hydrogels (Reproduced from [146] with
permission)

Fig. 32 Mechanical properties of the PAM hydrogel and the GO/PAM/Al-CMH hydrogels
(Reproduced from [146] with permission)
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route to prepare hemicellulose/clay hydrogels in the presence of polyethylene
glycol diglycidyl ether (PEGDE). The non-covalent interactions between hemi-
cellulose and clay hindered the penetration of water into the hydrogel network,
leading to a decrease in swelling ratio. This hybrid hydrogel, however, increased
the adsorption of methylene blue by approximately 50 mg/g as compared with the
hydrogel without clay. In a study by Sun et al. [21], CaCO3 was used as porogen in
the fabrication of stimuli-responsive (pH/salt) porous hydrogels basing on HC and
poly(sodium acrylate), the obtained HC-g-poly(sodium acrylate) hydrogels showed
a high adsorption capacity of methylene blue, which is appropriate for wastewater
application.

6 Summary and Outlook

Hemicelluloses as renewable resources have a lot of favourable inherent properties
such as hydrophilicity, biodegradability, biocompatibility, low cost, and
non-toxicity, as well as good barrier properties and mechanical properties by using
appropriate chemical modification or physical treatment. Therefore, hemicelluloses-
based materials hold great potentials in various applications such as packaging,
water treatment, and biomedical field, which can form a viable substitute for
fossil-based materials to some extent.

Fig. 33 The possible adsorption mechanism of methylene blue on hydrogels (Reproduced from
[149] with permission)
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However, only a few applications of hemicellulose-based materials are so far
explored and suggested. Societal awareness of sustainability issues is a strong
driver for the implementation of such biobased materials on the market, still,
commercial applicability and success depend also on the price and efficiency of
extraction and production processes. There is a huge market awaiting hemicellu-
loses. In hence, technological breakthroughs are urgent, including the scale-up
production of hemicelluloses, new fabrication methods of functional materials,
unique performances and applications of various composites, and so on. These
technology breakthroughs will trigger the soaring hemicellulose market in the near
future.
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Self-healing Bio-composites: Concepts,
Developments, and Perspective

Zeinab Karami, Sara Maleki, Armaghan Moghaddam
and Arash Jahandideh

Abbreviations

BG Bioglass
CNCs Cellulose nanocrystals
CB Cucurbit uril
DA Diels-Alder
ELP Elastin-like polypeptides
GO Graphene oxide
MSP Metallo-supramolecular polymer
MWCNTs Multi-wall carbon nanotubes
NR Natural rubber
PDAP Polydopamine
PU Polyurethane
PCL Poly(e-caprolactone)
Ag NWs Silver nanowires
UV Ultraviolet radiation
UPy Ureidopyrimidinone

1 Introduction

As humans seek immortality, they also like their products to be able to be used
infinitely, but man-made materials, such as polymer composites, are vulnerable to
damage, failure, and degradation. Defects from deep within the structure, and thus,
detecting such defects and repairing them is hardly feasible [1]. On the other hand,
biological systems, such as muscles or bones, can be repaired after being exposed to
excessive loads through complex mechanisms. Accordingly and inspired by nature,
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synthetic healable systems have been developed. Synthetic self-healing materials
are smart systems which have the ability to heal and retain the properties, similar to
living organisms, after the occurrence of a damage [2].

Different types and applications of polymers including thermoplastics, ther-
mosets, elastomers [3–8], shape memory and supramolecular polymers, coatings,
and polymer composites have been reported in the field of self-healing materials, as
these materials are used excessively in everyday and industrial applications [9, 10].
Figure 1 shows a healing process of a polymer coating via a thermal treatment.

In this chapter, the basics and fundamentals of healing are explored. The fol-
lowing sections of the chapter deal with self-healing biocomposites, and their types
and applications are explained. Finally, a scope into the future of these biocom-
posites is discussed.

1.1 Fundamentals of Self-healing

The self-healing materials are divided into extrinsic and intrinsic systems. In
extrinsic self-healing systems, healing agents such as microcapsules are embedded
in the matrix, but this approach is of some drawbacks; for instance, the healing
agent gets consumed during healing in the damaged region [11]. For intrinsic
self-healing systems, the non-covalent or dynamic covalent chemistries control the
healing process and efficiency. Unlike extrinsic healing materials, these types of
healable materials can be used repeatedly in healing cycles [12].

Moreover, self-healing mechanisms based on the bonding can be categorized
into two groups: covalent bonds, and non-covalent bonds. Indeed, the formation or
cleavage of covalent or non-covalent bonds in the polymer materials can result in
healing property in the presence or absence of an external stimulus [13]. The
reactions which consequently lead to the self-healing of the polymers include
covalent bonds, such as the formation of cyclic structures [14], and non-covalent
bonds, meaning supramolecular chemistry (H-bonding, ionic interactions, and p–p
stacking) [15, 16].

Fig. 1 Healing of a polymer coating through thermal treatment (retro diels-alder and diels-alder
reactions)
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1.2 Biocomposites: Substitutes for Fossil-Based Composites

The ever-changing economic developments leading to increasing oil prices, global
warming and endless trash being produced, have led to more light being shed on the
urgency of formulating novel composites with sustainable sources, and even better,
biodegradable ones [17]. Besides, with the development of polymers and com-
posites fields and petrochemicals being the main supply for these fields, concerns
about a fossil fuel-deprived future has grown. Regarding the economic and envi-
ronmental issues arisen, the production of polymers derived from renewable and
sustainable sources have become a necessity [18, 19]. Thus, for instance,
petrochemical-based composites can be replaced with biocomposites.

A bio-based composite can consist of a bio-based reinforcing agent, matrix, both
or even other ingredients in the formulation such as vegetable oils [20, 21].
Sustainable matrixes include furan derivatives, gelatin, chitin and chitosan, poly
(lactic acid) (PLA), poly(lactic-co-glycolic acid) (PLGA), casein, alginate, proteins
and their derivatives, reinforcing agents include cellulose and jute fibers, and other
ingredients include linseed, Tung, and neem oil, to name but a few [22–32].

As mentioned earlier, based on the active agent and the degree of damage,
different mechanisms and transitions can affect the healing property of the materials
[33]. In following sections, the mechanisms by which the healing in biocomposites
occur are discussed regarding the type of healing, more specifically, based on the
bonds and transitions.

2 Self-healing Biocomposites Based on Non-covalent
Bonding (Supramolecular)

Features including reversibility, directionality, and sensitivity make the
supramolecular chemistry attractive, particularly for self-healing materials. In con-
trast to covalent bonding, supramolecular networks can remodel rapidly and rever-
sibly from fluid-like to solid-like plastic networks [34, 35]. Therefore, exploiting
supramolecular chemistry in biocomposite matrixes can lead to healable biocom-
posites. The self-healing in these biocomposites are based on hydrogen bonding,
metal-ligand coordination, p–p stacking, ionic interactions and macrocyclic
host-guest interactions. Table 1 summarizes the general mechanisms of self-healing
for supramolecular polymers. the supramolecular self-healing biocomposites have
great potentials to be used in various applications, namely fields of biomaterials,
wastewater treatment, and smart materials [36–38].
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2.1 Self-healing of Biocomposites on the Basis
of Hydrogen Bonding

Directionality and affinity features have made hydrogen bonding (H-bonding) very
attractive. Besides, these features have endowed remarkable mechanical strength to
the systems with hydrogen bonding. Method of selecting the hydrogen bonding
motifs, such as ureidopyrimidinone (UPy, a motif with strong tendency to form
H-bonds through a quadruple array of H-bonding donors and acceptors, as shown in
Fig. 2), can be affected by the properties of polymers. It should be noted that these
motifs are easily introduced into polymer chains either as end-groups or as pending
groups [39–41]. UPy end-functionalized supramolecular polymers behave similarly
to conventional polymers with an immense dependency on physical and mechanical
properties to the temperature [42, 43]. UPy-monomers coupled with the thermally
responsive polymer can terminate the formation of thermo-regulated self-healing

Table 1 General mechanisms of self-healing for supramolecular materials

Type of interaction Mechanism

Hydrogen bonding It is sensitive to pH or temperature changes. For example, at ultraviolet
radiation exposure, UPy motifs cleave and so the properties of these
materials, such as molecular weight and viscosity, decrease and as a
result, the defects heal quickly and efficiently [45]

Metal–ligand
coordination

It is a temperature-sensitive complex. It has to be noted that heating leads
to possible de-bonds in metal–ligand motifs, which consequently reduce
the molecular weight of polymers, as well as the viscosity, and thereby,
the healing of the mechanical damages would be facilitated [49]

p–p stacking
interaction

It is a temperature-sensitive complex [52]

Ionic interactions The ionic cross-links easily re-form and rearrange, which facilitate the
self-healability [54]

Host–guest
interactions

Macrocyclic host–guest interactions can be incorporated in a
biocomposite in order to impart self-healability [56]
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polymers. In the supramolecular polymers, using materials with high segmental
mobility (which act as the soft segment with low Tg), connected to the segments
with the H-bonding motifs (which play the role of the hard segment with high Tg),
endow a self-healing property to the system which is sensitive to the changes in
temperature or pH [12]. It is also believed that the hydrophobic interactions asso-
ciated with the hard segments (UPy-groups) lead to the phase separation, and
therefore self-healing can be a feature in supramolecular polymers [44]. As
aforementioned, H-bonding can be utilized in biocomposites to impart self-
healability [45].

For example, the synthesis of light-healable nanocomposites, based on a
telechelic poly(ethylene-co-butylene) (functionalized with H-bonding of UPy) and
UPy-functionalized cellulose nanocrystals is reported. Under ultraviolet radiation
exposure, the UPy motifs of these materials were excited by the absorbed energy
that was converted into heat. This phenomenon resulted in the temporary cleavage
in the H-bonding motifs, and consequently, a reversible drop in the properties of the
supramolecular polymers, such as molecular weight and viscosity. As a result,
defects healed quickly and efficiently, even at a filler content of up to 20 w/w%. It
must be noted that healing through this method has been performed under heating,
and this method is sensitive to the temperature applied [45].

2.2 Self-healing of Biocomposites on the Basis
of Metal-Ligand Coordination

The optical and photochemical properties, along with reversibility and tenability
(which have been achieved by incorporation of different metal ions and ligand sub-
stitutes), have made metal-ligand coordination particularly attractive. In these
supramolecular polymers, incorporating ligands into metal-crosslinked polymers
leads to the formation of a temperature-sensitive complex in which variations in the
temperature may decouple metal ions from the ligand, resulting in bonding and
de-bonding [46]. When the metallo-supramolecular polymers are exposed to the
ultraviolet (UV) light, the metal-ligand motifs could be electronically excited, and the
absorbed energy could be converted into heat. This, in turn, results in the de-bonding
ofmetal-ligandmotifs (Fig. 3), which consequently reduces themolecularmass of the
polymers as well as the viscosity, and thereby, healing of the mechanical damages
would be facilitated [47, 48].

An example for utilizing metal-ligand coordination in self-healing biocompos-
ites discussed the synthesis of the light-healable nanocomposites, including cellu-
lose nanocrystals (CNCs) and a metallo-supramolecular polymer (MSP) based
on poly(ethylene-co-butylene) that was end-functionalized with 2,6-bis
(1-methylbenzimidazolyl) pyridine ligands and Zn(NTf2) 2. These nanocompos-
ites were able to absorb UV radiations and convert them to heat, and thus, the metal
−ligand motifs dissociated. As a result, small defects could be filled by liquefying
the material. When the UV light was switched off, the MSP reassembled, and the
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initial properties were restored. Incorporating CNCs into the MSP matrix improved
the strength and stiffness-from 52 and 1.7 MPa for the neat polymer to 135 and
5.6 MPa in 10% w/w CNCs, respectively [49].

2.3 Self-healing of Biocomposites on the Basis of p–p
Stacking Interaction

When end-caped p-electron deficient groups interact with other p-electron-rich
aromatic backbone molecules, stacking interactions form. In these polymers, tuning
Tg facilitates the fabrication of self-healable supramolecular polymers at a wide
temperature range (*50–100 °C). It has also been reported that within one
supramolecular network, the intermolecular H-bonding can be combined with p–p
Stacking, and consequently, thermal healable networks containing urethane and
urea groups as a spacer can be achieved [50, 51].

To endow heal ability to biocomposites by p–p Stacking interactions, a
supramolecular healable nanocomposite was prepared, via blending p−p interac-
tions (between a p-electron rich pyrenyl end-capped oligomer) and a chain-folding
oligomer, containing pairs of p-electron poor naphthalene-diimide units, with
CNCs as the reinforcing agent. The authors prepared and studied a series of
nanocomposites, employing different CNCs wt% (from 1.25 to 20.0 wt%) in the
healable supramolecular polymeric matrix, via solvent casting followed by com-
pression moulding. The authors studied the healing behaviour of nanocomposites at
elevated temperatures (*85 °C). The results showed that the healing rate decreased
by an increase in the CNC content. The best combination of healing efficiency and
mechanical properties was obtained when employing 7.5 wt% CNC in the
nanocomposite, which resulted in a rehealable composite (100% healability at
85 °C within 30 min). As a result, they showed enhanced mechanical properties for
the supramolecular nanocomposites compared to the unreinforced polymer, while
efficient thermal healing is still possible [52].
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Fig. 3 A representative scheme of self-healing of MSP containing metal–ligand coordination [46]
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2.4 Self-healing of Biocomposites on the Basis
of Ionic Interactions

In this group of supramolecular polymers and polymer composites, the formation of
the ionomer leads to the formation of the final polymer network, caused by the ionic
interactions. For instance, Xu et al. [53] worked on a self-healable material,
exploiting the controlled peroxide-induced vulcanization to generate the physical
ionic crosslinks, via polymerization of zinc dimethacrylate in natural rubber (NR).
It has been noted that the rubber with covalent cross-linking has higher strengths
and modulus, although these types of cross-links induce lower levels of mobility to
the rubber chains. The restricted mobility of the rubber chains, in turn, hampered
the healability of the system in case of the mechanical damage. On the other hand,
NR chains in the ionic supramolecular network had good flexibility and mobility.
The ionic cross-links easily reconstructed and rearranged, which facilitated the
self-healability [53, 54].

Moreover, studied the self-assembly of chitosan chains with graphene oxide
(GO) nano-sheets was studied, where GO worked as the two-dimensional
cross-linker due to its multifunctional groups on both sides. The gel-formation
process includes two steps: first, chitosan interacts with GO via electrostatic
interactions. Due to the complex intra-/inter-molecular hydrogen bonding, the
chitosan chains would be in the compressed state. After heating, the hydrogen
bonding interactions (among chitosan chains) become weak and the free motion of
chitosan chain and GO nano-sheets increase, resulting in the more interactions
among them. As a result, the chains stretched have a higher chance to interact with
other GO sheets and supramolecular hydrogels of chitosan and GO could be pre-
pared by controlling the concentration of GO, the ratio of chitosan/GO, and the
temperature. They also found that at a high GO concentration, healable hydrogels
can be prepared at room temperature. However, at lower GO concentrations, the
supramolecular hydrogels formed only at an elevated temperature (i.e. 95 °C) [36].

2.5 Self-healing of Biocomposites on the Basis
of Macrocyclic Host–Guest Interactions

Macrocyclic host-guest interactions have been employed over the past three dec-
ades. Typically, this kind of interactions is formed where a guest molecule is locked
within the cavity of the host. It should be noted that the host molecule typically
owns external features (that interact with the solvent), and internal features that
often cause the formation of the interaction between a ‘guest’ through either a
specific shape or a favourable environment to the host molecules [55]. Macrocyclic
host-guest interactions can be incorporated in a biocomposite in order to impart
self-healability.
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For example, a nanocomposite hydrogel was prepared from brush polymer-
modified CNC, as hard domains, and ‘soft’ polymeric domains, that were bound
together by cucurbit [8] uril (CB [8]) supramolecular crosslinks, which form
dynamic host-guest interactions. The resulting supramolecular nanocomposite
hydrogels showed three important properties: (I) high storage modulus
(G′ > 10 kPa), (II) rapid sol-gel transition (<6 s), and (III) rapid self-healing (even
upon aging for several months) due to the balanced colloidal reinforcement, as well
as the selectivity and dynamics of the CB [8] three-component supramolecular
interactions [56].

3 Self-healing Biocomposites Based on Covalent Bonding

For self-healing biocomposite based on covalent bonds, the most important cova-
lent bonding, which is commonly used for the preparation of the self-healing
polymers and polymer composites is [2+4] cycloaddition, known as DA reaction
[14]. Although this reaction was discovered in the year 1950 by Diels and Alder,
just in the last decade was it employed as the cross-linking mechanism in healable
polymers for healing applications [57]. DA reaction includes a cycloaddition
reaction between a conjugated diene such as a furan group and a dienophile such as
a maleimide group to form a substituted cyclohexene known as DA adducts [58]
(Fig. 4). The formation of reversible adducts is responsible for imparting
self-healability [14, 59, 60]. In retro DA reactions, the diene and dienophile moi-
eties disconnect. Subsequently, at lower temperatures, the covalent bonds (DA
bonds) reform, and the crack would be completely repaired [61].

Furan compounds involved in these reactions are of bio-based materials, which
subsequently improve the sustainability of the final product [59]. The synthesis of
partially bio-based healable composites based on DA reactions has been reported in
the literature [57, 62–66].

Another kind of covalent bonding used for self-healable biocomposites is
Schiff-base interaction. A Schiff-base dynamic covalent bond is formed as a result
of a reaction between an aldehyde or ketone with primary amines, in which the
C=O group is replaced by the C=N-R group, where R may be any alkyl or any aryl
group. Schiff-bases which contain aryl substituents are substantially more stable

O + N

O

O
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Retro DA
NO

O

O

Fig. 4 A representative scheme of reversible DA reaction
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and synthesized more readily, while those which contain alkyl substituents are
relatively unstable. Schiff-bases of aliphatic aldehydes are relatively unstable, while
those of aromatic aldehydes contain effective conjugations and are more stable
[67, 68].

3.1 DA Based Self-healing Nanocomposites

Providing DA and retro DA reaction conditions for a nanocomposite matrix endow
self-heal ability to the fabricated nanocomposites. These nanocomposites would
have potential applications in electronics, as the conductivity of the broken electric
circuit can be completely restored [64].

The first example of partially bio-based composites containing nanomaterial,
based on DA chemistry was reported by Wu et al. [64], where a composite was
prepared from DA polyurethane covalently connected to the functionalized gra-
phene nano-sheets. This flexible composite displayed excellent mechanical prop-
erties in addition to its infrared (IR) laser self-healing properties. The reduced
graphene oxide could absorb the IR light and convert it into heat promptly, resulting
in a local increase in the temperature. The results showed that mechanical properties
could be retained after healing via 1 min IR laser irradiation at 980 nm; in terms of
Young’s modulus, break strength, and break elongation, the healing efficiencies
were 100, 96, and 97%, respectively. The healing was also visually confirmed via
SEM analysis [64].

The synthesis of a healable composite, made of amino-functionalized multi-wall
carbon nanotubes (MWCNTs)/epoxy, was reported based on the DA network.
Crosslinking the matrix included two steps; first, the epoxy resin was reacted with
furfurylamine or the amino-functionalized MWCNTs; subsequently, the substituent
furan groups were reacted with bismaleimide groups through DA reaction, resulting
in the formation of the DA network [69]. In this composite, the photothermal
conversion of CNTs triggers both DA and retro DA reactions [70]. Both heating
and IR irradiation methods can be successful in terms of healing. Nonetheless,
heat-triggered self-healing procedure results in an unwanted dissociation of other
parts of the specimen, which consequently results in wasting the energy and
deformation of the sample [71]. For the heating method, cracks were repaired after
1 min at 120 °C and completely healed after 5 h (which is rather a long time). In
irradiation method, the cracks were healed within 30 s of irradiation. It should be
noted that the repairing time and efficiency (determined based on the ratio of tensile
strengths of the healed and pristine sample) is adjustable by an increase of NH2-
MWCNTs content and also a reduction in the repairing time [69].

In the mobile phone industry where the devices are subjected to service for
prolonged periods, healability is of great importance, especially for screens. Such
screens are intended to be transparent. In this case, DA polymers, capable of
self-healing, are suitable candidates to give repairable conductive screens [72].
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Two studies have been reported by Pei et al. [65, 72], concerning the healable
conductive screens. In these studies, the simultaneous utilization of silver nanowires
(Ag NWs) network and a DA-based polymer resulted in a transparent conductor
with desired mechanical properties [65]. The resulted capacitive touch screen
sensors have the ability to mend their functions by being exposed to 80 °C for 30 s,
which consequently provides the conditions for the efficient retro DA reaction, and
thus, further healing of the surface cracks is possible [72]. Figure 5 represents the
schematics of the DA healable network.

Cracks healed rapidly and efficiently due to the reformation of DA polymer
matrix. In fact, reformation causes the silver nanowires to re-assemble and form an
integrated network. The conductivity of the healed samples was measured and it
was 97% of the pristine ones [65]. According to the SEM micrographs, the healing
occurred through two pathways: (a) the DA reaction of the DA polymer network,
i.e. the substrate, and (b) the reformation of the AgNW network. Healed samples
possessed 86% of the mechanical strength of the pristine ones. Results also showed
that the healing process can be repeatedly accomplished in the same location,
without a significant decrease in the surface conductivity [65].

3.2 DA Based Self-healing Biocomposites
Containing Fibers

DA reaction may be employed in fiber-reinforced composites for several reasons:
(a) it can improve the adhesion of the reinforcement to the polymer matrix, (b) it
facilitates the load transfer from the polymer matrix to the reinforcement material,
(c) it endows healability to the composite, and (d) it extends the fatigue lifetime of
the specimen [57].

Chemical sizing of reinforcements can improve the interfacial adhesion and
durability of a composite [73]. One of the chemical sizing methods of fibers (in
order to prepare a healable composite) can be maleimidation of fibers [57, 59].

Fig. 5 Monomers and healable network used for conductive screens [65, 72]
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For instance, furan-functionalized epoxy-amine thermosetting matrixes and
maleimide-functionalized glass fibers were employed to fabricate a reversible DA
composite by Peterson et al. [57]. The authors reported that the DA reaction
occurring at room temperature resulted in DA adducts formation, which cleaved
from the furan and maleimide moieties at temperatures higher than 90 °C.

Based on the results of the single-fiber micro-droplet pull-out testing, which is a
common test method for investigating the mechanical properties of a single fiber
[74], healing in the specimens at the interfaces was calculated to be *41%. Herein,
the system was capable of being repaired, for up to five healing cycles [57].

Similar fiber sizing method was employed for carbon fibers. After sizing carbon
fibers by maleimide, the DA bonds formed at the interphase between carbon fiber
surface and the epoxy matrix. These DA bonds endow an interfacial self-healing to
the carbon/epoxy composite. The furan groups were dispersed in the matrix by
blending the epoxy resin with furfuryl glycidyl ether as an active bio-based epoxy
monomer. Both epoxies were then reacted with isophorone diamine to obtain an
epoxy-amine matrix. During the healing process, the unreacted or cleaved furan
groups from retro DA reaction can participate in the DA reaction with the mal-
eimide groups to reform the fiber-matrix interphase [59].

3.3 DA Based Self-healing Biocomposites Containing
Encapsulated Maleimides

Encapsulation of diene and dienophiles to prepare self-healable biocomposites has
been rarely considered in the literature, probably since the repeatability is low [12].
One of the few studies in this field is presented by Prartama et al. [66]. In brief, they
synthesized a self-healable epoxy-amine thermoset, via encapsulation of multi-
maleimides. After the rupture of the microcapsules, the multimaleimides were
capable of reacting with the available furans in the matrix. According to the results
of the mechanical tests, the healing extent was reported to be 71% [66].

3.4 Self-healing of Schiff-Base Biocomposites

The formation of a Schiff-base from an aldehyde or ketones is a reversible reaction,
and generally takes place under acidic or basic catalysis, or upon heating [67, 68].
Schiff-base chemistry as a reversible covalent bond can be utilized to prepare
self-healing biocomposites.

For example, Zhang et al. [75] prepared a magnetic self-healing hydrogel by
mixing ferrofluid (chitosan-modified Fe3O4 nanoparticles) with telechelic difunc-
tional poly(ethylene glycol). The hydrogel showed substantial healability potential,
and in fact, healed itself automatically with no external stimulus, a sign of excellent
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self-healing capability. Authors showed that by a magnet, the magnetic self-healing
hydrogel can be remotely operated to pass through a narrow channel with an
obstacle in the middle. They also showed that the hydrogel changed its shape and
squeezed into the narrow channel, engulfed the glass obstacle in the middle of the
channel, and finally, passed through the channel completely after *30 min.
Although the hydrogel changed its shape during this process, it still maintained its
integrity. This experiment demonstrated the excellent cooperation between mag-
netic and self-healing features of the hydrogel, suggesting the potential drug
delivery application of this novel material [75].

In another work, Zeng et al. [76] developed a novel in-situ forming organic/
inorganic composite hydrogel with dynamic aldimine crosslinks (Schiff-base
interactions), based on elastin-like polypeptides (ELP) and bioglass (BG). For this
purpose, they first synthesized ELP containing either primary amines or carboxylic
acid functional groups, and chemically modified carboxylic acids to create ELP
with aldehyde functional groups. Then, the organic and inorganic components were
prepared to create ELP/BG composite hydrogels. The self-healing ability of ELP/
BG hydrogels was investigated and the results showed that the dynamic nature of
Schiff-base reaction had endowed self-healing properties to the ELP/BG hydrogels.
The authors showed that imine bonds, or more specifically, aldimine bonds are
reversible, and this property makes them suitable to design self-healing hydrogel
system due to constant bond association and dissociation [76–78].

4 Self-healing of Microcapsule-Based Biocomposites

One of the most common methods to endow self-healing properties to different
matrixes with no intrinsic healing property is nano-/micro-capsulation. In this case,
functional microcapsules (as healing agents inside the coating matrixes) are
embedded in the matrix as a preventative method. For achieving self-healing
through this route, microcapsules contain reactants for the polymerization of a
material, usually similar to the matrix. Catalysts or monomers to carry out poly-
merization are also dispersed in the matrix (Fig. 6a). As soon as the matrix is
damaged, the microcapsules would be ruptured, and due to the release of healing
agents (Fig. 6b), the defect can be repaired locally (Fig. 6c) [79–82]. To prepare
microcapsulated polymer composites, methods including interfacial, in-situ, and
mini-emulsion polymerizations, solvent evaporation, and sol-gel reactions have
been reported [83].

Linseed, Tung, neem, and coconut oil have been reported in different papers to
be used for microcapsulation leading to the self-healing of the composites [84–87].
Namely, linseed oil was encapsulated in phenol-formaldehyde dispersed in the
epoxy matrix through in-situ polymerization. Due to high unsaturated ester content
of linseed oil, it tends to polymerize when exposed to oxygen, after being released
from the ruptured capsules [88]. An important contributing factor in improving the
self-healing of microcapsule embedded composites is the appropriate adhesion
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between the microcapsules and the matrix. When the morphology of the capsules is
rough, they adhere to the matrix easier through an anchoring mechanism and also
break faster upon the failure of the matrix [89].

Another example for the effect of adhesion was through utilizing interfacial
polymerization to prepare poly(amidoamine) embedded with linseed oil-filled
polyuria microcapsules, where amino groups present on the shell of the capsules
enhance the adhesion caused by the polarity [90]. Similar to linseed oil, Tung oil
has been used in paints and coatings. It is primarily consisted of a glyceride of
eleostearic acid, a conjugated triene, making Tung oil highly unsaturated. It can
polymerize through oxidation. For instance, it was encapsulated in poly(urea–
formaldehyde) in an in-situ method, and dispersed in epoxy and promoted the
self-healing [31].

In another study, soy protein was reported to be encapsulated in PLGA using
emulsification solvent evaporation method. For this composite, soy protein released
upon the rupture of microcapsules and worked as the cross-linker for the glycolic
acid present in the matrix leading to a 48% efficiency of healing [25].

Not only is the microcapsulation method used for imparting self-healing to
polymer matrixes, but also as the rust formation and induction of internal stresses
(which leads to the development of the cracks) are severe concerns for
steel-reinforced concretes [91], embedding epoxy-coated rebar, as a physical barrier,
inside the concrete matrix to prevent or delay the corrosion is a good protective
method. However, the cracks may form during the transportation or handling of
epoxy thermosets coatings, causing negative effects on the protective properties [92].

Fig. 6 Self-healing in microcapsulated materials; a a crack forms in the matrix, b microcapsules
get ruptured and the healing agent is released, and c the polymerization is carried out to fill the
crack [99]
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Due to the high reactivity of conjugated oils, self-healable epoxy coatings have
also been prepared. The epoxy coatings contained 10 wt% microencapsulated Tung
oil (as the healing agent) for rebar in the steel-reinforced concrete. After micro-
capsules rupture as a result of the scratching, the release of Tung oil would repair
the crack across the damaged area. The corrosion time of surfaces coated with the
healable coating was found to be three times longer than the surfaces coated with
the conventional coatings. So, using healable epoxy coatings prevent the corrosion,
and increase the durability of the steel, and consequently decrease the maintenance
costs [93].

Microcapsulation has also been reported for renewable matrixes. For example,
poly(lactic acid) was embedded with dicyclopentadiene capsules and Grubbs’ 1st
generation catalyst. Upon the formation of cracks, dicyclopentadiene underwent
polymerization in the presence of the catalyst, leading to an 84% recovery for the
composite [94]. A summary of all the results above is shown in Fig. 7.

Although microcapsulation can lead to preparing self-healable composites from
different types of polymers, it suffers from different drawbacks. In case of special
catalysts, microcapsulation can be costly, large microcapsules are hard to disperse
in certain matrixes, small microcapsules may not rupture upon the formation of
cracks in the matrix leading to the embedment of capsules to be fruitless, and also,
the healing agents deplete after healing in a region, and therefore self-healing can
only occur once [95, 96].

Mircocapsulat? 
self-healable

biocomposites 

Bio-based matrix 

Based on PLA

Bio-based 
microcapsules 

Natural oil-based 
microcapsules 

Leensid oil Neem oil Tung oil Coconut oil

Fig. 7 Microcapsulated self-healable composites based on bio-based matrix or microcapsules
[84–87, 94]
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5 Self-healing of Biocomposites on the Basis
of Melting-Recrystallization Cycles

In addition to physical and chemical bonding, physical transitions can result in
self-healing in biocomposites. For example, in order to prepare a multifunctional
composite, PDAP particles as the filler (5 wt%) and poly(e-caprolactone) (PCL) as
matrix were used. PCL was grafted on the PDAPs surface to ensure the fillers have
strong interfaces with the matrix [97]. PDAP particles are bio-based particles
obtained from animal or plant-based dopamine [98].

As heating leads to deformation in the shape of the composite, the light-induced
healing of PDAP/PCL composites was used via the melting-recrystallization
mechanism. This mechanism constitutes two steps: (a) melting of crystals, which
happens due the presence of the hot-spots with temperatures up to melting tem-
perature of the matrix, and subsequent diffusion of polymer chains through the
cracks, and (b) recrystallization of the fused chains as a result of cooling to crys-
tallization temperature [40]. Comparing the tensile properties of the pristine and the
healed composites showed that the mechanical properties of healed composites
increased slightly in terms of tensile strength and modulus, while elongation at
break was decreased, suggesting that the healed composite is comparable with the
pristine composite in terms of tensile properties [97].

6 Summary and Outlook

It is well known that most polymeric composites consist of petrochemical-based
materials. Although the properties of synthetic materials can be more tunable,
considering the declining fossil sources, global warming, and other environmental
concerns, it is dire to outline a future where composites containing petrochemical-
and non-sustainable-based materials consist the majority of goods. Also, inspired
by nature and the mechanisms mother Erath utilizes to repair bio-based materials
which can be re-used after failure, non-disposable goods are preferred at house-
holds, medical field, and industry. Accordingly, researchers have been attempting to
prepare composites comprised of sustainable resources which are also self-healable.
These materials can be self-healable by intrinsic or extrinsic mechanisms. The
intrinsic self-healable composites can heal based on their chemistry; DA and retro
DA reactions, hydrogen bonds, supramolecular polymers and non-covalent bonds
can endow composites intrinsic self-healing. As for extrinsic self-healing, poly-
merization needs to be carried out inside the composite upon the failure; the
materials needed for the polymerization are embedded in the composite using
different methods, for example, microcapsulation. Upon the formation of cracks, the
parcels dispersed in the matrix rupture and the materials filled in them react with
materials contained in the matrix to polymerize and heal the cracks.
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For future studies, researchers can look forward to improving the self-healing
efficiency of composites produced, preparing composites based on intrinsic
self-healing pathway consisted from other renewable polymers, increasing the
healing cycles for extrinsic-based composites, and for all composites, decreasing
the costs.

References

1. Yuan YC, Yin T, Rong MZ, Zhang MQ (2008) Self healing in polymers and polymer
composites. Concepts, realization and outlook: a review. Express Polym Lett 2:238–250

2. Ghosh SK (2009) Self-healing materials: fundamentals, design strategies, and applications. In:
Ghosh SK (ed) Self-healing materials, 1st edn. Wiley-VCH, Weinheim, pp 1–28

3. Rezakazemi M, Dashti A, Asghari M, Shirazian S (2017) H2-selective mixed matrix
membranes modeling using ANFIS, PSO-ANFIS, GA-ANFIS. Int J Hydrogen Energy
42:15211–15225. https://doi.org/10.1016/j.ijhydene.2017.04.044

4. Rezakazemi M, Shahidi K, Mohammadi T (2012) Sorption properties of hydrogen-selective
PDMS/zeolite 4A mixed matrix membrane. Int J Hydrogen Energy 37:17275–17284. https://
doi.org/10.1016/j.ijhydene.2012.08.109

5. Rezakazemi M, Shahidi K, Mohammadi T (2015) Synthetic PDMS composite membranes for
pervaporation dehydration of ethanol. Desalin Water Treat 54:1542–1549. https://doi.org/10.
1080/19443994.2014.887036

6. Rezakazemi M, Vatani A, Mohammadi T (2016) Synthesis and gas transport properties of
crosslinked poly(dimethylsiloxane) nanocomposite membranes using octatrimethylsiloxy
POSS nanoparticles. J Nat Gas Sci Eng 30:10–18. https://doi.org/10.1016/j.jngse.2016.01.033

7. Rezakazemi M, Vatani A, Mohammadi T (2015) Synergistic interactions between POSS and
fumed silica and their effect on the properties of crosslinked PDMS nanocomposite
membranes. RSC Adv 5:82460–82470. https://doi.org/10.1039/C5RA13609A

8. Rezakazemi M, Shahidi K, Mohammadi T (2012) Hydrogen separation and purification using
crosslinkable PDMS/zeolite A nanoparticles mixed matrix membranes. Int J Hydrogen
Energy 37:14576–14589. https://doi.org/10.1016/j.ijhydene.2012.06.104

9. Rezakazemi M, Sadrzadeh M, Matsuura T (2018) Thermally stable polymers for advanced
high-performance gas separation membranes. Prog Energy Combust Sci 66:1–41. https://doi.
org/10.1016/j.pecs.2017.11.002

10. Rezakazemi M, Sadrzadeh M, Mohammadi T, Matsuura T (2017) Methods for the preparation
of organic-inorganic nanocomposite polymer electrolyte membranes for fuel cells

11. Thakur VK, Kessler MR (2015) Self-healing polymer nanocomposite materials: a review.
Polym (United Kingdom) 69:369–383. https://doi.org/10.1016/j.polymer.2015.04.086

12. Su CC, Chen JS (2017) Self-healing polymeric materials. Key Eng Mater 727:482–489.
https://doi.org/10.4028/www.scientific.net/KEM.727.482

13. Burattini S, Greenland BW, Chappell D et al (2010) Healable polymeric materials: a tutorial
review. Chem Soc Rev 39:1973–1985. https://doi.org/10.1039/b904502n

14. Kloxin CJ (2013) Reversible covalent bond formation as a strategy for healable polymer
networks. Heal Polym Syst 62–91. https://doi.org/10.1039/9781849737470-00062

15. Hart LR, Harries JL, Greenland BW et al (2013) Healable supramolecular polymers. Polym
Chem 4:4860. https://doi.org/10.1039/c3py00081h

16. Herbst F, Döhler D, Michael P, Binder WH (2013) Self-healing polymers via supramolecular
forces. Macromol Rapid Commun 34:203–220. https://doi.org/10.1002/marc.201200675

17. Mülhaupt R (2013) Green polymer chemistry and bio-based plastics: dreams and reality.
Macromol Chem Phys 214:159–174

1338 Z. Karami et al.

http://dx.doi.org/10.1016/j.ijhydene.2017.04.044
http://dx.doi.org/10.1016/j.ijhydene.2012.08.109
http://dx.doi.org/10.1016/j.ijhydene.2012.08.109
http://dx.doi.org/10.1080/19443994.2014.887036
http://dx.doi.org/10.1080/19443994.2014.887036
http://dx.doi.org/10.1016/j.jngse.2016.01.033
http://dx.doi.org/10.1039/C5RA13609A
http://dx.doi.org/10.1016/j.ijhydene.2012.06.104
http://dx.doi.org/10.1016/j.pecs.2017.11.002
http://dx.doi.org/10.1016/j.pecs.2017.11.002
http://dx.doi.org/10.1016/j.polymer.2015.04.086
http://dx.doi.org/10.4028/www.scientific.net/KEM.727.482
http://dx.doi.org/10.1039/b904502n
http://dx.doi.org/10.1039/9781849737470-00062
http://dx.doi.org/10.1039/c3py00081h
http://dx.doi.org/10.1002/marc.201200675


18. Yang Z, Hollar J, He X, Shi X (2011) A self-healing cementitious composite using oil core/
silica gel shell microcapsules. Cem Concr Compos 33:506–512. https://doi.org/10.1016/j.
cemconcomp.2011.01.010

19. Fornasiero P, Graziani M (2007) Renewable resources and renewable energy: a global
challenge, 2nd edn. CRC Press, Boca Raton

20. Iqbal HMN, Kyazze G, Tron T, Keshavarz T (2014) “One-pot” synthesis and characterisation
of novel P(3HB)–ethyl cellulose based graft composites through lipase catalysed esterifica-
tion. Polym Chem 5:7004–7012. https://doi.org/10.1039/c4py00857j

21. Srubar WV, Pilla S, Wright ZC et al (2012) Mechanisms and impact of fiber-matrix
compatibilization techniques on the material characterization of PHBV/oak wood flour
engineered biobased composites. Compos Sci Technol 72:708–715. https://doi.org/10.1016/j.
compscitech.2012.01.021

22. Yang B, Zhang Y, Zhang X et al (2012) Facilely prepared inexpensive and biocompatible
self-healing hydrogel: a new injectable cell therapy carrier. Polym Chem 3:3235–3238

23. Ding F, Shi X, Wu S et al (2017) Flexible polysaccharide hydrogel with pH-regulated
recovery of self-healing and mechanical properties. Macromol Mater Eng 302:1–9. https://doi.
org/10.1002/mame.201700221

24. Desai KGH, Schwendeman SP (2013) Active self-healing encapsulation of vaccine antigens
in PLGA microspheres. J Control Release 165:62–74. https://doi.org/10.1016/j.jconrel.2012.
10.012

25. Kim JR, Netravali AN (2016) Self-healing properties of protein resin with soy protein
isolate-loaded poly(d, l-lactide-co-glycolide) microcapsules. Adv Funct Mater 26:4786–4796.
https://doi.org/10.1002/adfm.201600465

26. Yabuki A, Sakai M (2011) Self-healing coatings of inorganic particles using a pH-sensitive
organic agent. Corros Sci 53:829–833. https://doi.org/10.1016/j.corsci.2010.11.021

27. Palin D, Wiktor V, Jonkers HM (2016) A bacteria-based bead for possible self-healing marine
concrete applications. Smart Mater Struct 25:1–6. https://doi.org/10.1088/0964-1726/25/8/
084008

28. Merindol R, Diabang S, Felix O et al (2015) Bio-inspired multiproperty materials: strong,
self-healing, and transparent artificial wood nanostructures. ACS Nano 9:1127–1136. https://
doi.org/10.1021/nn504334u

29. Abilash N, Sivapragash M (2011) Assesment of self healing property in hybrid fiber
polymeric composite. Int J Eng Sci 3:5430–5436

30. Hatami Boura S, Peikari M, Ashrafi A, Samadzadeh M (2012) Self-healing ability and
adhesion strength of capsule embedded coatings—micro and nano sized capsules containing
linseed oil. Prog Org Coatings 75:292–300. https://doi.org/10.1016/j.porgcoat.2012.08.006

31. Samadzadeh M, Boura SH, Peikari M et al (2011) Tung oil: AN autonomous repairing agent
for self-healing epoxy coatings. Prog Org Coatings 70:383–387. https://doi.org/10.1016/j.
porgcoat.2010.08.017

32. Chaudhari AB, Tatiya PD, Hedaoo RK et al (2013) Polyurethane prepared from neem oil
polyesteramides for self-healing anticorrosive coatings. Ind Eng Chem Res 52:10189–10197.
https://doi.org/10.1021/ie401237s

33. Wu DY, Meure S, Solomon D (2008) Self-healing polymeric materials: a review of recent
developments. Prog Polym Sci 33:479–522. https://doi.org/10.1016/j.progpolymsci.2008.02.001

34. Aida T, Meijer EW, Stupp SI (2012) Functional supramolecular polymers. Science (80-.)
335:813–817

35. Schmuck C, Wienand W (2001) Self-complementary quadruple hydrogen-bonding motifs as a
functional principle: from dimeric supramolecules to supramolecular Polymers. Angew
Chemie Int Ed 40:4363–4369. https://doi.org/10.1002/1521-3773(20011203)40

36. Han D, Yan L (2014) Supramolecular hydrogel of chitosan in the presence of graphene oxide
nanosheets as 2D cross-linkers. ACS Sustain Chem Eng 2:296–300. https://doi.org/10.1021/
sc400352a

Self-healing Bio-composites … 1339

http://dx.doi.org/10.1016/j.cemconcomp.2011.01.010
http://dx.doi.org/10.1016/j.cemconcomp.2011.01.010
http://dx.doi.org/10.1039/c4py00857j
http://dx.doi.org/10.1016/j.compscitech.2012.01.021
http://dx.doi.org/10.1016/j.compscitech.2012.01.021
http://dx.doi.org/10.1002/mame.201700221
http://dx.doi.org/10.1002/mame.201700221
http://dx.doi.org/10.1016/j.jconrel.2012.10.012
http://dx.doi.org/10.1016/j.jconrel.2012.10.012
http://dx.doi.org/10.1002/adfm.201600465
http://dx.doi.org/10.1016/j.corsci.2010.11.021
http://dx.doi.org/10.1088/0964-1726/25/8/084008
http://dx.doi.org/10.1088/0964-1726/25/8/084008
http://dx.doi.org/10.1021/nn504334u
http://dx.doi.org/10.1021/nn504334u
http://dx.doi.org/10.1016/j.porgcoat.2012.08.006
http://dx.doi.org/10.1016/j.porgcoat.2010.08.017
http://dx.doi.org/10.1016/j.porgcoat.2010.08.017
http://dx.doi.org/10.1021/ie401237s
http://dx.doi.org/10.1016/j.progpolymsci.2008.02.001
http://dx.doi.org/10.1002/1521-3773(20011203)40
http://dx.doi.org/10.1021/sc400352a
http://dx.doi.org/10.1021/sc400352a


37. Lin L-J, Larsson M, Liu D-M (2011) A novel dual-structure, self-healable, polysaccharide
based hybrid nanogel for biomedical uses. Soft Matter 7:5816. https://doi.org/10.1039/
c1sm05249g

38. Wang L, Zhang X, Xiong H, Wang S (2010) A novel nitromethane biosensor based on
biocompatible conductive redox graphene-chitosan/hemoglobin/graphene/room temperature ionic
liquid matrix. Biosens Bioelectron 26:991–995. https://doi.org/10.1016/j.bios.2010.08.027

39. Beijer FH, Sijbesma RP, Kooijman H et al (1998) Strong dimerization of ureidopyrimidones
via quadruple hydrogen bonding. J Am Chem Soc 120:6761–6769. https://doi.org/10.1021/
ja974112a

40. Söntjens SHM, Sijbesma RP, Van Genderen MHP, Meijer EW (2000) Stability and lifetime
of quadruply hydrogen bonded 2-Ureido-4[1H]-pyrimidinone dimers. J Am Chem Soc
122:7487–7493. https://doi.org/10.1021/ja000435m

41. Bosman AW, Sijbesma RP, Meijer EW (2004) Supramolecular polymers at work. Mater
Today 7:34–39. https://doi.org/10.1016/S1369-7021(04)00187-7

42. Phadke A, Zhang C, Arman B et al (2012) Rapid self-healing hydrogels. Proc Natl Acad Sci
109:4383–4388. https://doi.org/10.1073/pnas.1201122109

43. Feldman KE, Kade MJ, De Greef TFA et al (2008) Polymers with multiple hydrogen-bonded
end groups and their blends. Macromolecules 41:4694–4700. https://doi.org/10.1021/
ma800375r

44. Cui J, del Campo A (2012) Multivalent H-bonds for self-healing hydrogels. Chem Commun
48:9302. https://doi.org/10.1039/c2cc34701f

45. Biyani MV, Foster EJ, Weder C (2013) Light-healable supramolecular nanocomposites based
on modified cellulose nanocrystals. ACS Macro Lett 2:236–240

46. Schubert US, Eschbaumer C, Hien O, Andres PR (2001) 4′-Functionalized 2,2′:6′,2″-
terpyridines as building blocks for supramolecular chemistry and nanoscience. Tetrahedron
Lett 42:4705–4707. https://doi.org/10.1016/S0040-4039(01)00796-1

47. Kersey FR, Loveless DM, Craig SL (2007) A hybrid polymer gel with controlled rates of
cross-link rupture and self-repair. J R Soc Interface 4:373–380. https://doi.org/10.1098/rsif.
2006.0187

48. Gohy JF, Lohmeijer BGG, Schubert US (2002) Reversible metallo-supramolecular block
copolymer micelles containing a soft core. Macromol Rapid Commun 23:555–560. https://
doi.org/10.1002/1521-3927(20020601)23:9<555::aid-marc555>3.0.co;2-k

49. Coulibaly S, Roulin A, Balog S et al (2014) Reinforcement of optically healable
supramolecular polymers with cellulose nanocrystals. Macromolecules 47:152–160. https://
doi.org/10.1021/ma402143c

50. Burattini S, Colquhoun HM, Fox JD et al (2009) A self-repairing, supramolecular polymer
system: healability as a consequence of donor–acceptor p–p stacking interactions. Chem
Commun 6717. https://doi.org/10.1039/b910648k

51. Burattini S, Greenland BW, Merino DH et al (2010) A healable supramolecular polymer
blend based on aromatic p-p stacking and hydrogen-bonding interactions. J Am Chem Soc
132:12051–12058. https://doi.org/10.1021/ja104446r

52. Fox J, Wie JJ, Greenland BW et al (2012) High-strength, healable, supramolecular polymer
nanocomposites. J Am Chem Soc 134:5362–5368. https://doi.org/10.1021/ja300050x

53. Xu C, Cao L, Lin B et al (2016) Design of self-healing supramolecular rubbers by introducing
ionic cross-links into natural rubber via a controlled vulcanization. ACS Appl Mater
Interfaces 8:17728–17737. https://doi.org/10.1021/acsami.6b05941

54. Sordo F, Mougnier SJ, Loureiro N et al (2015) Design of self-healing supramolecular rubbers
with a tunable number of chemical cross-links. Macromolecules 48:4394–4402. https://doi.
org/10.1021/acs.macromol.5b00747

55. Cragg Peter J (2010) Supramolecular chemistry, from biological inspiration to biomedical
applications, 1st edn. Springer, New York

1340 Z. Karami et al.

http://dx.doi.org/10.1039/c1sm05249g
http://dx.doi.org/10.1039/c1sm05249g
http://dx.doi.org/10.1016/j.bios.2010.08.027
http://dx.doi.org/10.1021/ja974112a
http://dx.doi.org/10.1021/ja974112a
http://dx.doi.org/10.1021/ja000435m
http://dx.doi.org/10.1016/S1369-7021(04)00187-7
http://dx.doi.org/10.1073/pnas.1201122109
http://dx.doi.org/10.1021/ma800375r
http://dx.doi.org/10.1021/ma800375r
http://dx.doi.org/10.1039/c2cc34701f
http://dx.doi.org/10.1016/S0040-4039(01)00796-1
http://dx.doi.org/10.1098/rsif.2006.0187
http://dx.doi.org/10.1098/rsif.2006.0187
http://dx.doi.org/10.1021/ma402143c
http://dx.doi.org/10.1021/ma402143c
http://dx.doi.org/10.1039/b910648k
http://dx.doi.org/10.1021/ja104446r
http://dx.doi.org/10.1021/ja300050x
http://dx.doi.org/10.1021/acsami.6b05941
http://dx.doi.org/10.1021/acs.macromol.5b00747
http://dx.doi.org/10.1021/acs.macromol.5b00747


56. McKee JR, Appel EA, Seitsonen J et al (2014) Healable, stable and stiff hydrogels: combining
conflicting properties using dynamic and selective three-component recognition with
reinforcing cellulose nanorods. Adv Funct Mater 24:2706–2713. https://doi.org/10.1002/
adfm.201303699

57. Peterson AM, Jensen RE, Palmese GR (2011) Thermoreversible and remendable
glass-polymer interface for fiber-reinforced composites. Compos Sci Technol 71:586–592.
https://doi.org/10.1016/j.compscitech.2010.11.022

58. Surajmal M (2013) Introduction to diels alder reaction, its mechanism and recent advantages:
a review. Indo Am J Pharm Res 3:3192–3215

59. Zhang W, Duchet J, Gérard JF (2014) Self-healable interfaces based on thermo-reversible
diels-alder reactions in carbon fiber reinforced composites. J Colloid Interface Sci 430:61–68.
https://doi.org/10.1016/j.jcis.2014.05.007

60. Barthel MJ, Rudolph T, Crotty S et al (2012) Homo- and diblock copolymers of poly(furfuryl
glycidyl ether) by living anionic polymerization: toward reversibly core-crosslinked micelles.
J Polym Sci, Part A: Polym Chem 50:4958–4965. https://doi.org/10.1002/pola.26327

61. Gandini A, Hodge P (1998) Application of the diels—alder reaction to polymers bearing furan
moieties. 2. Diels—alder and retro-diels—alder reactions involving furan rings in some
styrene copolymers. Macromolecules 1:314–321

62. Wu S, Li J, Zhang G et al (2016) High mechanical strength and high dielectric graphene/
polyuthane composites healded by near infrared laser. In: 2016 17th international conference
on electronic packaging technology ICEPT 2016, pp 157–161. https://doi.org/10.1109/icept.
2016.7583110

63. Li Q-T, Jiang M-J, Wu G, Chen L, Chen S-C, Cao Y-X, Wang Y-Z (2017) Photothermal
conversion triggered precisely targeted healing of epoxy resin based on thermo-reversible
dielsalder network and amino-functionalized carbon nanotubes. ACS Appl Mater Interfaces
9:20797–20807

64. Wu S, Li J, Zhang G et al (2017) Ultrafast self-healing nanocomposites via infrared laser and
their application in flexible electronics. ACS Appl Mater Interfaces 9:3040–3049. https://doi.
org/10.1021/acsami.6b15476

65. Gong C, Liang J, Hu W et al (2013) A healable, semitransparent silver nanowire-polymer
composite conductor. Adv Mater 25:4186–4191. https://doi.org/10.1002/adma.201301069

66. Pratama PA, Sharifi M, Peterson AM, Palmese GR (2013) Room temperature self-healing
thermoset based on the diels-alder reaction. ACS Appl Mater Interfaces 5:12425–12431.
https://doi.org/10.1021/am403459e

67. Xavier A, Srividhya N (2014) Synthesis and study of Schiff base ligands 7:6–15
68. Hussain Z, Khalaf M, Adil H et al. Metal complexes of Schiff’s bases containing

sulfonamides nucleus. Res J Pharm Biol Chem Sci 7:1008–1025
69. Li QT, Jiang MJ, Wu G et al (2017) Photothermal conversion triggered precisely targeted

healing of epoxy resin based on thermoreversible diels-alder network and amino-functionalized
carbon nanotubes. ACS Appl Mater Interfaces 9:20797–20807. https://doi.org/10.1021/acsami.
7b01954

70. Yang Y, Pei Z, Zhang X et al (2014) Carbon nanotube–vitrimer composite for facile and
efficient photo-welding of epoxy. Chem Sci 5:3486–3492. https://doi.org/10.1039/
C6SC90083F

71. Wu M, Li Y, An N, Sun J (2016) Applied voltage and near-infrared light enable healing of
superhydrophobicity loss caused by severe scratches in conductive superhydrophobic films.
Adv Funct Mater 26:6777–6784. https://doi.org/10.1002/adfm.201601979

72. Li J, Liang J, Li L et al (2014) Healable capacitive touch screen sensors based on transparent
composite electrodes comprising silver nanowires and a Furan/Maleimide diels-alder
cycloaddition polymer. ACS Nano 8:12874–12882

73. Wu HF, Dwight DW, Huff NT (1997) Effects of silane coupling agents on the interphase and
performance of glass-fiber-reinforced polymer composites. Compos Sci Technol 57:975–983.
https://doi.org/10.1016/S0266-3538(97)00033-X

Self-healing Bio-composites … 1341

http://dx.doi.org/10.1002/adfm.201303699
http://dx.doi.org/10.1002/adfm.201303699
http://dx.doi.org/10.1016/j.compscitech.2010.11.022
http://dx.doi.org/10.1016/j.jcis.2014.05.007
http://dx.doi.org/10.1002/pola.26327
http://dx.doi.org/10.1109/icept.2016.7583110
http://dx.doi.org/10.1109/icept.2016.7583110
http://dx.doi.org/10.1021/acsami.6b15476
http://dx.doi.org/10.1021/acsami.6b15476
http://dx.doi.org/10.1002/adma.201301069
http://dx.doi.org/10.1021/am403459e
http://dx.doi.org/10.1021/acsami.7b01954
http://dx.doi.org/10.1021/acsami.7b01954
http://dx.doi.org/10.1039/C6SC90083F
http://dx.doi.org/10.1039/C6SC90083F
http://dx.doi.org/10.1002/adfm.201601979
http://dx.doi.org/10.1016/S0266-3538(97)00033-X


74. Hodzic A, Kalyanasundaram S, Kim JK et al (2001) Application of nano-indentation,
nano-scratch and single fibre tests in investigation of interphases in composite materials.
Micron 32:765–775. https://doi.org/10.1016/S0968-4328(00)00084-6

75. Zhang Y, Yang B, Zhang X et al (2012) A magnetic self-healing hydrogel. Chem Commun
48:9305. https://doi.org/10.1039/c2cc34745h

76. Zeng Q, Desai MS, Jin HE et al (2016) Self-healing elastin-bioglass hydrogels. Biomacromol
17:2619–2625. https://doi.org/10.1021/acs.biomac.6b00621

77. Wei Z, Yang JH, Liu ZQ et al (2015) Novel biocompatible polysaccharide-based self-healing
hydrogel. Adv Funct Mater 25:1352–1359. https://doi.org/10.1002/adfm.201401502

78. Haldar U, Bauri K, Li R et al (2015) Polyisobutylene-based pH-responsive self-healing
polymeric gels. ACS Appl Mater Interfaces 7:8779–8788. https://doi.org/10.1021/acsami.
5b01272

79. Yuan YC, Rong MZ, Zhang MQ et al (2008) Self-healing polymeric materials using epoxy/
Mercaptan as the healant. Macromolecules 41:5197–5202. https://doi.org/10.1021/
ma800028d

80. Porter R, MIale JB (1984) Extended control of marine fouling—formulation of a
microencapsulated liquid organometallic biocide and vinyl rosin paint. Appl Biochem
Biotechnol 9:439–445. https://doi.org/10.1007/bf02798398

81. Yeom CK, Kim YH, Lee JM (2002) Microencapsulation of water-soluble herbicide by
interfacial reaction. II. Release properties of microcapsules. J Appl Polym Sci 84:1025–1034.
https://doi.org/10.1002/app.10383

82. Wei H, Wang Y, Guo J et al (2015) Advanced micro/nanocapsules for self-healing smart
anticorrosion coatings. J Mater Chem A 3:469–480. https://doi.org/10.1039/C4TA04791E

83. Zhu DY, Rong MZ, Zhang MQ (2015) Self-healing polymeric materials based on
microencapsulated healing agents: from design to preparation. Prog Polym Sci 49–50:175–
220. https://doi.org/10.1016/j.progpolymsci.2015.07.002

84. Wang H, Zhou Q (2018) Evaluation and failure analysis of linseed oil encapsulated
self-healing anticorrosive coating. Prog Org Coatings 118:108–115. https://doi.org/10.1016/j.
porgcoat.2018.01.024

85. Li H, Cui Y, Wang H et al (2017) Preparation and application of polysulfone microcapsules
containing tung oil in self-healing and self-lubricating epoxy coating. Colloids Surfaces A
Physicochem Eng Asp 518:181–187

86. Marathe R, Tatiya P, Chaudhari A et al (2015) Neem acetylated polyester polyol—renewable
source based smart PU coatings containing quinoline (corrosion inhibitor) encapsulated
polyurea microcapsules for enhance anticorrosive property. Ind Crops Prod 77:239–250

87. Ataei S, Khorasani SN, Torkaman R et al (2018) Self-healing performance of an epoxy
coating containing microencapsulated alkyd resin based on coconut oil. Prog Org Coatings
120:160–166. https://doi.org/10.1016/j.porgcoat.2018.03.024

88. Jadhav RS, Hundiwale DG, Mahulikar PP (2011) Synthesis and characterization of
phenol-formaldehyde microcapsules containing linseed oil and its use in epoxy for
self-healing and anticorrosive coating. J Appl Polym Sci 119:2911–2916. https://doi.org/10.
1002/app.33010

89. Suryanarayana C, Rao KC, Kumar D (2008) Preparation and characterization of microcap-
sules containing linseed oil and its use in self-healing coatings. Prog Org Coatings 63:72–78.
https://doi.org/10.1016/j.porgcoat.2008.04.008

90. Tatiya PD, Hedaoo RK, Mahulikar PP, Gite VV (2013) Novel polyurea microcapsules using
dendritic functional monomer: synthesis, characterization, and its use in self-healing and
anticorrosive polyurethane coatings. Ind Eng Chem Res 52:1562–1570. https://doi.org/10.
1021/ie301813a

91. Subramanian N (2013) Understanding corrosion and cathodic protection of reinforced
concrete structures

92. Lau K, Sagüés AA, Powers RG (2007) Long-term corrosion behavior of epoxy coated rebar
in Florida Bridges. Houston, TX

1342 Z. Karami et al.

http://dx.doi.org/10.1016/S0968-4328(00)00084-6
http://dx.doi.org/10.1039/c2cc34745h
http://dx.doi.org/10.1021/acs.biomac.6b00621
http://dx.doi.org/10.1002/adfm.201401502
http://dx.doi.org/10.1021/acsami.5b01272
http://dx.doi.org/10.1021/acsami.5b01272
http://dx.doi.org/10.1021/ma800028d
http://dx.doi.org/10.1021/ma800028d
http://dx.doi.org/10.1007/bf02798398
http://dx.doi.org/10.1002/app.10383
http://dx.doi.org/10.1039/C4TA04791E
http://dx.doi.org/10.1016/j.progpolymsci.2015.07.002
http://dx.doi.org/10.1016/j.porgcoat.2018.01.024
http://dx.doi.org/10.1016/j.porgcoat.2018.01.024
http://dx.doi.org/10.1016/j.porgcoat.2018.03.024
http://dx.doi.org/10.1002/app.33010
http://dx.doi.org/10.1002/app.33010
http://dx.doi.org/10.1016/j.porgcoat.2008.04.008
http://dx.doi.org/10.1021/ie301813a
http://dx.doi.org/10.1021/ie301813a


93. Chen Y, Xia C, Shepard Z et al (2017) Self-healing coatings for steel-reinforced concrete.
ACS Sustain Chem Eng 5:3955–3962. https://doi.org/10.1021/acssuschemeng.6b03142

94. Wertz JT, Mauldin TC, Boday DJ (2014) Polylactic acid with improved heat deflection
temperatures and self-healing properties for durable goods applications. ACS Appl Mater
Interfaces 6:18511–18516. https://doi.org/10.1021/am5058713

95. Trask RS, Williams HR, Bond IP (2007) Self-healing polymer composites: mimicking nature
to enhance performance. Bioinspiration and Biomimetics 2. https://doi.org/10.1088/1748-
3182/2/1/p01

96. Samadzadeh M, Boura SH, Peikari M et al (2010) A review on self-healing coatings based on
micro/nanocapsules. Prog Org Coatings 68:159–164. https://doi.org/10.1016/j.porgcoat.2010.
01.006

97. Xiong S, Wang Y, Zhu J et al (2016) Poly(e-caprolactone)-grafted polydopamine particles for
biocomposites with near-infrared light triggered self-healing ability. Polymer (Guildf)
84:328–335. https://doi.org/10.1016/j.polymer.2016.01.005

98. Ju KY, Lee Y, Lee S et al (2011) Bioinspired polymerization of dopamine to generate
melanin-like nanoparticles having an excellent free-radical-scavenging property.
Biomacromol 12:625–632. https://doi.org/10.1021/bm101281b

99. Coope TS, Mayer UFJ, Wass DF et al (2011) Self-healing of an epoxy resin using Scandium
(III) Triflate as a catalytic curing agent, pp 4624–4631. https://doi.org/10.1002/adfm.
201101660

Self-healing Bio-composites … 1343

http://dx.doi.org/10.1021/acssuschemeng.6b03142
http://dx.doi.org/10.1021/am5058713
http://dx.doi.org/10.1088/1748-3182/2/1/p01
http://dx.doi.org/10.1088/1748-3182/2/1/p01
http://dx.doi.org/10.1016/j.porgcoat.2010.01.006
http://dx.doi.org/10.1016/j.porgcoat.2010.01.006
http://dx.doi.org/10.1016/j.polymer.2016.01.005
http://dx.doi.org/10.1021/bm101281b
http://dx.doi.org/10.1002/adfm.201101660
http://dx.doi.org/10.1002/adfm.201101660


Chemical Modification of Lignin
and Its Environmental Application

Zhili Li, Yuanyuan Ge, Jiubing Zhang, Duo Xiao and Zijun Wu

1 Introduction

Lignin constitutes one of the main component of lignocellulosic biomass (15–30%
by weight), which is second only to cellulose in mass on the earth. Lignin acts as
the essential glue that gives plants their structural integrity and resistance against
microbial, chemical attack and prevents other outside stresses from destroying the
structure of plant cell walls [1]. Lignin is a complex and recalcitrant phenolic
macromolecule composed of three phenylpropane units: p-hydroxyphenyl (H),
guaiacyl (G), and syringyl (S), cross-linked by b-o-4, a-o-4, b-b, and 5-5′ bonds
etc. (as depicted in Fig. 1). Among them, the main linkage is the b-o-4 bond, about
40–60% of all inter-unit linkages in lignin belong to this bond [2]. The component
and structural characterizations of lignin are quite different even it is separated from
the same plant. It is to say, the lignin obtained from a plant is a mixture of different
lignin polymers which is dependent on the source plant, species, and growing ages
of the plant, such as softwood, hardwood, and grass [3].

A large quantity of technical lignin was produced as a main component in black
liquor by the pulp and papering industry, which is a big threat to the environment [4].
It is estimated that the global annual production of technical lignin in pulp making is
ca. 70 million tons, much of which is consumed as a low-value fuel. Although there
are some other applications, such as a binder or dispersing agent, no large-scale
application has so far been found [4]. Lignin has significant potential as a source for
the production of the bio-renewable polymer [5, 6]. The main active sites of lignin
are comprised of phenolic or alcoholic hydroxyl groups, which accounts for its
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reactivity, hydrophilicity as well as other chemical and physical attributes of lignin
[2]. Recently, due to the unique polyphenol structure, chemical stability and wide
availability, different kinds of adsorbents, particularly for dyes and heavy metals
removal from wastewater are potentially obtainable from lignin [7].

Water pollution by different kinds of contaminants is currently serious concerned
[8–13]. A large amount of organic, inorganic, and biological compounds have been
reported as water contaminants. For example, the dyes, particularly azo dyes are
recalcitrant molecules and resistant to aerobic digestion and are also stable to
oxidizing agents that makes them being hard to treat [14]. The heavy metals, lead
(Pb), mercury (Hg), cadmium (Cd), chromium (Cr) and arsenic (As), etc., are

Fig. 1 a The phenylpropane type units: p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S); and
b b-o-4, c a-o-4, d b-b, and e 5-5′ linkages in lignin
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notorious with high toxicity and carcinogenicity. These toxic pollutants, even with a
trace amount in water, can pollute water resources and transfer throughout the food
chain to accumulate in animals and mankind, causing various diseases and disor-
ders [15]. Therefore, the pollutants should be removed before its discharge into the
environment.

Several physical and chemical treatment techniques have been reported for the
removal of pollutants from wastewater, including precipitation, oxidation,
biodegradation, ion exchange, adsorption [16], membrane separation [17–19],
coagulation and flocculation, flotation, electrochemical methods. These methods
still suffer from the limitations of low effectiveness and high cost.

Adsorption using cost-effective adsorbents is now considered as an efficient,
convenient and economical method for wastewater treatment, due to the feasibility
in design and operation, effectiveness in treating and the recyclability of the
adsorbents [20, 21]. Activated carbon (AC) is being recognized as one of the most
popular adsorbents used in the removal of contaminants from water. However, AC
is of high capital cost due to the prolong production process [22]. In recent years,
the development of various environmentally friendly adsorbents from biomass,
biopolymers, especially the natural-occurring polymers, including cellulose, lignin,
and chitosan, etc., has been intensified [23–25]. It could be seen from the literature
that the adsorption of dyes and heavy metals using lignin is one of the most reported
methods for the removal of contaminants from water [26–28].

Unfortunately, original lignin is less competitive in adsorption applications due
to the low adsorption capability, and lignin does not own specific selectivity for a
certain kind of pollutant from complex polluted water [29, 30]. The goal for the
lignin modification for pollutants adsorption is to promote the adsorption capability,
including adsorption capacity, stability, selectivity and recyclability [15]. The ease
of separation from wastewater after the operation and the cost-effectiveness of the
adsorbents should also be considered. The modification of lignin could be achieved
by various methods including crosslinking, hybridization, hydrogen bonding for-
mation, condensation, grafting and copolymerization [31]. Therefore, the main
objective of this article is to collect and compile the most recent reported literature
regarding the modified lignin for adsorption applications and to discuss the
advantageous and disadvantageous issues of the resulting lignin as an adsorbent to
remove o different environmental pollutants from the aqueous phase.

2 Modified Lignin for Dyes Adsorption

Dyes contaminated wastewater is hard to treat because of their inert properties and
the residual trace amount of dyes in water. Recently, adsorption techniques using
modified lignin have been widely reported in removing dyes as a promising
wastewater treatment process. The dyes adsorption capacities of the modified
lignin-based adsorbents are tabulated in Table 1. And the modified lignin-based
materials for removing dyes will be fully discussed in the following section.
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Nair et al. [32] reported a novel chitosan-alkali lignin composite prepared from
chitosan and alkali lignin (as shown in Fig. 2). The weak interactions between
b-1,4-glycosidic linkage, amide and hydroxyl groups of chitosan, and ether, an
aromatic ring and hydroxyl groups of alkali lignin, impart enhanced surface and
chemical properties to the composite than chitosan and alkali lignin. The composite
with 50:50 chitosan: alkali lignin exhibited maximum adsorption (111.11 mg/g) of
Remazol Brilliant Blue R (RBBR) compared to chitosan (76.92 mg/g), which
showed that the composite exhibits 33% improvement in the maximum adsorption
amount. Batch adsorption of RBBR on the composite followed the Langmuir
equation, while the dynamic adsorption followed the pseudo-second-order equa-
tion. A lignin-chitosan pellet (ALiCE) was prepared for adsorption of methylene
blue (MB) [33]. The results indicated the ALiCE had a maximum adsorption
capacity of 36.25 mg/g for MB according to the fitting of the Langmuir equation
(R2 = 0.997), yielding. The adsorption kinetic data could be fitted well by the
pseudo-second-order-model [33]. A chitin/lignin hybrid biosorbent was prepared

Table 1 Reported modified lignin for adsorption of dyes in water

Modified lignin Dye T (°C)/pH Qm (mg/g) Reference

Chitosan-alkali lignin RBBR 27/5.9 111.11 [32]

ALiCE MB 20/7.0 36.25 [33]

Chitin/lignin hybrid DB71 20–50/2.4–8.4 40.0 [28]

CAML C-3R RT/4.0–10 99.3% [34]

MO 67.0%

LBF RB –/2.0–10 93% [34]

MLS MB 40/– 31.23 [35]

RB 17.62

Oxidized lignin EV 30/7.0 70–80 wt% [36]

BB 80–95 wt%

ALR CV 25/3.0–12 150.4 [37]

Lignin-g-p(AM-co-NIPAM)/MMT MB 25/1.0–11.0 9646.9 [38]

LS-g-AA MB 30/3.0–8.0 2013 [39]

LPUF MG 25–65/2.0–9.0 80 [40]

AAL MB 30/5.0 63.3 [41]

Lignin sulfonate polymer MG 30/7.0 60.2 [42]

LSMMs MG 24/3.0–7.0 150.3 [43]

The hydrogel of acylated
hemicelluloses, acrylic acid and
lignosulfonate

MB 30–70/7.0–10 2691 [44]

Hydrogel of kraft lignin-N-isopropyl
acrylamide

MB 15–45/1.0–11 – [45]

CML-Al PB 25/2.0 73.52 [46]

CML-Mn 55.16

CML-Fe BR-2 25/2.0 73.6 [47]
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and used to adsorb C.I. Direct Blue 71 (DB71) from water [28]. The adsorption
capacities of DB71 by the chitin and chitin/lignin hybrid biosorbent were 30.7 and
40 mg/g, respectively, which indicated that the hybrid chitin/lignin material has a
stronger adsorptive affinity for DB 71 than the chitin. The adsorption of DB 71 onto
the hybrid could be described by the Freundlich equation and the pseudo-second-
order equation, respectively. The optimum solution pH for dye removal was in the
range 2.4–8.4. The adsorption of DB 71 by the chitin/lignin hybrid was sponta-
neous and endothermic in nature [28].

Lou et al. [34] developed a ternary graft copolymer based on chitosan, acry-
lamide, and lignin (CAML) by a microwave-assisted method (as shown in Fig. 3).
The copolymer was loosely aggregated powder with a particle size range of
1–3 lm. Adsorption experiment showed that the CAML (chitosan:acrylamide:lig-
nin = 1:1:1) exhibited maximum removal efficiency of 99.3 and 67.0% for reactive
orange C-3R and methyl orange, respectively. The CAML had a wide suitable pH
range, although the removal efficiency was slightly higher under lower pH values.
The removal mechanism was combined charge neutralization and bridging effects
[34]. Guo et al. [48] prepared a lignin-based flocculant (LBF) via grafting

Fig. 2 An illustrative diagram of chitosan-alkali lignin composite. Reprinted with permission
[32]. Copyright 2014 Elsevier

Fig. 3 Synthetic process of CAML. Reprinted with permission [34]. Copyright 2018 Elsevier
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dimethyldiallylammonium chloride and acrylamide onto lignin. Adsorption results
demonstrated that a high removal efficiency of 93% was achieved for the reactive
dye by LBF with the addition of PAC. The high removal efficiency of dye by LBF
was because of the electrostatic attraction effect and bridging action [48].

Li et al. [35] prepared magnetic lignin spheres (MLS) from different organosolv
lignins with maleic anhydride and Fe3O4 nanoparticles. The adsorption amounts of
methylene blue and Rhodamine B by the MLS from larch lignin (31.23, and
17.62 mg/g, respectively) were higher than that from poplar lignin (25.95 and
15.79 mg/g, respectively). The adsorption kinetics and isotherm were could be
described by the pseudo-second-order equation and Langmuir equation, respec-
tively. Moreover, the MLS from larch and poplar lignin had a good recyclability,
after three cycles of adsorption-desorption, the removal efficiencies for the dyes still
remained at 98 and 96%, respectively [35].

Couch et al. obtained [36] oxidized lignin products from softwood lignin by using
HNO3 (as shown in Fig. 4). The products were used to remove ethyl violet (EV) and
basic blue (BB) dyes from simulated water. The results showed that the dyes removal
efficiency was 70–80 wt% for EV and 80–95 wt% for BB within the dyes concen-
trations of 50 and 400 mg/L. The dye removal was pH and ionic strength dependent.
Feng et al. [41] prepared a methylene blue (MB) adsorbent from acetic acid lignin
(AAL) via deacetylation in NaOH aqueous solution followed by fractionation in
methanol. The maximum adsorption capacity of MB reached to 63.3 mg/g by the
AAL. In addition, the adsorption of MB was pH and dosage dependent.

Xu et al. [37] developed an acrylic-lignosulfonate resin (ALR) from calcium
lignosulfonate and acrylic acid. The resin had a high surface area of 190.55 m2/g
with a porous structure in an average pore diameter of 11.34 nm. The maximum
adsorption capacity of crystal violet (CV) by the ALR was 150.40 ± 4.80 mg/g at
25 °C. The kinetic and equilibrium data could be fitted by the pseudo-second-order
equation and Freundlich equation, respectively. In addition, the calculation of
thermodynamic parameters demonstrated the adsorption of CV on ALR was
exothermic and spontaneous in nature.

Fig. 4 Scheme of oxidized softwood lignin products. Reprinted with permission [36]. Copyright
2016 American Chemical Society
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Wang et al. [38] prepared a hybrid hydrogel from lignin grafted with acrylamide
and N-isopropyl acrylamide as well as montmorillonite (lignin-g-p(AM-co-
NIPAM)/MMT, as shown in Fig. 5). The prepared hydrogel presented thinner
pore walls, good thermal stability and strong mechanical strength due to the exis-
tence of montmorillonite. The hydrogel showed an excellent removal efficiency for
methylene blue in water, as indicated by the maximum adsorption capacity of
9646.92 mg/g. The adsorption was dependent on the pH and temperature. Dynamic
adsorption could be described by the pseudo-second-order equation, while both of
the Langmuir and Freundlich equations could describe the equilibrium adsorption.
Furthermore, the hydrogel showed an excellent reusability within five
adsorption-desorption cycles.

Yu et al. [39] also prepared an LS-g-AA hydrogel by grafting of acrylic acid on
lignosulfonate backbone using N,N′-methylene-bis-acrylamide and laccase/t-BHP
(tert-butyl hydroperoxide) as cross linker and initiator respectively (Fig. 6). The
successful grafting of themonomerwas confirmed using FTIR. The prepared hydrogel
showed a high adsorption capacity of 2013 mg/g for methylene blue (MB) dye in
water. Besides, excellent reusability was shown by the LS-g-AA hydrogel with
adsorption capacity of 1757 and 1681 mg/g for 3 and 4 cycles, respectively.

Kumari et al. [40] reported a pine needle lignin-based polyurethane foam
(LPUF) as an adsorbent of dyes removal from water. The experiment results
showed that the LPUF was effective in removing a cationic dye, malachite green
(MG) with a maximum adsorption capacity of 80 mg/g, other than an anionic dye,
methyl orange (MO), from the water. The adsorption kinetics and isotherms could

Fig. 5 Diagram of synthesis of lignin-g-p(AM-co-NIPAM)/MMT. Reprinted with permission
[38]. Copyright 2017 Elsevier

Chemical Modification of Lignin and Its Environmental Application 1351



be described well by the pseudo-second-order equation and Langmuir equation,
respectively. Moreover, the LPUF could be used for 20 regeneration cycles with a
cumulative adsorption capacity of 1.33 g/g to MG (Fig. 7).

Tang et al. [42] have reported their studies on the preparation of a lignin sul-
fonate polymer by a simple emulsion polymerization method and the adsorption
properties of the lignin sulfonate polymer towards malachite green (MG) dyes
(as shown in Fig. 8). The obtained lignin sulfonate polymer showed an effective

Fig. 6 Synthesis of LS-g-AA hydrogel from lignosulfonate and acrylamide catalyzed by laccase.
Reprinted with permission [39]. Copyright 2016 Elsevier

Fig. 7 Schematics of LPUF synthesis and application. Reprinted with permission [40]. Copyright
2016 Royal Society of Chemistry
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adsorption of MG with a maximum adsorption capacity of 60.2 mg/g for MG
according to the Langmuir equation. A Lignosulfonate-based mesoporous material
was further prepared by grafting of acrylic acid and acrylamide onto the backbone
of lignosulfonate for adsorbing MG from the water. This synthesized material was
mesoporous confirmed by using N2 adsorption/desorption curve. The BET surface
area was 118 m2/g and the mesopores are in an average diameter of 3.8 nm. Due to
the presence of pores in the mesoporous material, it showed an enhanced adsorption
capacity, 150.376 mg/g for MG.

Song et al. [44] prepared a hydrogel consisted of acylated hemicelluloses, acrylic
acid, and sodium lignosulfonate by using initiator ammonium persulfate and N,N,
N′,N′-tetramethylethane-1,2-diamine. The honeycomb-like morphology was
observed in the prepared hydrogel. The adsorption kinetics of methylene blue
(MB) by the hydrogel was fitted well with pseudo-second-order kinetics and the
isotherm was fitted well with the Langmuir isotherm model, respectively. The
adsorption capacity of MG by the hydrogel could reach to 2691 mg/g. Even after a
further cycle, the hydrogel exhibited an approximately 80% adsorption efficiency
for MG, and accordingly, it was proposed to be a promising material for dye
removal from wastewater [44].

Adebayo et al. prepared carboxyl-methyl lignin CML from the acid hydrolysis
lignin from sugarcane bagasse (as shown in Fig. 9) [46]. The CMLs was further
bound with Al(III) (CML-Al) and Mn(II) (CML-Mn) for the removal of Procion
Blue MX-R (PB) in aqueous solutions. The experiment optimum pH and contact
time were 2.0 and 5 h, respectively. The CML-Al and CML-Mn showed a

Fig. 8 Schematic diagram of the lignin sulfonate polymer. Reprinted with permission [43].
Copyright 2016 Royal Society of Chemistry

Fig. 9 Schematic of Carboxyl-methyl lignin (CML) from lignin and monochloroacetic acid.
Reprinted with permission [46]. Copyright 2014 Elsevier
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maximum adsorption capacity of 73.52 and 55.16 mg/g for PB at 25 °C, respec-
tively. 98.33% of CML-Al and 98.08% of CML-Mn could be regenerated from
dye-loaded adsorbents by using 50% acetone + 50% of 0.05 mol L−1 NaOH. After
four adsorption-desorption cycles, the removal efficiency of the dyes still remained
ca. 93.97% and ca. 75.91% by the CML-Al and CML-Mn, respectively. Silva et al.
[47] also reported a carboxy-methylated lignin complexed with Fe3+ (CML-Fe) for
the adsorption of Brilliant Red 2BE (BR-2) textile dye from aqueous solutions. The
maximum adsorption capacity of BR-2 was 73.6 mg/g by the CML-Fe adsorbent.
Besides, the dye-loaded adsorbent could be recycled with 0.050 mol/L NaOH.

3 Modified Lignin for Heavy Metals Adsorption

Heavy metal ions are more toxic than dyes and cover a wider region of pollutants
during the past decades. Modification of lignin by introducing the desired properties
in physical, chemical and mechanic properties is a key issue to achieve proper
characters of lignin including the hydrophilicity, hydrophobicity and adsorption
ability. The most common strategies in the modification of lignin for heavy metal
ion adsorption include amination, methylolation, alkylation, carboxylation, acyla-
tion, sulfonation/sulfomethylation, phosphorylation, and copolymerization etc.

Ge et al. [49] prepared an aminated lignin-based adsorbent from alkaline lignin
grafted by methylamine and formaldehyde, as shown in Fig. 10. Kinetic adsorption
suggested the aminated lignin could adsorb Pb(II) in water quickly and the
adsorption process could be described well by a second-order model. The obtained
adsorbent presented a maximum adsorption amount of 60.5 mg/g for Pb(II) that
was 4.2 fold of the original alkaline lignin. Ge et al. [50] further investigated the
influence of numbers of the carbon in an alkyl, from C2 (ethyl) to C18 (octadecyl),
on the adsorption capacity of lignin for the lead ion. The results indicated that the
carbon number had a strong influence on the adsorption of Pb(II). A suitable carbon
number of alkyl (C4) helped the adsorption of Pb(II), due to the electron donating
ability of the alkyl groups. Recently, Huang et al. [51] reported a modified enzy-
matic hydrolysis lignin-containing nitrogen and sulfur moieties, which showed a
high adsorption capacity of 180 mg/g for Hg(II) at 25 °C. The adsorption kinetics

Fig. 10 Synthetic diagram of a Mannich base from lignin. Reprinted with permission [49].
Copyright 2015 Elsevier
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could be fitted well with the pseudo-second-order equation, while the adsorption
isotherms could be fitted well with the Freundlich equation. Besides, the increasing
value of the constant (n) with temperature indicated the adsorption became more
favourable at a higher temperature.

Carboxyl is a common component of lignin. The frequency of the group can be
adjusted by chemical modifications as well as the hydrophilicity and polyelectrolyte
characters. Quintana et al. [52] investigated the oxidized lignins from sulfuric acid
pretreated cane bagasse, soda pulping bagasse, eucalypt Kraft lignin and com-
mercial Kraft lignin. The results indicated the oxidized lignins showed higher
adsorption capacities than the original lignins, due to the higher contents of car-
boxyl groups in the oxidized lignins. Peternele et al. [53] reported a functionalized
formic lignin from sugarcane bagasse for the adsorption of Pb(II) and Cd(II). Batch
adsorption equilibrium could be described well by the Langmuir equation. The
oxidative modification of a wheat straw organosolv lignin has been investigated by
Dizhbite et al. [54] to introducing –COOH and –OH groups. The oxidation was
conducted under a polyoxometalate H3[PMo12O40] and O2 or H2O2. The oxidative
modification did not damage the lignin skeleton, while the carboxyl and hydroxyl
group’s contents in lignin increased distinctly. As expected, the oxidized lignin
showed high adsorption amounts of 35.9 and 155.4 mg/g toward Cd(II) and Pb(II),
respectively, at pH 5, 20 °C.

Sulfonate functional groups can be introduced into lignin via sulfomethylation
and sulfonation, which has been reported as an effective way to improve the
hydrophilicity of lignin [55, 56]. Li et al. [29] prepared a modified lignin-containing
both amino and sulfonic groups (as shown in Fig. 11). It was found that the modified
lignin could adsorb heavy metals effectively even at low pH values. The dynamic
adsorption and equilibrium adsorption could be fitted well by the pseudo-second-
order equation and D–R equation, respectively. Xu et al. [57] developed a meso-
porous lignin-based biosorbent (MLBB) from rice straw. The MLBB had an
excellent adsorption performance for Pb(II) with a maximum capacity of
952 ± 31 mg/g at 20 °C, which was due to the large surface area (186 m2/g),
plenty of mesopores (dp = 5.5 nm) and high content of sulfonic groups
(S: 2.51 ± 0.01%)].

Dithiocarbamated lignin is the most reported modified lignin due to its good
adsorption ability toward heavy metal ions. Ge et al. [58] developed a lignin-based

Fig. 11 Synthetic diagram of a modified lignin-containing amino and sulfonic groups. Reprinted
with permission [29]. Copyright 2014 Elsevier

Chemical Modification of Lignin and Its Environmental Application 1355



dithiocarbamate (LDTC), as shown in Fig. 12. The developed LDTC showed a
high adsorption amount of 175.9 and 103.4 mg/g toward copper and lead ions,
respectively. Li et al. [15] developed a porous lignin-containing a large number of
mesopores and functional groups. The surface area of the modified lignin increase
11 fold of lignin to 22.3 m2/g. Accordingly, the modified lignin had a high
adsorption capacity of 188 mg/g to Pb(II), 13 fold of the lignin and 7 fold of
activated carbon. Ge et al. [27] further prepared a dithiocarbamate modified lignin
from organosolv lignin. The modified lignin showed a high adsorption amount of
210 mg/g to Hg(II). The adsorption kinetics could be fitted well by a
pseudo-second-order equation, and the adsorption equilibrium could be fitted well
by the Freundlich equation. Li et al. [59] prepared a lignin xanthate resin
(LXR) with xanthate functional groups (–CSS−) (as shown in Fig. 13). The
adsorption capacity of Pb(II) was 64.9 mg/g at pH 5.0, 30 °C.

Ge et al. [26] prepared a new kind of lignin microspheres (LMS) through an
inverse suspension copolymerization method. The LMS was in diameter of 348 lm
with plenty of amine groups (total N: 7.5 mmol/g). LMS showed an adsorption
capacity of 33.9 mg/g for lead ions at pH 6.0, 25 °C, and the adsorption kinetics
could be fitted well by the pseudo-second-order equation. Liang et al. [60] prepared
a lignin-based resin (LBR) from sodium lignosulfonate and glucose. The maximum
adsorption capacity of Cr(VI) by the LBR was 57.68 mg/g. The adsorption equi-
librium could be fitted well by the Freundlich equation. The calculated thermo-
dynamic parameters of the adsorption (DG, DH and DS) indicated that the
adsorption of Cr(VI) by the LBR is a spontaneous and endothermic process.
Parajuli et al. [61] developed a crosslinked lignocatechol gel from catechol and

Fig. 12 Synthetic diagram of dithiocarbamated lignin. Reprinted with permission [58]. Copyright
2016 Royal Society of Chemistry

Fig. 13 Synthetic diagram of the lignin xanthate resin (LXR). Reprinted with permission [59].
Copyright 2015 Elsevier
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wood lignin. The gel showed a saturated adsorption amount of 37.05 mg/g toward
Pb(II) at pH 5.2. The adsorption process was mainly due to the cation exchange
mechanism.

Lignin composites are now considered as a talented candidate to traditional
adsorbents for cleanup of heavy metal ions in water. Qin et al. [62] synthesized a
composite from poly (ethylene imine) and lignin. The composite presented a high
adsorption amount of 98.0 mg/g to Cu(II), 78.0 mg/g to Zn(II) and 67.0 mg/g to
Ni(II) at pH 6.0, 25 °C. In addition, the composite had good recyclability stability
within 5 adsorption-desorption cycles. Klapiszewskia et al. [63] prepared new
TiO2/lignin and TiO2-SiO2/lignin hybrids. The adsorption capacity of Pb(II) by the
TiO2/lignin and TiO2-SiO2/lignin was 35.7 and 59.9 mg/g, respectively, at pH 5.0,
20 °C. Kinetic analysis revealed that the adsorption followed by the pseudo-
second-order equation that meant a chemical interaction occurred during
the adsorption process. Equilibrium adsorption was well described well by the
Langmuir equation that meant a monolayer coverage of the adsorbates on the
homogeneous surface of the adsorbents. Li et al. [64] prepared a composite lignin
sphere from sodium alginate and epichlorohydrin. The obtained sphere showed an
excellent removal efficiency (95.6 ± 3.5%, C0 = 25.0 mg/L) to Pb(II). Li et al. [65]
reported a new nano-composite composed of lignin and carbon nanotubes
(L-CNTs). The as-prepared nano-composite not only showed a good water-
dispersibility and environmentally friendliness but also presented an excellent
adsorption ability to Pb(II) with a maximum adsorption amount of 235 mg/g. The
nano-composite with a lignin layer has advanced adsorption ability, low in cost and
environmentally friendliness, and therefore is a talented alternative for wastewater
treatment. Klapiszewski et al. [66] synthesized a ‘green’ adsorbent with a high
surface area of 223 m2/g from the commercial silica Syloid®244 and Kraft lignin
for the removal of nickel(II) and cadmium(II). The results indicated the adsorbents
had maximum sorption capacities of 77.11 mg/g for Ni(II) and 84.66 mg/g for
Cd(II), respectively. The kinetics adsorption data could be described well by a
pseudo-second-order equation while the adsorption isotherms fitted well with
Langmuir equation. Yao et al. [67] synthesized a composite composed of bentonite/
sodium lignosulfonate with acrylamide and maleic anhydride (BLPAMA). Results
showed that the adsorption of Pb(II) by the BLPAMA was correlated with pH
values but not with the temperatures. It showed a maximum adsorption capacity of
314.8 mg/g for Pb(II) at pH 5.0, 25 °C.

The above mentioned modified lignin adsorbents for adsorption of heavy metals
are tabulated in Table 2, from which it can be seen that the adsorption capacity was
much dependent on the chemical methods for lignin modification and heavy metals
species as well as the temperature and pH values. According to the analysis of the
published literature, the research on the development of advanced lignin-based
adsorbents, especially lignin-based nano-composites, is greatly needed in the
coming decades.

Chemical Modification of Lignin and Its Environmental Application 1357



4 Modified Lignin for Other Pollutants Adsorption

Except for the above discussed main pollutants (dyes and heavy metals), some other
pollutants by lignin-based adsorbents are also reported in literature during the past
decades. Although there are few papers on the topic, the removal of some other
toxic and hazardous pollutants is also very important. Saad et al. [70] investigated
two lignins, including alkaline lignin and organosolv lignin, for the adsorption of
2,4-dinitroanisole (DNAN) from the water. The adsorption of DNAN on both
lignins could be described well with pseudo-second-order equation. The organosolv
lignin showed a maximum adsorption amount of 7.5 mg/g to DNAN while the

Table 2 Comparison of adsorption capacity of heavy metals with modified lignins

Modified lignin Heavy
metal

T (oC)/pH Qm

(mg/g)
Reference

Mannich base from lignin Pb(II) 25 ± 1/
6.0

60.5 [49]

EHL-NS Hg(II) 25/6.0 180 [51]

CMLSCB Pb(II) 30/6.0 122.9 [68]

BL Pb(II)
Cd(II)

20/5.0 35.9
155.4

[54]

ASL Cu(II)
Pb(II)

25 ± 0.5/
6.0

6.3
49.6

[29]

MLBB Pb(II) 20/7.0 952 ± 31 [57]

LDTC Cu(II)
Pb(II)

25 ± 0.5/
6.0

175.9
103.4

[58]

SFPL Pb(II) 25 ± 0.5/
5.0

188 [15]

Dithiocarbamate functionalized organosolv
lignin

Hg(II) 25 ± 0.5/
5.0

210 [27]

LMS Pb(II) 25/6.0 33.9 [26]

LBR Cr(VI) 50/2.0 57.68 [60]

Crosslinked lignocatechol gel Pb(II) 25/5.2 37.05 [61]

Poly (ethylene imine) anchored lignin Cu(II)
Zn(II)
Ni(II)

25/6.0 98.0
78.0
67.0

[62]

TiO2/lignin
TiO2-SiO2/lignin

Pb(II) 20/5.0 35.7
59.9

[63]

PLS Pb(II) 30.2/5.0 31.8 [64]

Siliceous lignin Pb(II) 70/2.0 – [69]

L-CNT Pb(II) 25/6.3 235 [65]

Silica/lignin Ni(II)
Cd(II)

25/3.0
9.0/–

77.11
84.66

[66]

BLPAMA Pb(II) 25/5.5 314.8 [67]
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alkaline lignin showed a maximum adsorption amount of 8.5 mg/g to DNAN.
The adsorption equilibrium for either alkali or organosolv lignin could be described
well by the Freundlich model.

Chen et al. [71] reported spherical lignin beads as an adsorbent to adsorb
L-lysine in water. The results indicated the beads showed a maximum adsorption
capacity of 67.11 mg/g to L-lysine. Dynamic adsorption was fitted well by the
pseudo-first-order equation, and the adsorption of L-lysine on the beads was ini-
tially determined by film diffusion, and then by intra-particle diffusion. Adsorption
equilibrium was described well with the Langmuir equation.

Żółtowska-Aksamitowska et al. [72] firstly investigated the use of chitin mod-
ified Kraft lignin as an effective sorbent of ibuprofen and acetaminophen. Batch
adsorption results indicated the modified lignin showed an adsorption capacity of
400.39 lg/g to ibuprofen and 267.07 lg/g to acetaminophen, respectively.
Adsorption isotherms data could be described with the Langmuir equation for
ibuprofen, and with the Freundlich equation for acetaminophen, while the
adsorption kinetics followed well to the pseudo-second-order equation for both
pollutants (R2 = 0.999). These results indicated that the adsorption belonged to a
chemisorption. Furthermore, the used adsorbents could be easily regenerated with
ethanol (yield 82.2%) in the case of ibuprofen and methanol (yield 80.8%) in the
case of acetaminophen.

Application of the oxidative modification of sulfate kraft lignin with sodium
periodate under mild conditions is suggested in order to obtain a sorbent for
detoxication of spillage places of rocket fuels based on 1,1-dimethylhydrazine and
to purify wastewaters containing this compound [73]. It was found that processing
with sodium periodate at 55 °C for 20 h resulted in a more than two-fold increase in
the content of carbonyl and quinone groups in lignin and a three-fold increase in the
adsorption capacity for 1,1-dimethylhydrazine. The adsorbent can bind 6.7% of
1,1-dimethylhydrazine and substantially surpasses in this parameter other
lignin-based adsorbents.

Table 3 listed all these reported modified lignin-based adsorbents for adsorption
of some other pollutants in water. As could be seen, the adsorption capability of
lignin-based adsorbents for other species is much lower than those for dyes and
heavy metals. Therefore, it is in a great need of developing new lignin-based
adsorbents with enhanced adsorption capability toward the emerging pollutants in
the future.

Table 3 Adsorption capacity of modified lignin for other pollutants in water

Modified lignin Species T (°C)/pH Qm (mg/g) Reference

Alkali and organosolv lignin DNAN 25/5.7 7.5 [70]

Spherical lignin beads L-lysine 25/9.0 67.11 [71]

Kraft lignin Ibuprofen
acetaminophen

25/6.0 0.40
0.27

[72]

Periodate oxidation of lignin UDMH 55/5.0 67 ± 1 [73]
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5 Outlook and Conclusions

With the depletion of fossil-based resources and increasing environmental concerns,
the research and development of new low-cost adsorbents derived from renewable
resources have received more and more attention. The utilization of aromatic lignin
in replace of the fossil-based carbon will help to the establishment of the sustainable
society. In this content, the adsorption of dyes, heavy metals and some other
pollutants by various modified lignin materials have been collected and discussed in
this study. Based on the above discussions, adsorption performance of these
modified lignin materials for dyes, heavy metals, and other pollutants is expected to
be amplified in the near future. It should be noted that the cost-effectiveness is
firstly important because low manufacturing cost and high adsorption capability of
an adsorbent is desired in practical large-scale applications. Lignin is an abundant
polymer derived from plant kingdom that can provide CO2 neutral, cost-effective,
environmentally friendly and therefore can be used as building blocks to create
“green” adsorbents. Secondly, although modified lignin is efficient to capture dif-
ferent kinds of pollutants through physical or chemical interactions, regeneration by
feasible methods should be studied carefully as it is very important for the
improvement of economics. The regeneration of lignin-based materials could be
carried out by the most common solvent extraction method with EDTA, HCl,
HNO–, NaCl, and NaOH solutions et al. Thirdly, experiments should not only stay
in the lab. As all known, the industrial wastewater always contains many kinds of
contaminants. Although different kinds of modified lignin adsorbents can be
obtained with good adsorption capacity and selectivity for the target contaminants,
such as methylene blue (MB), toxic metals (Hg), and (Pb, Cu) et al., it is desirable
in developing a multipurpose adsorbent from lignin that can be used to adsorb
different kinds of contaminants simultaneously. Therefore, specific attention should
be focused on the modification of lignin matrix, via hybriding, cross-linking and
grafting to develop lignin-based advanced composite, and accordingly broadening
the kinds of pollutants for efficient removal and improving the reusability of the
modified lignin-based composites.
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Synthesis and Characterization
and Application of Chitin
and Chitosan-Based Eco-friendly
Polymer Composites

Aneela Sabir, Faizah Altaf and Muhammad Shafiq

1 Introduction

1.1 History of Chitosan

The chitosan history begins from the 19th century, by Rouget 1859 who discussed
the deacetylated parent chitin polymer (the second most plenteous carbohydrate) in
nature first time. With the passage of time, a considerable amount of work has been
done on chitosan especially during last 20 years, and its potential for different bio
applications [1].

Chitosan is obtained from natural sources that are the external skeleton of
crustaceans, fungi, and insects and has to be biocompatible and decomposable. It’s
being a copolymer contains N-acetyl-2-amino-2-deoxy-d-glucopyranose and
2-amino-2-deoxy-d-glucopyranose, the monomers are joined together by (1 ! 4)
glycosidic bonds. The carbon and hydrogen is a major constituent of chitosan is
very alike to cellulose, in which 1,4 is linked with d-glucosamine and with varying
number of N-acetylation, the difference is only that the hydroxyl group is replaced
acetylamino group at the C2 position. It is a nearly synthetic derivative of
aminopolysaccharide which has peculiar structures, dimensional characteristics,
extremely planned practicality and a large vary of usage in medicinal speciality and
alternative manufacturing areas [2]. The structure of chitosan is given in Fig. 1.

The removal of the acetyl group from chitin to produce chitosan needs a reaction
with highly strong NaOH solution (water or alcohol based) with maintaining safe
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conditions that ensure the reaction mixture does not interact with oxygen and for
this purpose reaction mixture is either purged with nitrogen or by adding NaBH4 so
to control unwanted depolymerization and production of reactive species. Chitosan
has become attention-grabbing not solely because of its synthesis from plenteous
natural resources however as a result of it’s highly well-matched and efficient
biomaterial that is quite able to be applied. As chitin is poorly soluble in
water-based and organic solvents, whereas chitosan as an anthropogenic creation of
chitin is highly appropriate for the application in the biomedical field. The best
features of magnificent biocompatibility and marvellous bio-decomposition that
protect ecosystem protection and less poisonousness with multipurpose medical
accomplishments like antibacterial activity and low immunogenicity providing
plentiful openings for more development [3].

Chitosan has the most structure changes being diagrammatic by the perspective
quantities of N-acetyl-d-glucosamine and d-glucosamine remaining, give definite
chemical structure variations. This distinction within formula provides rise to many
groups of chitosan that are notable. Chitosan may have various range number of
deacetylation (40–98%) and molecular mass (5–104 and 2–106 Da). The degree of
deacetylation and polymerization actually describe the molecular mass of the
polymer. They are two necessary factors indicating the employment of chitosan for
numerous solicitations. Some other parameters may alter the physical properties of
CS including the order of the amino and acetamido groups and also the quality of
crustacean shells (crabs, etc.) which were wastage of food industry in past but now
are commercially used for chitin and CS production [4] (Fig. 2).

The purification of chitin and its method can have an effect on quality of chi-
tosan. The crystallinity and polymorphism of chitosan are highly dependent on the
beginning of the polymerization and extraction in thorough process. An aliphatic
and straight chain structure having the incorporated chitosan in its blend act as a
viscosity enhancing agent that work in acidic conditions and behave like false
plastic material possess lower viscosity as shear rate increases. The viscosity rises
by increasing the concentration of chitosan. Viscosity can have a strong effect on
enhancing the biological properties like wound-recovery and osteogenesis
improvement and biodegradation by lysozyme [5].

The chitosan solubilizes in solutions containing acid (below pH 6.0) because of
amine groups (pKa = 6.3) quaternization which enables chitosan to become

Fig. 1 Structure of chitosan
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aqua-soluble. The existence of the –NH2 showed that pH considerably changes the
partially ionic state and characteristics of chitosan. When pH is low, protonation of
amines takes place causing a positively charged species making it soluble. However
at higher pH (higher than 6), chitosan’s amines get deprotonated and charge loss
occurs and makes insoluble ion electrolyte [6].

2 Production

Chitin is a basic precursor of chitosan production using basically two different
approaches, i.e. equally distributed deacetylation and heterogeneous deacetylation.
In the equally distributed deacetylation procedure, the chitin is allowed to dissolve

Fig. 2 The molecular structure of chitosan, cellulose and chitin
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in an alkaline solution at an appropriate temperature with vigorous stirring. While in
the case of heterogeneous deacetylation process proceeds in a two-phase system,
where chitin remains insoluble (hot alkali solution). Chitosan with FA (0–65%) can
be synthesized by evenly deacetylation of chitin [5, 7]. The production of chitosan
is given in Fig. 3.

3 Chitosan Oligomers

Owing to higher molecular mass and highly viscous nature of chitosan, it is possible
to subject chitosan polymer for depolymerization (chitonolysis) results in the pro-
duction of chitosan of low-molecular-weight i.e. oligomers and monomers also.
These chitosan oligomers showed excellent solubility and have been used in
numerous applications. There is a variety of chemical, physical and enzymatic
techniques that are used to synthesize chitosan having smaller chains of repeating
units (3–9) [8].

The acid hydrolysis synthesis restricts the use of chemical methods along with
conventional heat procedure. It has some drawbacks including highly expensive,
lower final product yield an acid residue. Degradation by acids is not a simple
process; the breakage in the presence of water undergoes and results in the random
generation of repeating units, D-glucosamine on increasing reaction time.

Fig. 3 Chitin, source and its application
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So, hydrolysis using concentrated HCl has usually been modified. First by
employing 35% HCl at a temperature of 80 °C for a shorter period of time. This
process produced chitosan oligomers having 1–15 and 20–40 chains. The use of
nitric acid (HNO3) for oligomer production is choosy, rapid, and easily manageable
with good stoichiometric products. Hydrogen peroxide (H2O2) may also be con-
venient to breakdown chain of monomers and generate hydroxyl radicals [9].

Another process to synthesize chitosan small chains using hot H3PO4 has been
described in the literature [10]. The obtained yields were sated as 10–20% with DP
6–8. Moreover, two kinds of chitosan oligomers (DP 7.3 and 16.8) were also
produced through chitosan consistent hydrolysis using 85% H3PO4 at ambient
temperature for four weeks. Fluoride-based hydrolysis of chitosan using dried HF
appeared to be more suitable way than traditional chemical polymer breakage in
term of good products yield. However, this procedure also has practical restrictions
as required an additional processing for defluorination. The polymer decomposition
can also be obtained effectively using microwave assisted technology supported by
the adding alkali carbonates to synthesize l-molar mass chitosan within a short
period of time [11].

The production of chitosan oligomers also carried out using enzymes. Enzymatic
synthesis cause chitosan depolymerized easily with a variety of hydrolase including
hemicellulases, lipases, cellulases, and lysozyme, papain amylases, pectinase,
pronase etc. The enzyme-based polymer degradation is favourable for the pro-
duction of the chitosan. The reaction rate can be managed by means of reaction
time, pH, temperature and recombinant approaches and of physical ways as soni-
cation and electromagnetic radiation [12].

4 Modifications of Chitosan

There are a variety of materials and method that have been used to modify chitosan
to enhance biofunctionality and other desired properties for utilization in different
applications. Surface modification methods include blending with different other
compound and derivatives such as coverings, reaction with an oxygen based
compound or by employing surfactant. Moreover, the fabrication of chitosan to
prepare stable, porous bioscaffold, functionalized surface, lyophilization is also
carried out. Blending using numerous preservatives may change its biomedical
compatibility. It is necessary to evaluate the biomedical compatibility of numerous
chitosan that is considered so they can be used for wound healing and other related
treatments. The other benefits associated with these include easy processability to
form membranes, scaffolds, nanofibrils, gels, nanofibres, beads, nanoparticles,
microparticles and sponge-like forms (Fig. 2). Due to these properties and bio-
compatibility, widely employed in wound healing and tissue engineering, and in
drugs and gene delivery [13].

Cross-linking of chitosan is another approach to enhance the performance. In
crosslinked polymeric crosslinkers interconnect the chains of polymers that in turn
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help in the development of a 3D framework. The properties of crosslinked polymers
depend on viscosity and molar ratio of crosslinking with a corresponding polymer
chain. A precise number of crosslinks per chain is needed to allow the development
of a framework. The structures of chitosan formed are: (a) self-crosslinking of
chitosan; (b) composite network of polymer (c) nearly intercalating network; and
(d) cationic/anionic crosslinking. Nature of crosslinking agent decides the type of
bonding and interactions (weather it bond covalently or not) [14].

5 Derivatives of Chitosan

The chemical modification of chitosan can be carried out to anchor different
functional groups including primary amine and primary and secondary OH groups
(Fig. 4).

5.1 Quaternized Chitosan and N-Alkyl Chitosan

Quaternized chitosan can be termed as methylated chitosan. It is obtained using
methyl iodide. Usually, the reaction betweenmethyl iodide and chitosan is carried out
in a basic environment, one of the most forthright way of quaternizing chitosan [15].
Proteins and peptide-based medicine are extremely adsorbed by an excellent sorbent
which is chitosan. The working principle of chitosan for aiding the para-cellular
transportation of water-loving drugs was recommended to be a mixture of bio
adhesion and a passing broadening of the strengthen joint in the thin film mediated by
H+ functionalized chitosan in its open coiled configuration [16]. Chitosan and its
metal derivatives facilitate the paracellular transportation of hydrophilic drugs by
combining effect of bioadhesion and a transient broadening of the tight connections in
the membrane arbitrated by protonated chitosan in its uncoiled configuration.
However at 7.4 pH, chitosan and salts unable to further enhance the permeation rate
because of dissolution issues. This character suggests that only chitosan can be an
excellent sorbent in its original PKa which matches in the intestinal. This is the only
reason that chitosan and its derivatives cannot be targeted by amino-linked
protein-based drugs into the human intestine part that is jejunum to the colon [17].

N,N,N-trimethyl chitosan chloride (TMC) which is quaternarily derived are more
stable in aqueous solution as compare to chitosan at higher pH. Such derivate of
chitosan has used to enhance sorption for medicine. In literature tested for
fluorescein-isothiocyanate dextran (FD4, MW4400) and mannitol, etc. The chitosan
that is trimethylated also possesses mucous adhesive properties dependent on a
number of quaternization in general mucous adhesive characteristics increases by
the enhanced degree of quaternization. It is because of the enchantment of positive
role of chitosan which increases its bonding with anionic mucin resulting in mucous
adhesion [18].
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5.2 Hydroxyalkyl Chitosan

Hydroxyl (OH−) functionalized chitosan is prepared by precursors such as ethylene
oxide and propylene oxide (epoxide) reacting chitosan, glycidol. Basically, in an
epoxide, the reaction occurred mainly at the groups like NH2 or alcohol OH, giving
N-hydroxyalkyl/O-hydroxyalkyl chitosan or maybe both. The ratio of O/N-sub-
stitution depends on types of catalyst (NaOH/HCl) used and reaction temperature.
In the absence of a catalyst, N-hydroxypropylation is produced, while the use of
acid catalysts results in predominantly N- but very less O-alkylated chitosan
product. By using basic catalysts O-alkylation is dominant with the ability to

Fig. 4 Derivatives of chitosan
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produce oligomers at temperature higher (above 40 °C) [19]. Peng et al. prepared
hydroxypropyl chitosan and investigated it as antibacterial activity [20]. Whereas
Dang et al. investigated it for its probable use as an injectable carrier (temperature
sensitive) for cells [21–23].

5.3 Carboxyalkyl Chitosan

The introduction of acidic groups in polymer backbone is called as carboxyalky-
lation. By introducing –COOH at the –NH2 groups attached to chitosan, both acidic
n basic mixed polyelectrolytes (that also contain both cationic and anionic) are
synthesized. If the amount is changed then the exchange of the –COOH containing
the group, one can get a molecular chain with different charge densities which
provide an easy way of controlling PKa-based behaviour. Both, O-carboxyalkyl
and N-carboxyalkyl chitosan have been synthesized by employing various reacting
circumstances using single halogenated carboxylic acid to obtain the N contrasted
O selection [24]. N-Carboxymethyl chitosan possesses some peculiarities including
water solubility, remarkable biological, physical and chemical characteristics
(highly dense, film and aqueous dynamic volume, gelation characteristics) also,
those of which enables it to be optable in food products and make-over products.
CH3COOH modified chitosan also used in preparing of various hydrogel (porous,
pH-sensitive, cross-linked hydrogels) for protein drug delivery systems as N,N-
Dicarboxymethyl chitosan exhibited excellent chelating capabilities and its chela-
tion with calcium phosphate suitable for osteogenesis thus encouraging bone cal-
cination. O-CH3COOH chitosan also shows antimicrobial activity and adhesive
properties [25].

5.4 Sugar Functionalized Chitosan

Sugar-modified chitosan was first time reported by Hall and Yalpani. They prepared
chitosan that is bounded to sugar reductive N-alkylation with NaBH3CN and
aldehydic sugar derivative. At first, the sugar modified chitosan had been examined
for rheological studies; but later on, this type of functionalization has been utilized
to induce cell-specified sugars into chitosan. The synthesis of sugar bound chitosan,
D- and L-fucose, and their interactions with lectin and cells was also reported [26].
Stredanska et al. prepared a chitosan derivative of lactose which is useful in the
repair of articular cartilage. Kaneko et al. accomplished chemoenzymatic method
for introduction of large carbohydrate as amylose on chitosan. The amylose-grafted
chitosan also has been prepared it does not have a solubility in any solvent,
(aqueous CH3COOH and C2H6OS) which usually dissolve chitosan and amylose
both and hence applied various specific fields [27, 28].
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5.5 Cyclodextrin Linked Chitosan

Chitosan that contains cyclodextrin (CD) chains are produced with an intent to join
extraordinary attributes of chitosan with the capability of cyclodextrin to shape
complexes that are non-covalent in nature with various temporary particles
changing their physical-chemical characteristics for the enhanced timely medicinal
delivery framework, beauty care products, and systematic science and analytical
chemistry. There are diverse means to connect the interface of chitosan to
cyclodextrin. A researcher named Sakairi and his colleagues arranged a-CD-
connected chitosan utilizing 2-O-formylmethyla-CD by reductive N-alkylation and
affirmed the permanent-temporary particle complex of with p-C6H5NO2. Another
group of researchers, Auzely-Velty and Rinaudo additionally announced nearly
same method of chitosan preparation containing cyclodextrin chain by amination in
reducing conditions with the investigations of development of addition complexes
with 4-tert-butyl benzoic acid [29]. The CD-chitosan derivatives arranged compa-
rably with cyclodextrin single aldehyde has been assessed for mucous adhesion by
a similar group. Chen and Wang acquired cyclodextrin linked chitosan utilizing
tosylated b-cyclodextrin and further assessed the capability of b-CD for the release
of I-131 in vivo and enhanced solubility [30, 31].

5.6 N-Acyl Chitosan

Anhydride and acyl chlorides are used to synthesize N-Acyl derivatives of chitosan.
By and large, acylation reactions result carried out in an aqueous solution of
CH3COOH/CH3OH mediums, pyridine/chloroform, pyridine, trichloroacetic acid/
dichloroethane, ethanol/methanol mixture, methanol/formamide or DMA–LiCl.
Because of genuinely unique reactivity of the two groups (hydroxyl and the amino)
at the monomer unit of chitosan, acylation can be carried out in control manner at
the predictable sites, i.e. on either –NH2, –OH, or on the two groups. One of the
techniques for obtaining acylated chitosan derivative incorporates the solid state
thermal breakdown of its acyl-ammonium derivative. This technique was utilized to
obtain amides of chitosan got from acids, for example, trifluoroacetic, acrylic,
acidic, methacrylic and myristic [32].

N-Acylated chitosan with long polymer chain (C6–C16) chlorides expanded its
water repelling character (hydrophobic self-gathering) and caused vital improve-
ments in its basic properties. It was shown in enhanced mechanical characteristics
of drugs synthesized utilizing these subsidiaries. The discharge attributes of the
drugs showed that discharge is managed by dispersion or by swelling took after by
dissemination; depend upon both the acylated chain length and the level of acy-
lation. The acylation can be accomplished region selectively at the amino site by
utilizing as trityl assemble at the basic OH group. This approach was utilized to get
ready N-haloacyl 6-0-triphenylmethyl chitosan which can be additionally replaced
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by amines as tributylamine, pyridine, imidazole, triethylamine, N-chlorobetainyl
chloride. The derivatives of betaine have two notable points of attention over the
base chitosan: (i) their water solubility at physical pH, and (ii) they have a perpetual
cationic charge on the polysaccharide backbone [33].

5.7 O-Acyl Chitosan

There are two main benefits of introducing of water repelling species into chitosan
by ester linkage; the first one is that this water repelling species makes chitosan
soluble in organic solvent and the second benefit refers to hydrolysis of ester
linkage by lipase-like enzymes. Additionally, glycosidases enzyme helps in the
breakdown of glycoside linkage of chitosan. Such properties make O-acyl deriva-
tives of chitosan best materials for biodegradable coatings. It has been reported that
O,O-didecanoylchitosan, O-succinyl chitosan was synthesized with N-phtha-
loylchitosan as an intermediate. In this procedure several steps are necessary to
avoid phthaloylation of –NH2 group, O-acylation, and at the end of the synthetic
process the protected amino group is removed by N2H4. In recent years, a procedure
is reported in which O-acylation of chitosan is carried out by methyl sulfonate [32].

5.8 Thiolated Chitosan

The chitosan is modified by adding –NH2 group with –SH prompts the arrangement
of –SH functionalized chitosan are water-loving larger molecules displaying non
bonded –SH group clusters at the polymer spine. Up until now 4 kinds of –SH
functionalized chitosan have been prepared: conjugated species as chitosan–
4-thiobutylamidine, chitosan–cysteine, and chitosan–thioethylamidine conjugate.
Numerous characteristics of chitosan are enhanced by particular stagnancy of –SH
bunches assigning it to the auspicious new classification of –SH monomers utilized
as a part of specific for the in the spreadable organization of water loving large
molecules [34].

5.8.1 Mucous Adhesion Properties

Another promising property of chitosan is mucous adhesion because of charged
connections among the cationic polymeric –NH2 group and adversely ionic
C11H19NO9 and C6H6O3S of the mucus. These mucous adhesive characteristics of
chitosan can enhance by the immobilization of thiol bunch on the polymer. The
improvement of mucous adhesion can be clarified by the S2− bonds development
with cysteine enriched subdomains of subdomains sugar bonded proteins, which are
more forceful than non-covalent bonds. This hypothesis was reinforced by the
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tensile strength results obtained with tablets of –SH functionalized chitosan, which
exhibited a cationic connection among the level of adjustment with –SH containing
moieties and the adhesive characteristics of the polymer [35].

5.8.2 Increase in Permeable Properties

The saturation of marker that is present between intestinal mucous layers of cells
can be improved 1-3-overlap using thiolated chitosan as compare to virgin chitosan.
Chitosan has the pervasion upgrading capacities with increment in the intercellular
passage of absorption, which is vital for the transportation of water-loving sub-
stances (peptides and antisense oligonucleotides used for therapy) through the
membrane. The working principle beneath this diffusion upgrading impact is by all
accounts in light of the cations of the polymer, which cooperate with the cell layer
bringing about an auxiliary revamping of tight intersection related proteins [36].

The pervasion upgrading impact of chitosan can be emphatically enhanced by
the stagnancy of –SH groups. The take-up of light named bacitracin, for example,
was enhanced 1.6-fold using 0.5% of chitosan–cysteine conjugate rather than virgin
chitosan. The pervasion enhancing the impact of –SH functionalized chitosan has
been examined with penetration mediator glutathione which shows that chitosan–
TBA/GSH is a possibly profitable instrument for repressing the ATPase action of
P-gp (P-glycoprotein) in the digestive tract [35].

5.8.3 Cohesive Properties

The chitosan with reduced –SH works on the chitosan chain permit –SH modified
chitosan to develop inter and intra-molecular atomic S2− bonds bringing about
cross-linking of the polymeric chains. Subsequently –SH modified chitosan show,
other than their solid mucous adhesive and saturation improving characteristics and
incredible durable quality. This quality gives a robust attachment and strength of
transporting networks being founded on –SH modified chitosan and can ensure a
delayed managed discharge of installed therapy agent. –SH modified chitosan
present in situ gelling capabilities because of –SH groups oxidation at physiological
pH-values, which bring about the development of disulfide bonds (inter and
intra-molecular). To use –SH modified chitosan in nasal, buccal, vaginal, and ocular
mucous treatment, it needed to be crosslinked and in situ gelling at pH ranging
between 5 and 6 [37].

5.9 Sulfate Modified Chitosan

Sulfate derivatives of a chitosan exhibit quite significant group of chitosan-based
materials that can show a wide range of bio-based activities. Sulfonation is carried
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out using various reagents including oleum, concentrated sulfuric acid, sulfur tri-
oxide, sulfur trioxide/trimethylamine, chlorosulfonic acid–sulfuric acid, sulfur
trioxide/pyridine, sulfur trioxide/sulfur dioxide, tetrahydrofuran, and formic acid
over wide ranges of temperature or with help of microwave irradiation. On chi-
tosan, the additional sulfa group can be further substituted to form sulfanilamide
derivatives of chitosan followed by the reaction among –NH2 or –OH (C6 position)
groups [38].

Such types of chitosan sulfates possess anti-coagulant and iron agglutination
control activities because of the chemical structural resemblance to heparin. In
addition to that chitosan, sulfates have shown other biological activities such as
antioxidant, anti-sclerotic, anti-viral, anti-HIV, anti-bacterial, and enzyme control
activities. Sulfation of chitosan results in the conversion of some of the –NH2

groups to negative ion centers and the polymer with improved multi electrolyte
characteristics which can be used for generating potential drug transporters
microcapsules or micelles form. N-Alkyl-O-sulfated chitosan show amphiphilic
character as it consists alkyl substituted polymer chains having water repelling
nature and SO4

2− groups with water-loving nature. Both waters loving and repelling
polymer converted into micelles which physically entrap drugs that are
water-insoluble as taxol in substantial concentration. Another very promising
quality of chitosan sulfates is sorption that is used for recovering metal ions [39].

5.10 Phosphorylated Chitosan

Phosphorous acid and formaldehyde are allowed to react with chitosan either in
consecutive phases or at the same time in an acidic solution in water give condition
to form a single or double bond of nitro-phosphonic-methylene chitosan. The
framework of phosphorylated chitosan materials and a number of rearrangements
reliant on reaction conditions, reactant ratio, and most significantly reaction time.
H3PO4 modified chitosan is prepared in the P2O5—the CH4O3S system also. Using
H3PO4 modified chitosan; the novel gel beads mixed with multi electrolyte have
produced for ibuprofen drug as model medication by utilizing a gel that is iono-
tropic with P3O10 for managed drug conveyance framework management during
oral intake by keeping away from the medicine discharge in the exceptionally acidic
gastric liquid area of the stomach. The pre-modified chitosan can likewise be
stretched out with P comprising groups for instance the –COOH group of
CH3COO

− chitosan created to respond with –NH2 of phosphatidylethanolamine
managing both acidic and basic polymer. This polymer was explored for its
practicality as a conveyance transporter for the transfection of hydrophobic model
drug ketoprofen by shaping dots on ionic cross-linking by sodium tripolyphosphate
[40].
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5.11 Enzymatic Modification of Chitosan

To modify chitosan another approach can be done by using enzymes and this
method is thought-provoking because of its particularity and ecological benefits in
comparison with chemo functionalization. Enzymes present the likelihood of
removing the threats related to chemical substances in term of to health and safety.
Enzymatic grafting of phenol species on the chitosan was first studied by Payne
et al. to analyze aqueous solubility in a basic environment (Scheme 17). Quercetin
and rutin quinones were effectively synthetically connected to low molecular
weight chitosan. The quercetin-adjusted chitosan demonstrated an improvement of
plastic, cancer prevention agent and antimicrobial properties and in addition to that
also showed thermal degradability [41].

5.12 Graft Copolymers of Chitosan

Chitosan physio-chemical properties can be changed by graft copolymerization
which is an attractive system for expansion of their application. The characteristics
of the side chains, as well as atomic structure, length, and number comprehensively
manage the attributes of the subsequent unite copolymers. Up till now, numerous
research projects were carried out to study the effects of these parameters on the
connecting factors and the features of polymer grafted chitosan [42].

5.12.1 Grafting Co-polymerization by Radical Production

Various types of polymeric species such as poly (vinylic and acrylic) artificial
precursors are the most often grafted on polysaccharides. Radical polymerization is
commonly used to prepare copolymers. In the archetypal method of free radicals
production in which during first step free radical attached at backbone structure of
polymeric chain followed by these free radicals react as large initiators for small
repeating agents. The grafting % age and grafting efficacy are mainly achieved by
initiator type precursor and initiator amount, reaction time and temperature [43].

5.12.2 Polycondensation to Form Co-polymerization

Grafting co-polymer of polysaccharides is not often prepared by condensation
polymerization typically due to the vulnerability of the sugar chain backbone to
elevated temperature and punitive conditions of the characteristic polycondensation
reactions. The condensation polymerization process has successfully produce
lactic acid, LA grafted chitosan of D, L-lactic acid in nonappearance of a catalyst
which generates a pH-sensitive hydrogel. The polylactide condensation has also
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been attained by application of catalyst 4-dimethylaminopyridine in which poly-
lactide was attached through the OH−1 group’s phthaloyl chitosan. –NH2 group is
linked to chitosan by condensation through carbodiimide process on the surface of
PLA to increase the stickiness, strength and cell compatibility of human endothelial
cells [42].

5.12.3 Coupling to Copolymerize via Oxidation

Polyaniline is polymerized on the chitosan to form conductive polymers by a
well-known process called oxidative coupling. Copolymerization is not generally
utilized for getting grafted copolymers of a long chain of sugar for the most part
because of the vulnerability of the saccharide at elevated temperature and extreme
conditions required for performing polycondensation reaction. However, the
pH-sensitive hydrogel was formed by successful graft copolymerization of lactic
acid (LA) over chitosan by condensation without catalyst which results in a
hydrogel that is pH-sensitive. Another method is used to connect—an NH2 group of
chitosan onto the polylactic acid surface which is carbodiimide procedure to make
good cell compatibility grip and bolster the expansion of human endothelial
cells [44].

5.13 Film-Forming Properties of CS

The inherent film forming ability and antimicrobial character enable chitosan to
make potential use in the packaging industry. However, chitosan forms rigid films
so required plasticizers in order to lower frictional forces (hydrogen bonds or ionic
forces) among polymer chains, for the enhancement of mechanical properties. The
induction of polyols for the fabrication of film may overcome this problem and
allows the film to be mechanically stable for the required time period. Chitosan
films also offer a well-established application that is food packaging which reduces
oxygen permeability and water vapour permeability that results in the increased
storage of food product by giving it longer shelf life [45] (Fig. 5).

5.14 Chitosan and Proteins

The combination of chitosan with other hydrocolloids results in improvements of
functional features of chitosan-based films. Chitosan and pectin coated membranes
have been formed by the interface of the chitosan (positive ion groups) with pectin
(negative ion groups). This combination results in lowering of water vapour
transmission rates (WVTRs) has been observed. The physical and mechanical
characteristics of these biobased membranes were improved by joining various
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types of proteins including soy protein, collagen, gelatin and milk proteins with
polysaccharides (e.g. alginates, chitosan, starches and cellulose) [46]. Gelatin and
chitosan combination results in fabrication of homogeneous membrane because of
to the better miscibility among both biopolymers results into the improvement of
characteristics of the thus formed mixed membranes as compared polymers films.
The betterment in mechanical perspectives occurred due to development of elec-
trostatic forces among chitosan ammonium groups and the gelatin carboxylate
groups. However incomplete miscibility among polymer and protein results brittle
structure as in the case of chitosan/soy protein blended membranes and phase
separation occurs. The brittles are increases upon increasing protein contents.
Such type of studies were aimed to develop edible films with anti-bacterial
properties [47].

5.15 Chitosan and Starch Blends

Food packaging requires good mechanical properties as a basic necessity that must
be edible coatings and films to enhance manual or machinery based food handling
or pharmaceutical products. Tapioca and rice are two main materials that are used
as starch sources that are used to form blends with chitosan and produce edible food
coatings, the consequential films possess dynamic properties better than one single
polymer. In South America famous crop is tapioca. The membranes produced by
this food product have good physical properties like tasteless, odourless, colourless
and oxygen impermeability. The only drawback associated with these membranes is
brittleness that results in insufficient mechanical strength. The blending of tapioca
and chitosan with the plasticizing agent of glycerol was first done by Chillo et al.
During their research they investigated mechanical, dynamic mechanical and
ostensible viscosity of the film-forming solution [48].

Fig. 5 Cs based membrane in fuel cell application
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The mechanical strength is critical for eatable plastic films and covering to
enhance mechanical treatment of food item or medicinal stuff. Starch from custard
and rice has been combined with chitosan to utilized mix qualities than from the
single polymer alone. Custard edible films show suitable physical attributes since
they have no colour and taste and also impermeable to oxygen. Be that as it may,
films demonstrate weakness with insufficient mechanical strength Chillo et al. have
prepared (CS) and custard starch films with and glycerol (plasticizer). The
mechanical properties, water vapour porousness and shade of the mix films have
been examined and improvement was found [49].

The effect of biodegradable mixture of CS ratios on TS films was investigated.
The results showed that improvement in TS of TS of prepared occurred by the
maximum induction of chitosan was done 1:1 ratio of chitosan and starch was used.
The enhancement in TS of the films upon increase of rice starch and chitosan ratios
(2:1–0.5:1) is attributed to the development of hydrogen bonding between
molecules of chitosan (NH2) and the hydroxyl group of rice starch (OH).
Amylopectin and amylose are attractive raw materials may use as obstacles in
packaging films. They utilized for the preparation of bio-decompose able films to
replace plastics partially or entirely as they are less expensive and renewable as well
as better mechanical strength. To decrease the water vapour permeability of the
films starch was blended with different proteins which also increases tensile
strength [50].

5.16 Edible Membranes of Gelatin and Chitosan

The edible coating and membranes made up of the composite are fabricated to
obtain combine benefits of every constituent. While proteins and polysaccharides
are used as a strong polymer matrix, lipids give the best barrier toward vapours of
water. As chitosan and gelatin both possess water loving character with better
attraction as well as matching, they produce membranes of composite materials
with improved characteristics. Chitosan/gelatin composite has been utilized widely
for the synthesis of frameworks in biomedical applications. Rivero et al. prepare
gelatin/chitosan, composite biodegradable films and investigate membrane barrier
properties and structural power and to analyze their micro to the nanostructure. The
composite has a showed even and regular upper layer as examined by Scanning
Emission Microscopy and X-ray analysis. The influence molecular mass of chitosan
along with the level of deacetylation on the physical and chemical characteristics of
the prepared membrane was determined. Results exposed that bonding among
chitosan and gelatin were stronger in films composed of larger molecular mass
chitosan or greater level of deacetylation as compare to films made up of low molar
mass or deacetylation level [51].
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5.17 Composite of Chitosan, Carrageenan and Alginate

Membranes based upon alginate are impenetrable into lipids at the same time as
other water-loving long chains of sugar molecules which also possess water vapour
permeability. Though, a sacrificing agent used in the membrane is alginate gel film
in which membrane lost its own water content prior to the loss of food water
content. Polyelectrolyte produced by mixing of chitosan with both carrageenans
and alginates which were utilized to get microstructure capsules of cell embodiment
and gadgets for the managed arrival of medicine or different materials. It appears
there is great probability to examine this collaboration to create consumable
membranes from these substances which could be of implausible esteem [52].

5.18 Chitosan and Clay Natural Polymers

Natural polymers are hydrophilic in nature so they have the low mechanical
strength and high moister barrier. Many different types of methods have been
discovered to improve such kind of problems associated with biodegradable
packaging films made up of chitosan [53].

These may include induction of plasticizing agents (glycerol) to increase the
flexibility in the final product. In other methods silicates nanoparticles (e.g. sodium
montmorillonite MMT) are added into chitosan to enhance barrier and mechanical
characteristics of end-user product. MMT is a layered silicate having increased
thickness and surface area and thickness enables its use for strengthening uses. The
literature reported the synthesis and characterization of MMT/chitosan-based
composites and membranes. Chitosan and MMT interact with each other and
develop homogenous film. In an ion exchange reaction of nanocomposites based
upon MMT/Chitosan occur among chitosan and sodium MMT. The chitosan
offered high attraction toward montmorillonite host. Powder X-ray diffraction and
Thermogravimetric analysis (TGA) and analysis showed that due to electrostatic
interaction among cationic chitosan molecules and anionic silicate layers the
thermal stability of chitosan improved significantly. In addition to that prepared
nanocomposites also showed a synergistic effect on antibacterial properties against
S. aureus and E. colcertain bacterial species [54].

The antibacterial property enhances markedly on increasing amount of MMT.
The biodegradation rate of nanocomposites film of chitosan/montmorillonite is also
the most prevalent than that of the virgin Chitosan polymer. These results showed
that MMT/CS nanocomposites have potential antimicrobial applications especially
for those comprising 0.1% of MMT. Chitosan/montmorillonite bio-based com-
posite microparticles showed more temperatures of thermal degradation as com-
pared to pristine particles of chitosan. The glycerol and MMT were added into
chitosan and the dual effect is examined by a group of researchers. The structural
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strength of glycerol-based nanocomposites was increased by increasing clay
loading. This is because of syngertic impacts of both plasticizing agents and clays
[55] (Fig. 6).

Hydrogen bonding framework was modified by glycerol inside the material
which permits the good combination of matrix with filler, which in turn simplify
strain transformation among the supporting matrix phase to enhance mechanical
strength. 30% water vapour incorporation decreases by glycerol phase addition.
Hydrogen bonding of montmorillonite and chitosan was significantly reduced by
glycerol that blocks flocculation and breaks the montmorillonite stacks that are
randomly arranged in space. The membranes of chitosan prepared without glycerol
show 50% reduced permeability because of flocculation and alignment of mont-
morillonite stacks. Because of these frameworks material has good capability to use
the membrane in the field of packaging. Glycerol adjusts the hydrogen bonding
inside the substance and allows good cooperation amongst filler and matrix, sub-
sequently encouraging the pressure to the support stage and enhancing its powerful
properties [55].

Fig. 6 CS/MMT composite membrane
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5.19 Properties of Gas Permeability of Edible Coatings

The number of many eatable membrane coverings for fruits for example cellulose,
zein, soy protein, chitosan and casein. They possess many required properties such
as no taste and odour along with transparency. Though, oxygen permeability can be
enhanced by antibacterial activity which was managed by adding potassium sorbate
in starch-based membranes used for sweet potato coverings. But oxygen imper-
meability can better be achieved by composite membranes of chitosan and starch.
15% addition of chitosan, the starch of sweet potato source showed incredibly
lower oxygen permeability. There are a few conceivable edible coatings for natural
products, for example, soy protein, cellulose, casein, zein, and chitosan. These were
picked since they have the attractive qualities of for the most part being transparent,
odourless, and tasteless [56].

5.20 Antimicrobial Applications

Cations present in chitosan makes material an antimicrobial agent. The advances in
the field of antimicrobial material need characteristics found in chitosan. It is a
non-toxic polymer with dynamic antimicrobial properties that may be used as an
excellent matrix for eatable coating membranes. The chitosan bonding or chelation
with endotoxins related to the bacterial type of Gram-negative reduced the toxicity
of such bacteria. Due to this good chelating property, EDTA like external chelating
agents is not necessary. This property made chitosan good inhibitor of a wide range
of microbes such as viruses, bacteria and fungi etc. [57].

5.21 Anti-inflammatory Applications

Chitosan has a range of encouraging biomedical applications and right now, is
considered as another inventive material in wound healing, a hemostatic agent,
antimicrobial, lipid binding effects as demonstrated by the substantial number of
reports throughout the most recent couple of years. Chitosan films that are planned
for wound administration may incite absence of pain by giving a good, charming
and relaxing impact when connected uncovered skin or injured part. Chitosan
possess fantastic agony helps when it was connected as a covering agent to open
injuries, for example, burnt skin and scraped spots, skin grafted regions and skin
sores [58].

Because of anti inflammatory impacts of chitosan, it provides benefits for the
management of delayed swelling and sore at the injury site. Chitosan which is water
solubility strangles the discharge and possession of pro-inflammatory cytokines and
induction of NO2 to prepare astrocytes which is common nerve cells in CNS and is
effectively associated with inflammatory events related to the cytokine. In addition,
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N-acetylglucosamine is anti inflammatory drug and is prepared in the human body
from glucose. Chito-oligosaccharides (atomic weight of 5 kDa) demonstrated
preferred hostile to inflammatory specialists over nonsteroidal against swelling.
Chitosan applies anti-selling impacts by restraining protein possession and weak-
ening the pre-inflammatory cytokines [59].

5.22 Biomedical Applications of Chitosan

Chitosan is used in different health care disciplines and hygienic applications, such as
carrier, wound treatment, gene distribution, and bone tissue manufacturing. Chitosan
is used to prepare artificial kidney membrane, it is applied in hypocholesterolemic
agents, and supports for immobilized enzymes and drug delivery systems, absorbable
sutures. Chitosan has many benefits due to its nontoxicity and biodegradability
without damaging the environment. It slowly breaks down to harmful products that
are absorbed completely in the body as it is biocompatible [60] (Fig. 7).

5.23 Chitosan-Based Composite Scaffolds in Wound
Healings

The biocompatibility of composite nanofibers of chitosan/sericin was manufactured
by electrical spinning having a great texture with a small diameter between 200 and

Fig. 7 Applications of chitosan
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400 nm. As these composite membranes have property to block the activity of gram
positive and negative bacteria so can be used as wound dressing membranes. They
also have cell multiplication property so heal the wounds in short time in
approximate 24 h and more than 90% at all test exhibiting the benign and bio-
compatible nanofibres toward cells [61].

AgS based alginate/chitosan membranes are good for wound healing as silver
has sensitizing properties while chitosan and alginate heal the wound by covering.
The particular sulfonation of oxide ion and additionally chitosan may create a
powerful anti-retroviral agent that shows a substantially higher inhibition impact on
the contamination of AIDS infection. The managed C10H9AgN4O2S discharge was
appeared with incorporated chitosan layers with water vapour vanishing, satisfac-
tory swelling capacity, cytocompatibility and delayed antibacterial action [62].

The iron oxide, chitosan and gelatin-based nanofiber composite membranes show
enhanced antibacterial properties along with the mechanical support that possesses a
material with more promising wound dressing abilities. The freezing-thawing
method was used to develop chitosan/PVA/chitosan/MMT nanocomposite as a
biocompatible wound dressing. Enhanced mechanical characteristics, as well as
other features including good swelling behavior biocompatibility and antibacterial
activity, made it required a candidate for wound dressing applications [63].

The sponge-like dressings in light of glutamate chitosan (large molar mass) and
sericin was produced for the cure of older skin sores. The sericin measurements
improved skin healing is appropriate to apply a defensive impact on oxidative harm
to human fibroblasts. In addition, the upgraded bandage can enhance fibroblast
expansion, that is, to enhance injury recuperating. Several studies conducted the
research utilization of scCO2 as an environmentally benign media to actuate chi-
tosan porosity frameworks. Sponges of chitosan with cross-linking stacked of
anti-toxin medicines the norfloxacin were set up by dissolvable vanishing system
[64].

6 Introduction to Chitin

Chitin is obtained from the exoskeleton of crustacea, creepy crawlies, and a few
fungi [65]. The fundamental business wellsprings of chitin are the shrimps, krills,
lobsters, and crab waste shells. On the planet, a millions of tons of chitin are reaped
every year and subsequently, this biopolymer provides an inexpensive and acces-
sible source [5, 66] (Fig. 8).

In chitin, the degree of acetylation (DA) is ordinarily 0.90 showing the occur-
rence of amino groups. The N-acetylation, i.e. the proportion of
2-acetamido-2-deoxy-d-glucopyranose to 2-amino-2-deoxy-d-glucopyranose basic
units strikingly affects its solubility and structural properties [67] (Fig. 9).

The polymorphic types of chitin vary in the arrangement and polarities of
neighbouring chains in progressive polymer chain [68]. For the most part, the
individual chains expect a basically straight texture, which experiences one full coil
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each having diameter 10.0–10.49 A′ along the axis of the chain. Since the chain
contain chiral glycosidic units, and all units are associated by an oxygen atom that
connections carbon one of one glycosidic unit to carbon four of a neighbouring
unit, a particular “left” and “right” arrangement can be allotted to every polymeric
chain. The most widely recognized chitin allomorph is known as A-conformation
[69], where unit cell possess orthorhombic form while individual polymer chains
show antiparallel design. In this manner, contiguous chains are situated in inverse
ways. Another less regular allomorph termed as b-conformation relates to a

Fig. 8 The molecular structure of chitin

Fig. 9 The polymorphic types of chitin
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monoclinic unit cell having polymer chains arranged parallel form by weaker
intermolecular bonding. A third shape, c-chitin, have two parallel chains parallel
form in a relationship with chain arranged in an antiparallel way [70]. This may be
reflected as a variation of a shape. XRD and NMR studies of these distinct allo-
morphic forms have been shown to be different [71, 72].

7 Chemical Modifications of Chitin

Chitin is a synthetic biopolymer with excellent stability. a-chitin in view of its
insoluble nature it is seldom exposed to chemical reaction with the exception of the
synthesis of chitosan following by deacetylation. b-Chitin has generally more
reactive in nature [73]. As indicated by Noishiki et al. b-chitin can be changed into
thermodynamically more stable a-chitin by treating with NaOH (20%) followed by
resining with DI water. Chitin has been handled in an assortment of approaches to
get altered physicochemical characteristics [74]. Vincendon prepared chitin solution
in phosphoric acid (H2SO4) at ambient temperature, he observed that viscosity and
molar mass were decreased with time but the degree of acetylation remain
unchanged. The chitin is first allowed to disperse in NaOH (concentrated solution)
and kept at room temperature for 3–5 h; the obtained basic chitin is then poured
into ice at 0 °C. This system permitted the synthesis of chitin membrane with great
mechanical strength and transparency. The prepared chitin is indistinct and by
maintaining specific circumstances, it can be broken down in the presence of water.
This wonder is explained by the fact of to the lowering of molecular weight under
basic environment and deacetylation to some extent [75–77].

It is cleared that to obtain water dissolvable chitin, the level of deacetylation
must be almost near to 50% and, likely, that the acetyl group must be consistently
dispersed along the chain to keep pressing of chains causing from the interruption
of the second configuration in the strong alkaline medium. The impact of this
disruption was inspected and it was demonstrated that the dispersion, irregular or
blockwise arrangement, is imperative in regulating structural characteristics.
Deacetylation around 51%, of an exceedingly deacetylated chitin within the sight of
acidic anhydride, produce a water-dissolvable derivative [78].

The chitin derivatives reported in literature are phosphoryl chitin carboxymethyl
chitin [79], hydroxyalkyl chitin [13], N-and O-sulfated chitin, hydroxybutyl chitin
[80], fluorinated chitin [81], (diethyl amino)ethylchitin [82], mercapto chitin and
chitin carbamates [83]. Chitin can be blended with regular or manufactured
polymers; and can be cross-linked using various crosslinking agents (TEO,
epichlorohydrin, glutaraldehyde, and so forth.) to modify and obtain desired
properties [84].
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8 Chitin Fiber Formation

Chitin sutures have noteworthy characteristics over different other fibers for
biomedical applications. One study showed that chitin fibers have practically
identical characteristics to as those lactide and collagen fibers have. The linear chain
framework of chitin is enables it to form fibers and film alike to cellulose fibers. The
existence of the microfibrils in chitin that are typically engrained in a matrix of
protein showed the possibility of chitin spinning into fibers. The polyamide-type
structure ought to be separated to empower solubilization of chitin into a dissolv-
able form. This needs either softening or disintegration in apt solvents. Melting
turning is discounted as chitin deteriorates before softening. Regarding this many
endeavours have been carried out to control disintegration of chitin and turning of
chitin and chitosan into fiber shape. The arrangement of chitin fibers for the creation
of suture with absorbing capacity, dressings, and decomposable substrates for the
development of human skin cells filaments has been accounted so for [85, 86]
(Fig. 10).

9 Preparation of Blends with Other Fibers/Polymers

The induction of chitin fibers into various synthetic polymers, composites or blend
results in wide range of interesting characteristics. Young and Eichhorn discussed
the process chitin fiber formation in detail. In the synthesis of blend composed of
alginate and chitin, the spinning of their mixture solution was carried out by a
spinneret with a coagulating bath having aqueous CaCl2 and ethanol. The durable
interface developed via the intermolecular hydrogen bonding was utilized to certify
excellent miscibility. The good dry tensile strength and elongation to break were
gained with 30 wt% of chitin content. While the tensile strength and elongation to
break lowered by further increasing chitin content (water-soluble). Moreover, the
addition of chitin into the blended fiber can enhance the water-holding character-
istics of the blended fiber comparable to pristine alginate fiber [13, 87].

The treatment of chitin fibers with silver nitrate solution were results in
enhancement of great antibacterial activity to Staphylococcus aureus. Noteworthy
change in properties have been accounted for mixes of chitin/CS fibers with dif-
ferent natural and synthetics fibers to obtain chitin–glycosaminoglycans, chitin–silk
fibroin, chitin–cellulose, chitin–cellulose–silk fibroin, and chitin–cellulose–silk
fibroin, CS–tropocollagen, and chitin–natural rubber blends. The incorporation of
chitin fibers in poly(lactic acid) polymer indicated reasonable mechanical properties
and maintenance for settling destructive bone cracks, yet likely had lacking
solidness for applications, for example, bone plates for settling cortical bone
breaks [88].

Extraordinary properties could be worked by suitable compound alteration to
create a progression of chemically modified fibers, for example, N-acylCSs,
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N-arylidene-and N-alkylidene CSs, N-acetylCS, chitin–tropocollagen and CS–
transition metal complexes. The crystallinity and surface charge thickness of the
deacetylated chitin can be expanded on treatment with hydrochloric acid treatment
to enhance the fiber properties. It ought to be noticed that East and Qin utilized
warmth treatment for getting regenerated by reaction (N-acetylation) between CS
and acetic acid. The best properties for rigidity (4 g/d) and modulus (100 g/d) for
chitin were accounted for by the blended ester of chitin or CS acetic acid derivation/
format polymer [89].

The utilization of chitin whisker course might be useful getting ready
high-quality fibers. A further change in fiber properties could be accomplished with
the utilization of spinning fiber from lyotropic fluid crystalline solution. Fiber
spinning from fluid crystalline solution has huge benefits for expanded quality and
different properties. Irradiation of chitin fibre-strengthened poly (caprolactone)

Fig. 10 Chitin fiber
formation
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composite demonstrated 45% change in rigidity and pliable modulus as for those of
the untreated examples. Polymers, for example, polyvinylpyrrolidone, methylcel-
lulose, and sulfite cellulose are accounted for to be utilized to change the properties
of chitin filaments added to the spinning solution. Encourage change in fiber
properties could be affected through suitable synthetic alterations [90].

10 Chitin General Characterization

The name ‘chitin’ is gotten from the Greek word ‘chiton’, which means a layer of
mail [91]. The utilization of chitin was first depicted by the French scientific expert,
Henri Braconnot in 1811. The structure of chitin (C8H13O5N)n shows resemblance
with cellulose structure, yet with 2-acetamido-2-deoxy-b-D-glucose (NAG) mono-
mer units, which are joined to each other by means of b(1 ! 4) linkages. The
material type of chitin is generally a white and hard nitrogenous polysaccharide
which is inelastic. It has also been considered to be the main cause of beach con-
tamination in coastal areas. The widespread presence of chitin in the biosphere and
its insolubility prompted the possibility that chitin ought to survive in fossils. There
have for sure been reports of fossilized chitinous materials, e.g., in Pogonophora and
in insect wings preserved inside amber. The immunogenicity of chitin (disregarding
nearness of nitrogen in its structure) is uncommonly low. Chitin is a very insoluble
material that takes after cellulose in its low dissolvability and chemical
non-reactivity.

Chitin now and then is thought to be a cellulose derivative; be that as it may, it
doesn’t happen in cellulose creating creatures. There is no, by and large,
acknowledged classification concerning the level of N-deacetylation of chitin and
its derivatives. Chitin has a high level of nitrogen (6.89%) contrasted with artifi-
cially substituted cellulose derivatives that must be set up with a lower nitrogen
content (1.25%). The vast majority of the normally happening polysaccharides, e.g.,
alginic, dextran, cellulose, pectin, corrosive, agar, agarose and carrageenan are
nonpartisan or acidic in nature, while chitosan is an example of a profoundly
fundamental polysaccharide. Other remarkable properties of chitin composite
include improvement of capacity to frame films, biocompatibility, biodegradability,
non-poisonous quality, atomic adsorption properties, and so on. Despite a few
reports demonstrating the synthesis of functionalized chitosan derivatives with
chemical modification of the amino acid, not very many of these have worthy
dissolvability by and large natural solvents, or binary dissolvable frameworks.
Some synthetically adjusted chitin and chitosan derivatives having enhanced dis-
solvability all in all natural solvents have been accounted for.
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11 Chemical Structure and Properties

The individual sugar units in chitin structure are turned 180° concerning each other,
and pairs develop the disaccharide N,N′-diacetylchitobiose [(GlcNAc)2] [75, 92,
93]. The single polymer chains can be depicted as helices, in which each sugar unit
is transformed as for its neighbours. Such a structure prompts high strength as the
inflexible strips are associated with 03-H ! 05 and 06-H ! 07 hydrogen bonds.
Chitin additionally has three distinctive crystalline allomorphs: the a-, b- and
c-shapes depending upon the orientation of microfibrils [94].

The commonest type of chitin is a-chitin. Its unit cell is made out of two N,N′-
diacetylchitobiose units shaping two chains in an antiparallel course of action.
Along these lines, nearby polymer chains keep running in inverse ways, held
together by 06-H ! 06 hydrogen bonds, and the chains are held in sheets by
07 ! H-N hydrogen bonds [95]. This gives a factual blend of –CH2OH orientation
identical to a large portion of the oxygen molecules on every residue, having the
capacity to develop intra and intramolecular hydrogen bonds. This outcome in two
unique kinds of amide group; all are engaged in the development of interchain
C=O ! H-N bonds, while 50% of the amide group additionally fact as acceptors
for 06-H ! O=C intramolecular hydrogen bonds. Development of these inter-
molecular hydrogen bonds prompts a significant stable structure [96].

b-chitin is a less regular type of chitin, where the unit cell is a N,N′-diace-
tylchitobiose unit, giving a polymer balanced out as a rigid and inflexible ribbon, by
03 ! 05 intramolecular similar as a-chitin, H-bonds [97]. The chains in this
structure are joined in sheets by C=O ! H-N H-bonds among the amide group and
by the –CH2OH side chains, which prompts development of intersheet H-bonds to
the carbonyl oxygens on the neighbouring chains (06-H ! 07). This gives a
structure of parallel poly-N-acetylglucosamine chains having no intersheet
H-bonds. The parallel game plan of polymer chains in b-chitin takes into consid-
eration more adaptability than the antiparallel gameplan found in a-chitin, yet the
resultant polymer still has massive quality [98].

c-Chitin is the third allomorph, having blended parallel and antiparallel con-
figuration. It is found in mushrooms [99]. Chitin is constantly found to be cross-
linked to other auxiliary segments except for the b-chitin found in diatoms. Chitin is
discovered covalently clung to glucans in the fungal cell wall, either directly
attached, as in Candida albicans (1) or by means of peptides. Also, in insects and
other invertebrates, chitin is constantly connected with particular proteins, with both
covalent and noncovalent holding. This affiliation implies it creates the observed
ordered framework. There are likewise differing degrees of mineralization, for
example, calcification, and sclerotization, including associations with phenolic and
lipids [95]. In organisms (fungi and invertebrates) there have been studied different
degrees of deacetylation, providing a continuum of structure among chitin (fully
acetylated) and chitosan (fully deacetylated) [100]. Although either acids or alkalis
can be utilized to deacetylate chitin, the fact that glycosidic bonds are more
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vulnerable to acid which would damage the chain, the alkali deacetylation proce-
dure is used more often [101].

N-deacetylation of chitin can be carried out by or homogeneous or heteroge-
neous reaction mixture [94]. The difference amongst chitin and chitosan with
various degrees of deacetylation isn’t strict. Setting a couple of special cases aside,
chitin founds naturally related with other basic polymers like proteins or glucans,
which frequently contribute over half of the mass in chitin-containing tissue [102].
Chitin can be N-deacetylated to such a degree, to the point that it gets noticeable
solubility in dilute acidic and formic acids. The acetylated units of chitin prevail and
the degree of acetylation is normally 0.90, while chitosan is a partially or fully N-
deacetylated derivative possess a degree of deacetylation of greater than 0.65.
Numerous analytical techniques have been utilized to find out degree of deacety-
lation such as IR spectroscopy, gel permeation chromatography, pyrolysis gas
chromatography, and UV-vis spectrophotometry, solid-state NMR, H NMR spec-
troscopy, thermal analysis, acid hydrolysis, separation spectrometry methods, var-
ious titration schemes, HPLC and infrared spectroscopy [91].

12 Chitin Biosynthesis

The process of biosynthesis and cellular processing of chitin is very complicated,
multi-faceted and interconnected sequence of occasions which begins intracellu-
larly and ends up in inclusion of chitin in external supra-macromolecular frame-
work such as cuticles, arthropod and fungi cell walls [103, 104].

The whole process consists of different distinct steps:

1. Successive biotransformation of sugars (specifically glucose or trehalose). This
step comprises biochemical reactions such as amination, phosphorylation, and
development of the enzymic substrate.

2. Chitin synthase (CS) prepares the chains. The CS enzyme is a part of a protein/
carbohydrate cluster which is narrowly topologically packed molecules. Such
types of organization confirm the amalgamation of nascent chitin polymers into
a crystalline fibril.

3. The configuration of chitin molecules which have long chains.
4. Polymer translocation over the plasma membrane.
5. Crystallization and development of microfibrils by inter-chain hydrogen

bonding.
6. Association with arthropod cuticular proteins or with other carbohydrates in

fungal cell walls.

Chitosomes are cytoplasmic microvesicles. These microvesicles have been dis-
tinguished by electron microscopy utilizing fungal frameworks [105, 106]. The
plenitude of chitosomes at the hyphal tip infers their critical part in CS trafficking to
pre-decided areas. Chitosomes begin from organelles, for example, endoplasmic
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reticulum and Golgi. Chitosomes vesicles having zymogenic chitosan bunch. After
fusion of the chitosomes with the plasma membrane, the chitosan units become
activated through proteolytic reactions [107].

After in the long run combination of the chitosomes with the plasma film, the
chitosan units become triggered via proteolytic reactions. Chitosan addition into
plasma layers includes the intervention of focusing on and recognition proteins.
Chitosome-like structures likewise have been accounted for in without cell
framework derived from insects [108]; be that as it may, it has not been elucidated
whether they are associated with in vivo chitin development. Also, chitosome-like
vesicles have not yet been depicted in intact insect epidermal cells. Diverse types of
chitin are combined with the activity of the catalyst, chitin synthase UDP-N-acetyl-
D-glucosamine [109] chitin4-b-N-acetylglucosaminyl-transferase. Chitin synthase
utilizes UDP-N-acetylglucosamine (UDPGlcNAc) as the enacted sugar donor to
create the chitin polymer. Candy and Kilby first proposed a chitin blend biosyn-
thetic pathway in insects. The proposed process began with glucose and finished
with UDP-GlcNAc. Jaworski et al. utilizing cell extricates from the southern
armyworm Spodoptera eridania, at last, settled the entire pathway from
UDP-GlcNAc to chitin. Results obtained from many subsequent studies conducted
with synthesis from different insects reinforced the molecular mechanism of this
pathway [110] (Fig. 11).

13 Industrial Processing of Chitin

The detachment of chitin from crustaceans, for example, crayfish, crab, shrimp, and
different creatures such as fungi is a tedious procedure [111] It needs 17–72 h
including 1–24 h of HCl treatment and NaOH processing of 16–48 h. This time
taking chitin isolation process needs more energy expenditure, and consequently
builds the cost of generation. Similar to crabs and shrimps, barnacles likewise have
a place with the Crustacea family. Their shell structures are less crystalline and they
are accounted for to contain a greater number of minerals than different individuals
from the crustacean family [112]. These minerals are for the most part made up of
calcite and calcium phosphate. It has been demonstrated that these two mineral
materials in the carapace can be effortlessly expelled from the carapace structure by
utilizing HCl. In such animals, the protein just has some bonds with the chitin so it
can be expelled from effortlessly due to low-crystalline shell structure of the bar-
nacle species. In this manner, chitin isolation from barnacle species would be a
nearly speedy process. Chelonibia patulais (a barnacle species in the subphylum
Crustacea), lives episodically on animals (turtles, crabs, whales and molluscs) or on
rocks at the seashore where there is shallow water is present. In a method of the
segregation of chitin from C. spatula shells, their demineralization is carried out in
1 M HCl for 10 min and then allowed to deproteinized in 2 M NaOH for 20 min.
The finishing of the entire procedure takes just 30 min. It begins with HCl dribbling
solution (1 M) over 10 g of the dust acquired from ground C. spatula shells along
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and allowed to stir at room temperature for 10 min. In the event that the HCl is
included too rapidly, an energetic effervescence happens that may prompt flooding.
The sample at that point ought to be flushed with refined water until the point when
neutral pH esteem is gotten. In an investigation, subsequent to drying the examples
in an oven, 376 mg of material stayed toward the finish of the procedure.
Considering that most of the first mass comprised of minerals, these have been
expelled by methods of HCl.

Proteins are also present in shells and are removed by a deproteinization pro-
cedure by refluxing with a base for 20 min. This process yields 311 mg of dry
chitin. Getting chitin from shrimp shells is related with food industries, for example,
shrimp handling, while the creation of chitosan–glucan from parasitic mycelia is
related with fermentation, for example, that such as that producing citric acid from

Fig. 11 Development of chitin nanofibers
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Aspergillus niger. For the most part, crustacean shells processing includes the
expulsion of proteins and after that disintegration of calcium carbonate, which is
available in the shells in a higher amount. The conventional method for obtaining
chitosan from these sources additionally includes deacetylation in 40% sodium
hydroxide at 120 °C for 1–3 h. This treatment gives 70% deacetylated chitosan [91]
(Fig. 12).

As of late, a “green transformation” of agroindustrial waste by utilizing bio-
logical activity of Cunninghamella elegans strains and Rhizopus arrhizus has been
accounted for the production of chitin and chitosan. Such industrial sources have
noteworthy points of interest such as avoiding allergic reactions in individuals
susceptible to shellfish antigens and reduction in time and cost of production [113].

14 Chitin Biomedical and Nanomedical Applications

14.1 Tissue Engineering

The principal motivations behind tissue building can be arranged as to repair,
supplant, keep up, or upgrade the capacity of a specific tissue or organ [114].
Chitin-based materials, which can be manufactured into tubular structures, can be
effectively connected in tissue designing of nerves and veins as a format for cells.

Fig. 12 Chitin processing
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Chitin-based frameworks are flexible items and can be optimized for some,
regenerative purposes [115]. Chitin has been effectively connected to create poly-
mer platforms in tissue designing. Some fundamental prerequisites to plan polymer
platforms are high porosity (with apt pore measure dispersion); biodegradability,
structural integrity, being non-dangerous to cells; biocompatibility; collaborating
with the cells to advance cell attachment; empowering cell work.

14.2 Wound Healing

Madhumathi et al. created a-chitin/nanosilver composite frameworks for wound
healing usage. These frameworks were known to have an antibacterial movement
toward S. aureus and E. coli, and also blood-clotting capacity. Such properties have
made them helpful nanostructures for wound healing applications. So also, the
b-chitin/nanosilver composite platforms has been created and examined for this
application utilizing b-chitin hydrogel composed of silver nanoparticles. Also, these
frameworks were assessed for their cell grip properties utilizing Vero cells, and the
outcomes showed that nanosilver consolidated chitin platforms were perfect for
wound healing applications [22] (Fig. 13).

Fig. 13 Chitin applications
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14.3 Drug Delivery

Carboxymethyl chitin (CMC) has been mostly used for delivery of many different
kinds of drugs. CMC nanoparticles were synthesized via a cross-linking with CaCl2
and FeCl3. A spherical morphology was observed in SEM images of CMC
nanoparticles, with diameters ranging from 200 to 250 nm. 5-fluorouracil (5-FU)
drug-loaded nanoparticles also exhibited alike morphological feature. In one study
the anticancer drug 5-FU was laden into CMC nanoparticles using emulsion
cross-linking technique, and these were found to have a sustained and controlled
drug-release profile at pH near to neutral. An anti-HIV drug delivery application
was also reported by Dev et al. [116] using poly(lactic acid) (PLA)/CS nanopar-
ticles [116]. In addition, lamivudine (antiretroviral drug) was laden into the PLA/CS
nanoparticles. In this case absorption spectrophotometry was used to evaluate the
encapsulating efficiency and the in vitro drug release performance of CS
nanoparticles along with drug [117, 118].

Water-dissolvable carboxymethyl chitin (CMC) was utilized to deliver drugs.
CMC nanoparticles were prepared by cross-linking CaCl2 and FeCl3. A circular
morphology was seen in SEM photos of CMC nanoparticles, having diameter
running from 200 to 250 nm. 5-fluorouracil (5-FU) loaded stacked nanoparticles
likewise demonstrated comparable morphology. MTT examine comes about
demonstrated that they were non-poisonous to typical fibroblast L929 mouse cells.
The hydrophobic anticancer medication 5-FU was stacked into CMC nanoparticles
by means of an emulsion cross-connecting strategy, and these were found to have a
controlled and managed sedate discharge profile at pH-6.8. A hostile to HIV drug
delivery application was likewise revealed by Dev et al. [116] utilizing poly (lactic
acid) (PLA)/CS nanoparticles. What’s more, lamivudine (a hydrophilic antiretro-
viral tranquillize) was stacked into the PLA/CS nanoparticles. For this situation
absorption spectrophotometry was utilized to assess the effectiveness and the
in vitro drug discharge behaviour of PLA/CS nanoparticles with loaded drugs.

14.4 Cancer Diagnosis

The new advance FA-based carboxymethyl chitosan (CMCS) facilitated to man-
ganese doped zinc sulfide (ZnS:Mn) quantum dots (FA-CMCS-ZnS:Mn) composite
nanoparticles were created by Mathew et al. [119]. This multifunctional framework
could be utilized for focusing on, controlled drug release and tumour cell imaging.
The chosen anticancer medication was 5-FU, which is utilized for breast tumour
treatment. L929 cells were utilized to affirm the non-harmfulness of
FA-CMCS-ZnS:Mn nanoparticles. Moreover, the MCF-7 breast cancer cell line
was utilized to consider imaging, particularly focusing on and cytotoxicity of the
drug stacked nanoparticles. The in vitro imaging of malignancy cells with the
nanoparticles was examined utilizing fluorescence microscopy [120].
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14.5 Chitin-Based Dressings

British Textile Technology Group (BTTG) protected a system for preparing
chitin-based fibrous dressing [121]. In this strategy, the chitin/chitosan strands were
acquired from microorganisms (rather than shrimp shells) and were not created by
the conventional fibre-spinning method. The strategy can be outlined as follows:

1. The arrangement of mycelia of micro-fungi from Mucor mucedo culture
developing in a supplemented medium.

2. Cleaning and deproteinizing of the mycelial matt with NaOH to chitin/chitosan
precipitates.

3. Blanching and further cleaning.
4. Arrangement and scattering of the filaments utilizing the paper-production

hardware.
5. Filtration and wet-laid synthesis of a fiber matt; extra mechanical quality fur-

nished by blending with different filaments [122].

14.6 Antiaging Cosmetics

Morganti et al. prepared block copolymer nanoparticles (BPN) made out of phos-
phatidylcholine and linoleic acid nanocomposite along with hyaluronan and chitin
nanofibrils (PHHYCN). The nanoconstructs were utilized to encapsulate items
including cholesterol, melatonin, caffeine, creatine, vitamin E and C, glycine, amino
acids, and arginine. The thought was to utilize these nanocarriers for skin revival, as
all the individual components had demonstrated some action in such manner. The
skin treated with the dynamic chitin nanofibrils with BPN was appeared to be
milder softer as well as more hydrated following one month of treatment. Both fine
wrinkles and wrinkle lines were diminished not long after the initial 15 days of
treatment with injectable dynamic chitin nanofibril containing BPN, too less
occurrence of telangiectasia, hence over-all face appearance was particularly
ameliorated during the reversion period [123].

15 Conclusion

Chitosan is derivative of chitin is obtained from natural sources that are the external
skeleton of crustaceans, fungi, and insects and has to be biocompatible and
decomposable. The chitosan history begins in the 19th century, by Rouget 1859
who discussed the deacetylated parent chitin polymer (the second most plenteous
carbohydrate) in nature first time. The surface functionalization of chitosan can be
done using different enzymes so-called enzymatic modification. There is a variety
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of chitosan derivatives which have been prepared and utilized in the different field
of life such as quaternized chitosan and N-alkyl chitosan N-Acyl chitosan, O-Acyl
chitosan and Thiolated chitosan which is used in edible coatings to prevent gas
permeability.

The crystallinity and polymorphism of chitosan are highly dependent on the
beginning of the polymerization and extraction in thorough process. The inherent
film forming ability and antimicrobial character enable chitosan to make potential
use in the packaging industry. Chitosan is also utilized in direct methanol fuel cell
barrier of its excellent methanol permeation property.

The utilization of chitin was first depicted by the French scientific expert, Henri
Braconnot in 1811. The structure of chitin (C8H13O5N)n shows resemblance with
cellulose structure, yet with 2-acetamido-2-deoxy-b-D-glucose (NAG) monomer
units, which are joined to each other by means of b(1 ! 4) linkages. Chitin
additionally has three distinctive crystalline allomorphs: a-, b-and c-shapes depend
upon the orientation of microfibrils. There is a variety of field where chitin is and its
derivatives are being used among than most important ones are Tissue engineering
and Antiaging cosmetics.
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RhB Rhodamine B
RR Remazol red
SEP Sepiolite
TEA Triethanolamine

1 Introduction

Latter half of the past century has witnessed the great industrial revolution, which
brought about significant changes in lifestyle. However, this was on the cost of
anthropogenic deterioration of the environment, since several irrational industrial
and agricultural activities, cause surface water quality degradation. It is the top
priority in the twenty-first century to reduce/eliminate heavy metal ions and other
contaminants from wastewater to improve water quality [1–3].

1.1 Heavy Metal Pollution

Among all the pollutants present in wastewater, heavy metals are most serious
environmental and health threats. The industries, which contribute significantly to
emanate potentially toxic metals in surface and ground waters, seriously aggravate
the water pollution. The mining and metallurgical industries play a major role in the
release of metals loaded effluents in the river network or indirectly by disposing of
solid waste containing residual metals in the environment. These mines tailing
dumps weather over time, accelerating the mobility of metal ions which are then
continuously released into the surface and groundwater. The toxic heavy metal ions
can migrate from sediments into the water and pose threat to flora and fauna
through bioaccumulation [1–3].

Emissions from mines, metal wastes, gasoline, paints, fertilizers, manure, sew-
age sludge, pesticides, irrigation, coal combustion, spillage of petrochemicals,
atmospheric deposition contaminate the soil with heavy metals. Heavy metals are
elements with atomic number greater than 20 and density at least five times greater
than that of water. Pb, Cr, As, Zn, Cd, Cu, Hg and Ni ions are commonly found as
contaminants [2, 4]. Pb has raised special concerns as it adversely affects the human
health and because of its frequent release in wastewaters through effluents coming
from smelters and refineries, battery, steel, printing and glass industries [4].

Most of the metals do not undergo microbial or chemical decomposition; hence
soil becomes their major sink [5]. However, their chemical forms change (specia-
tion) and their bioavailability become possible. Toxic metals present in soil severely
inhibit biodegradation of organic contaminants [6]. Humans and the ecosystem are
at risk through direct ingestion or contact with contaminated soil/drinking
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groundwater, reduction in agricultural land. The food chain is contaminated through
food deteriorated by phytotoxicity. Consequently, the soil ecosystems require
characterization, remediation and risk assessment for appropriate protection and
restoration [7].

Techniques available for remediation of contaminated sites are immobilization,
soil washing and phytoremediation [8]. Despite cost-effectiveness and eco-friendly
nature, field applications of these technologies are employed in developed countries
only. These techniques are not availed in most of the developing countries due to
inadequate awareness of inherent advantages and principles of operation.
Development of technologies to remediate contaminated sites is attracting the
interest of the scientific community.

1.2 Organic Pollutants

Domestic sewage, urban run-off, industrial effluents, agricultural wastewater gen-
erate organic pollution. Textile, food processing, pulp/paper making, agriculture
and aquaculture industries are the sources of organic pollutants. The decomposition
of organic pollutants consumes dissolved oxygen at a rate much greater than its
replenishment, thus oxygen depletion adversely affects the stream biota. Organic
pollutants present as suspended solids obstruct the light for photosynthesis to
aquatic biota, when settled down they affect the habitat of invertebrates residing on
the river bed. Common organic pollutants are pesticides, fertilizers, hydrocarbons,
phenols, plasticizers, biphenyls, detergents, oils, greases, pharmaceuticals, proteins
and carbohydrates. Persistent organic pollutants (POPs) are organic compounds and
mixtures such as polychlorinated biphenyls, polychlorinated dibenzo-p-dioxins and
dibenzofurans, organochlorine pesticides, such as hexachlorobenzene and
dichloro-diphenyl-trichloroethane, dibenzo-p-dioxins and dibenzo-p-furans [9].
POPs have long-range transportability and are toxic and bioaccumulate in animals.

1.2.1 Water Pollution by Synthetic Organic Dyes

Over 100,000 dyes are commercially available and more than 7,00,000 tonnes are
produced annually. Synthetic dyes are water soluble and found in trace quantities in
industrial effluents. Many of them are also toxic and/or carcinogenic [10].
Inefficient processes of dyeing textile fibres can cause the colourants being released
together with the effluents. The presence of dyes in very low concentrations (even
10 ppm) in water imparts a colour, making it undesirable for use [11]. The reactive
dyes that are discharged into the water bodies are not biodegradable, hence, are
toxic to aquatic life. Usually, removal of hazardous materials is not considered
unless an environmental issue is recognized. Removal of dyes from wastewaters is
difficult because of their inert properties and their low concentration in wastewater
[12, 13]. These problems and their solution have been comprehensively reviewed
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taking into account the advantages and disadvantages of purification techniques
such as nanotechnology, ultrasound, microwave, catalysis, biosorption, enzymatic
treatments, advanced oxidation processes, etc. [14].

1.3 Methods for the Remediation of Pollutants

Environmental pollution has raised worldwide concern. Remediation of natural and
anthropogenic contaminants from the water and air is the need of hour especially
heavy metal species which affect the health [15]. Several techniques are employed
to reduce the concentration of metal ion in wastewater [2]. A brief outline of some
of the methods and their salient features can be given as under:

A. Methods for physical separation from soil

The efficiency of physical separation depends on soil characteristics. Following
methods have been deemed reliable in this context:

• Flotation
• Hydrodynamic classification
• Mechanical screening
• Magnetic separation
• Gravity concentration
• Attrition scrubbing
• Electrostatic separation

B. Methods of wastewater remediation

Some of the popular methods for wastewater remediation include:

i. Chemical Precipitation

• Precipitation of heavy metals as hydroxide, sulphide, carbonate and
phosphate, which are insoluble

• Generation of micro fine particles
• Removal of sludge by increasing particle size by chemical precipitants,

coagulants, and flocculants

ii. Coagulation and Flocculation

• Electrostatic interaction between pollutants and coagulant/flocculants
• Flocculation of discrete particles into larger ones
• Removal or separation of coagulated-flocculated particles by filtration,

straining or floatation

iii. Electrochemical treatments of heavy metals

• Precipitation by forming coagulants through electrolytic oxidation
• Precipitation in a weakly acidic or neutralized catholyte as hydroxides
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• Electro-deposition, electrocoagulation, electro-flotation and electro-oxidation
• Precipitation by forming coagulants through electrolytic oxidation
• Precipitation in a weakly acidic or neutralized catholyte as hydroxides
• Electro-deposition, electrocoagulation, electro-flotation and electro-oxidation

iv. Ion exchange

• Widely applicable in industries for water treatment
• Convenient operation utilizes low-cost materials
• Special ion exchanger contains cations or anions
• Synthetic organic ion exchange resins are used frequently
• Applicable only for metal ion solutions of low concentration
• pH of the aqueous phase affects the sensitivity

v. Membrane filtration

• Removal of suspended solids, organic and inorganic contaminants is
dependent on the size of the particles retainable

• Various membrane filtration techniques such as ultrafiltration, nanofil-
tration and reverse osmosis employed for heavy metal remediation

vi. Electrodialysis

• Ionized species passed through an ion exchange membrane by application
of an electric potential

• Thin sheets of plastic materials with anionic or cationic characteristics are
used as membranes

• Anions and cations migrate toward the anode and the cathode respectively

vii. Biodegradation

• Microorganisms catabolise organic material with aeration and agitation
and settle down solid

• Activated sludge containing bacteria is perpetually re-circulated back to
the aeration tank to enhance organic decomposition

• Activated sludge, trickling filters, stabilization tanks are in wide use

viii. Adsorption

• Common mechanism applies to organic and inorganic pollutants removal
• Liquid-solid intermolecular attractive forces induce some of the solute

molecules from the solution to be stuck at the solid surface when an
adsorbate solution comes in contact with an adsorbent (a solid with a
highly porous surface)

• All sorts of valencies/attractive forces of the constituent atoms of the
adsorbate material are satisfied in the bulk. However, atoms on the sur-
face of the adsorbent are exposed and hence attract adsorbates. The exact
nature of the bonding depends on the species. Adsorption process may be
physical sorption (van der Waals interactions) or chemisorption (covalent
bonding). Electrostatic attraction is also possible.
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Traditional methods for treatment of contaminated water include adsorption
[16], chemical precipitation [17], ion-exchange [18], reverse osmosis [19], mem-
brane technologies [20], solvent extraction [21, 22], electrochemical treatment [17],
biological treatment [23, 24], phytoremediation [8] and flotation [25]. The disad-
vantages of these methods to restrain their application are significant capital,
energy, and operational costs; the addition of chemicals, generation of hazardous
wastes and poor efficiency for wastewaters with a low concentration of heavy
metals [26]. Ion exchange and reverse osmosis are more attractive methods owing
to the recovery of valuable pollutants, however, these are economically unfa-
vourable due to relatively high investment and operational cost. Adsorption is of
special interest due to its economy, versatility, and efficiency, especially for the
remediation of trace amounts of pollutants [27].

Developing countries have high population density and poor availability of
funds, hence low cost, and sustainable remedial options are required [28]. A critical
review of the subject presented the best available remedial strategies for heavy
metals usually found in contaminated soils along with their sources, potential
biohazards, and chemistry.

2 Adsorption: An Advantageous Process
for Pollution Remediation

Simplicity and cost efficiency are the attractive features of adsorption. Further, the
use of eco-friendly techniques is possible, which requires minimum skill for
implementation. Hence, several high-efficiency adsorbents have been developed,
such as activated carbon, quartz, sand, bentonite, zeolite and oxide materials, for
heavy metal ion remediation [29]. Heavy metal species emanating from industrial
activities are multifarious and complex, therefore, diverse adsorbents have been
explored [16, 29].

Environmentally friendly adsorbents are efficient and economic for water
decontamination. Adsorbent materials, such as chitosan, clays, zeolites and acti-
vated carbons, serve as low-cost adsorbents [29]. However, they have weak affinity
for metal ions. Functional groups have therefore been introduced in these materials
to enhance their adsorption capacity. Still, the existing adsorbents exhibit efficiency
for specific heavy metal. This limitation is attributed to hard and soft acids and
bases characteristics [30].

The design of adsorbents with abundant and accessible chelating sites with high
affinity is a key challenge. A host of sorbents were applied for the removal of metal
ions from wastewater by covalent grafting of coordination groups on the surface of
porous materials, such as silica gel and clay [31]. However, small and irregular pore
structures allow only a fraction of the surface-bound ligands to bind a particular
metal ion [2]. Biosorption has gained interest in recent years due to its efficiency in
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extenuating heavy metals, particularly those present in low concentration.
Biosorption based on biomass-derived sorbents is a cost-effective and sustainable
alternative to water treatment [32, 33].

2.1 Biosorption

Biosorption is a potentially attractive technology for removal and/or recovery of
toxic/rare heavy metals from industrial effluents by use of low-cost biosorbents in a
metabolically-free manner [32, 33]. Biosorption involves complex mechanisms
such as coordination, chelation, ion exchange, physical adsorption and/or ion
entrapment in inter- and intra-fibrillar capillaries and spaces of the polysaccharide
network, etc. [32]. The characteristics of the biosorbents, the physicochemical
properties of the heavy metals and the microenvironment of the contact solution
influence the operating mechanisms. Biosorption is a passive process involving the
affinity between sorbate and biomass sorbent. It is advantageous because of its:
(i) low cost, (ii) high efficiency, (iii) potential metal recovery, (iv) easy operation,
(v) high sustainability and (vi) reduced sludge handling. Its disadvantages include:
(i) limited pilot and industrial scale studies, (ii) possible increments in cost (as
wastes become commodities), (iii) process mechanism of high complexity and
(iv) disposal of biosorbents at the end of life [34, 35].

Biopolymers as biosorbents

Biopolymers are composed of polysaccharides, fatty acids and proteins, with a
variety of abundant functional groups as active sites. Extensive research has been
devoted to exuberant natural polymers or agriculture waste products to be employed
as biosorbents, e.g. fungi, yeasts, bacteria, algae, chitin and chitosan. Several
low-cost and renewable biological materials have been explored viz.: macroalgae,
agricultural remainders, industrial waste, stuff, sludge, raw plants, etc. [36].

Biosorption experiments are typically performed by batch processing [37].
Biosorption of metal ion using agricultural or vegetable biomass, however, has been
demonstrated to be amenable to continuous processing [38]. Column mode of
operation is a continuous process and of greater practical importance due to its
simplicity and low-cost of operation and easy scale up from laboratory to industrial
scale [37].

Hydrogels have attracted wide attention as adsorbents for remediation of heavy
metal ions, ammonia and dyes [39]. Polysaccharide-based hydrogels are attractive
as adsorbents because they are biodegradable and biocompatible and have been
successfully applied for the organic and inorganic pollutant remediation [39, 40].
A wide range of polysaccharides based hydrogels including gums, collagen, cel-
lulose, alginate, carrageenan and chitosan have also been successfully applied for
this purpose [41]. Hybrid hydrogel composite of gelatine (GL) and clinoptilolite
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synthesized by free radical grafting and were utilized for metal ions remediation
from the mine effluents [42].

Chitin, an acetylamino polysaccharide, the second most abundant natural
resource, next to cellulose, is found in the exoskeletons of crabs, arthropods and cell
walls of some fungi. Chitin and its deacetylated modification, chitosan are excellent
metal ligands [43]. Chitin is amorphous and intractable, hence limits its use due to
slight inertness and difficulty in processing. Cellulose/chitin beads exhibited greater
adsorption capacity for heavy metals than that of pure chitin flakes [44, 45]. Thus,
only some functional group content does not decide adsorption abilities of
biosorbents, some other factors or their combination are decisive.

The bio-sorbents are preferred because of their unique properties such as
biodegradability, low-cost and abundance [46]. However, low adsorption capacity
and slow rate seriously restrict their applications. Further, being hydrophilic, they
are prone to microbial attack in aqueous environments. Hence, they are being
modified for improvement in their properties [47]. Some of the biosorbents are
immobilized (cross-linked) in a synthetic polymer matrix [48] and/or grafted onto
an inorganic support material such as silica [49] to yield particles/beads with the
desired mechanical strength and chemical resistance, to ensure recyclability for
subsequent cycles. Nevertheless, cross-linking decreases the adsorption efficiency
of biosorbents [48, 50]. Furthermore, the cross-linking agents such as glutaric
dialdehyde and ethylene glycoldiglycidyl ether are physiologically toxic and the
crosslinked beads are non-biodegradable. For the development of new polymeric
materials with desirable properties, polymer blending is a simple process [51].
Cellulose and clay are arousing the attention as reinforcements of various polymeric
blends because they are abundant in nature, have high mechanical strength, good
chemical resistance, economic and above all environmentally friendly [52, 53]. An
article critically reviewed the physical and chemical treatment methods to improve
the fibre-matrix adhesion and their characterization [54].

In water decontamination technology, nanostructured adsorbents are emerging as
the cynosure of all eyes [55]. However, the nanoparticles suffer some drawbacks, such
as a decrease in surface area due to agglomeration, difficulty in recyclability and
environmental dangers caused by particle-elapsing [55]. Hybrid nanocomposites are
preferred for providing high specific surface area and better adsorption properties
cost-effectively by immobilizing nanoparticles onto large solid substrates [56].

3 Nanocomposites

Current research and development are being focussed on polymer matrix based
nanocomposites. On nanoscale, the dimensions of the particle, platelet or fibre are
in 1–100 nm. Owing to the interesting observations involving exfoliated clay,
carbon nanotubes, carbon nanofibers, exfoliated graphite (graphene), nanocrys-
talline metals and a variety of nanoscale inorganic filler or fibre modifications,
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interest in polymer matrix based nanocomposites is gaining impetus. The primary
area of interest is the reinforcement aspects of nanocomposites however, barrier
properties, flammability resistance, electrical/electronic properties, membrane
properties, polymer blend compatibilization are important for various potential
applications. An important consideration is the synergistic advantage of nanoscale
dimensions relative to larger scale modification. The thickness of individual clay
layers is much smaller than the wavelength of visible light, hence in well-exfoliated
clay/polymer nanocomposites, optical properties of the polymer are not signifi-
cantly affected rendering it optically clear. To optimize the properties of the
resultant nanocomposite, it is desired to interpret the property changes as the par-
ticle (or fibre) dimensions reduce to the nanoscale level [57].

3.1 Bio-nanocomposites

Nanostructured hybrid organic-inorganic composites are invoking concern of aca-
demia and industry. Bio-nanocomposites exhibit multidimensional properties like
biocompatibility, antimicrobial activity and biodegradability [58].

A review described bio-nanocomposites based on different polysaccharides
functionalized by different nanofillers such as montmorillonite (MMT), Ag, SiO2,
TiO2 and ZnO. These were used in regenerative medicine, drug delivery, tissue
engineering, electronics and food packaging. The recent advancements were dis-
cussed in the light of technical and scientific issues [59].

Cellulose a hydrophilic substrate is a good choice to fabricate hybrid
nanocomposites due to its origin from renewable resources and long chains capable
of self-assembly [60]. The hydroxyl groups on the surface of cellulose provide
numerous active sites for the proliferation of inorganic oxides. Immobilization of
nano-TiO2 onto cellulose matrix was done by various methods such as sol-gel [61],
hydrothermal [62], layer by layer (LBL) assembly [63] and hydrolysis treatment
[63]. Hydrothermal and hydrolysis methods require heating to attain certain tem-
perature, microwave irradiation provides fast heating rates and molecular homo-
geneity, quick reaction kinetics, rapid crystallization and simplified procedure [64].

3.1.1 Bionanocomposites for Pollution Remediation

Some of the recent significant applications of bionanocomposites for metal ion
remediation and adsorption of organic dyes are summarized in Tables 1 and 2,
respectively.
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Table 1 Bionanocomposites for metal ion remediation

Nanocomposite Pollutant Qmax
a Remarks Ref.

Chitosan coated iron-oxide
nanocomposites

As(III) 267.2 mg/g Only 13% loss
in initial
adsorption
capacity after 5
repeated
adsorption
cycles

[94]

Chitosan film loaded with
silver nanoparticles
(CS-AgNPs)

Al(III),
Cd(II),
Cu(II),
Co(II),
Fe(III),
Ni(II),
Pb(II),
Zn(II).

Feasible
material for
solid-phase
extraction of
metal pollutants
from surface
waters

[95]

Chitosan-rectorite
nanospheres immobilized
on polystyrene fibrous mats
CS-REC

Cu(II) 98.87 mg/g The addition of
REC containing
Ca2+ could also
improve the
metal
adsorption
because of
cation exchange

[96]

Multiwall carbon nanotubes
(MWCNTs)/chitosan
nanocomposite

Cu(II),
Zn(II),
Cd(II),
Ni(II)

Cu(II)-100% Zn(II)-99%
Cd(II)-98% Ni(II)-100%

Greater
efficiency for
the target metal
ion and suitable
to be used in
different
environmental
applications

[97]

Organo vermiculite
(OVU) Chitosan (CHT)

Cd(II) 10% CHT-95.9 mg/g
50% CHT-97.1%
65% CHT-141 mg/g

The adsorption
capacity was
increased by
raising the
solution pH,
which most
likely favours a
chelation
mechanism
between the
chitosan chains
and the Cd(II)
cations

[98]

Chitin/magnetite/
multiwalled carbon
nanotubes magnetic
nanocomposite

Cr(VI) 90.7% Potential and
promising
adsorbent for
environmental
remediation

[99]

(continued)
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Table 1 (continued)

Nanocomposite Pollutant Qmax
a Remarks Ref.

Chitosan and carbon
nanofibers (CNFs)-
supported iron (Fe)-oxide
nanoparticles (NPs)

Cr(VI) 80.0 mg/g Regenerative
and reused four
times efficiently

[100]

Zero-valent copper-chitosan
nanocomposites

Cr(VI) 99% Excellent
adsorption
behaviour

[101]

Dead yeast biomass and
titania nanoparticles

Cr(VI) 162.07 mg/g Efficiency
(99.92%)

[102]

Fe3O4 coated glycine doped
polypyrrole magnetic
nanocomposite
(Fe3O4@gly-PPy NC)

Cr(VI) 238–303 mg/g PPy moiety
reduced Cr(VI)
to Cr(III)
Max.
adsorption in
25–45 °C range
and pH 2

[103]

Chitosan and Alginate
nanocomposites

Cr(VI) 108.8 mg/g Optimum
adsorption at
pH 5.0

[104]

Polyamides 6 (PA6)/
Chitosan@FexOycomposite
nanofibers

Cr(VI) 64.3225 mg/g High Cr(VI)
removal
efficiency of the
nanofibrous
membrane by
electrospinning
and pyrolytic
reaction

[105]

Magnetic cellulose
nanocomposite beads

Pb(II) 2.86 mg/g Adsorption
processes
spontaneous,
endothermic,
controlled by
chemical
mechanisms
and material
reusable

[106]

MnO2/chitosan
nanocomposites

Pb(II) Noncrosslinked-90.56%,
crosslinked 59.93%

Potential
adsorbent for
the removal of
lead ions

[107]

Nanocomposite based on
nano silica filled xanthan
gum grafted with
polyacrylamide
(XG-g-PAM/SiO2)

Pb(II) 537.63 mg/g Efficient
adsorbent for
the treatment of
battery industry
wastewater due
to higher

[108]

(continued)
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3.2 Clay-Based Nanocomposites

Clays and their minerals are abundant and cheap materials successfully used for
decades as adsorbents for removing toxic heavy metals from aqueous solutions.
Clays and their minerals, composed a large family of adsorbents both in natural and
modified forms, effectively remove most of the chemical contaminants from
aqueous solution.

Layered silicate clay minerals are extensively used nano-reinforcements due to
easy availability, low cost, and environmentally benign properties. Very low levels of
nanofiller (5 wt%) matches the reinforcement efficiency of conventional composites
with 40–50% of classical fillers, because of the high aspect ratio and high surface area
of the nanolayered clays. Extensive studies on the preparation and properties of
biodegradable polymer-clay nanocomposites were conducted on polylactide, poly-
hydroxy butyrate, thermoplastic starch, polybutylene succinate and polycaprolactone.
Clay nanoparticles enhance mechanical properties, thermal stability, barrier proper-
ties and control the biodegradation rate of the biopolymers [65].

A detailed review compiled thorough research during 2006–2016 and high-
lighted the key conclusions of adsorption studies which used clay minerals as
adsorbents. The structure, classification, and chemical composition of various clay
minerals were outlined and analysis of their adsorption behaviour was described.
The author suggested the need to modify and develop a synthetic method of novel
materials and for application as an adsorbent for different pollutants [66].

Halloysite (HAL) possesses disordered aluminium silicate structure, number of
adsorption sites and unparalleled nanotubular morphology, which makes it a
promising adsorbent. HAL is especially attractive due to its low production cost,
inertness for the environment. HAL can be modified by multistep intercalation,
interlayer grafting reactions or both. HAL-based hybrids can be designed with
adsorption functionalities targeted towards individual contaminants (e.g., polar/
apolar or positively/negatively charged) by appropriate selection of organic mole-
cules. Matusik summarized the studies on the use of pure and modified HAL for the
remediation of chosen inorganic and organic pollutants [67].

Table 1 (continued)

Nanocomposite Pollutant Qmax
a Remarks Ref.

hydrodynamic
radius/volume

Pectin zirconium(IV)
selenotungstophosphate
(Pc/ZSWP)

Cu(II),
Th(IV)

Cu(II) 2.48 mg/g Th(IV)-
4.37 mg/g

High ion
exchange
capacity

[109]

Starch/SnO2 nanocomposite Hg(II) 192 mg/g Regenerative
capacity (94%)
was maintained
till fourth cycle

[110]

aQmax = maximum adsorption capacity
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Table 2 Bionanocomposites for organic dye adsorption

Nanocomposite Organic dye Qmax
a Remarks Ref.

Chitosan cenospheres
(10:3) nanocomposite

Orange 25
(DO) and
Disperse Blue
(DB)

97.30% for
DO, 94.22%
for DB

Crosslinking agent
glutaraldehyde

[111]

Chitosan/carbon black
fiber

p-nitrophenol,
congo red
(CR) and
methyl orange
(MO) dyes

% reduction of
CR and
MO-99

Inhibited growth of
E. coli by 47.8%

[112]

Chitosan-copper
(CS-Cu) nanocomposite

Rhodamine B
(RhB) and CR

Under light
RhB-70%
CR-93%

Excellent
photocatalytic
performer and
antimicrobial agent

[113]

Chitosan-g-poly
(acrylamide)/ZnS
(ChPA/ZS)
nanocomposite

MO and CR 75% of CR
and 69% of
MO was
degraded after
4 h

MW synthesis
Removal by
photocatalytic
degradation

[114]

Chitosan–polyvinyl
alcohol (CHT-PVA)
polymer matrix

Bisphenol A
(BPA)

97.6% Optimal pH for
maximum adsorption
6.0, regenerative and
reusable within five
cycles

[115]

Chitosan-SnO2

nanocomposites
MO and RhB Photocatalytic

degradation at
365 nm

High crystallinity, high
surface area, and small
particle size enable
superior photocatalytic
degradation

[116]

Chitosan-TiO2

nanocomposite
RhB and CR Photocatalytic

degradation
RhB-65%
CR-57%

Excellent antimicrobial
agent and antifungal
activity

[117]

Composite of
polyaniline, starch,
polypyrrole, chitosan/
aniline and chitosan/
pyrrole using peanut
waste

Crystal Violet
(CV)

100.6 mg/g Good desorption
properties, recycling
ability

[118]

Fe3O4 MNPsb and gum
xanthan based hydrogels
nanocomposites

Malachite
green (MG)

497.15 mg/g Nanocomposite can be
repeatedly used for the
adsorption

[119]

Gelatin-Zr(IV)
phosphate
nanocomposite
(GT/ZPNC)

Methylene blue
(MB) and fast
green (FG)

87.81% MB
and 89.91%
FG

Photocatalytical
degradation of
pollutants and
antimicrobial efficiency
against E. coli

[120]

(continued)
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Clay minerals and their modified derivatives constitute a large family of
adsorbents. A review presented literature on adsorption of diverse contaminants
such as hydrophobic organic materials, dyes, heavy metal ions, oxyanions,
radioactive nuclides, etc. Different mechanisms, such as surface adsorption, parti-
tion, ion exchange, surface precipitation and structural incorporation are involved in
the uptake of these contaminants [68]. Organoclays are synthesized in the labora-
tory, and are smart organic-rich clay materials, for geo-environmental applications
because of strong sorption affinity for nonpolar organic molecules. Organic cations

Table 2 (continued)

Nanocomposite Organic dye Qmax
a Remarks Ref.

Guar gum/Al2O3

nanocomposite
MG *80–90%

degradation of
MG under
solar
irradiation

Effective photocatalyst [121]

Guar gum–cerium
(IV) tungstate
nanocomposite
(GG/CTNC)

MB Potential adsorbent MB
from aqueous system

[122]

Gum ghatti-based
biodegradable hydrogel

MB and MV 98% of MB
and 95% of
MV from
aqueous
solution

Polymer degraded fully
within 50 days in soil
compost

[123]

Hybrid TiO2/
microcrystalline
cellulose

MB Photocatalytic
degradation of
40–90% of
MB

Catalytic adsorption of
MB from aqueous
solutions

[124]

MWCNTS/chitin/
magnetite
(MCM) nanocomposite

Rose Bengal
(RB)

Adsorption of RB
occurred in different
steps

[125]

Gum ghatti/TiO2

nanoparticles-based
hydrogel nanocomposite

MB 1305.5 mg/g More efficient in
adsorbing cationic dyes
than anionic dyes

[126]

TiO2-impregnated
chitosan nano-grafts

Remazol red
RB-133 (RR
RB-133)

116.3 mg/g Photoactive under
sunlight-irradiation,
five adsorption/
sunlight-assisted
self-cleaning photo
regeneration cycles

[127]

Alginate/carboxymethyl
cellulose TiO2

nanoparticles (TiO2-
NPs) and graphene oxide
(GO)

CR degradation
efficiency 98%

Efficient visible light
responsive
photocatalyst,
degradation efficiency
retained up to seven
consecutive cycles

[128]

bMNP = magnetic nanoparticles
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displace naturally occurring inorganic cations (e.g., Na+, Ca2+) in the clay. By
selecting a suitable organic cation that is exchanged into the clay interlayer,
sorption can be managed to be linear or non-linear, competitive or non-competitive.
Most commonly used clay is MMT for organoclays due to its high cation exchange
capacity and quaternary ammonium cations as the organic phase. An overview of
properties, synthesis, applications, synthesis techniques, modifications with several
chemical compounds such as quaternary alkylammonium salts and biomolecules
such as enzymes was given in a review, particularly focused on bentonite (BENT)
and polymer nanocomposites [69]. Zhao et al. [70] exhaustively reviewed organ-
oclays with reference to the fundamental behaviour and geochemical properties.

Photocatalysis emerged as an active field of research endeavour for environ-
mental pollution abatement. This approach is more effective in combining com-
plementary components with the inorganic semiconductor active material. Three
such types of nanocomposite assemblies were discussed on the basis of combining
semiconductor (usually transition metal oxides) with clays, carbon and metals [71].

3.3 Polymer-Layered Silicate Nanocomposites (PLSN)

Reinforcing fillers for polymer nanocomposites are layered silicates due to their
economy and abundance for several years [72].

Polymer-layered silicate nanocomposites (PLSNs) are much superior to con-
ventional micro-, macrocomposites due to unexpected properties [73]. The nano-
metric scale provides good reinforcement at less than 10% low filler loading as
compared to conventional fillers which require more than 30% [74]. The
mechanical properties, thermal resistance, solvent resistance and ionic conductivity
are improved and gas permeability is reduced on reinforcement with clay [75].

Polymer-functionalized nanocomposites (PFNCs) retain the inherent remarkable
surface properties of nanoparticles, functional groups provide specific bindings to
target pollutants, and the polymer support materials provide high stability and
processability. A review discussed synthesis, characterization and adsorption per-
formance of PFNCs [76].

3.3.1 Structure of PLSN

Layered silicates are built of two structural units. In simplest 1:1 structures (e.g.
kaolinite) a silica tetrahedral sheet is fused to an aluminium octahedron by sharing
the oxygen atoms [77]. MMT is a smectite with 2:1 phyllosilicate structure, stacked
layers made of two silica tetrahedrons fused to an edge-shared octahedral sheet of
alumina (Fig. 1). The thickness of layer is *1 nm and the lateral dimensions vary
from 300 Å to several microns, giving an aspect ratio greater than 1000. The
adjacent layers (interlayer or gallery) are held together by van der Waals forces;
hence water and other polar molecules can be accommodated causing expansion of
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the lattice. Negative charges are generated by isomorphic substitution within the
layers which are counter balanced by hydrated sodium or calcium ions present in
the interlayer [78].

The extent of dispersion of the individual silicate platelets within the polymer
matrix contributes to the enhancement of substantial properties of nanocomposites.
Intercalated and exfoliated morphological structures are proposed for the layered
silicate nanocomposites. The exfoliated layers impart the greatest reinforcement in
nanocomposites. However, only hydrophilic polymers can be incorporated in clay.
Hence, the silicate surface is modified by exchanging the interlaminar cations with
organic cations to form organically modified montmorillonite. This results in better
compatibility of polymer and silicate layers [79]. Organic cationic surfactants, like
primary, secondary, tertiary and quaternary alkylammonium or alkylphosphonium
cations are used to improve the surface properties to become compatible with the
hydrophobic polymer matrix, moreover, their long aliphatic tails result in a greater
interlayer spacing [80].

Fig. 1 The structure of 2:1 layered silicates
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3.3.2 Methods of Preparation of PLSN

Clay/polymer nanocomposites [81] have been prepared by several methods, widely
applied methods are described as under:

(i) Solution method: clay and polymer components are dissolved in a polar
organic solvent, where polymers remain in the extended state in the inter
gallery space. An intercalated nanocomposite is formed on solvent evapo-
ration [82].

(ii) Interlamellar method or in situ polymerization: clay is completely dispersed
in the polar monomer solution than the addition of curing agent forms an
exfoliated composite.

(iii) Melt intercalation method: molten thermoplastic is included by blending with
silicate to optimize the interaction. The temperature should be kept below the
decomposition temperature of the clay modifier; trial and error are practised
with different compatibilizers.

Schematic presentation of various types of nanocomposites with probable
polymer/layered silicate structures is shown in Fig. 2.

Clay (Silicate layers) Polymer network

Phase separated Intercalated Exfoliated

Fig. 2 Probable polymer/layered silicate structures in various types of nanocomposites

Nanocomposites for Environmental Pollution Remediation 1423



3.3.3 Challenges in Use of PLSN

Complete dispersion of the filler in the polymer matrix to prepare true nanocom-
posite is a scientific and technical challenge. Pandey et al. reviewed the durability of
nanocomposites along with the technical problems and their feasible solutions [83].
The preparation, processing, properties, characterization, crystallization behaviours,
melt rheology, and possible future applications of nanocomposites of biodegradable
polymers and layered silicate have been reviewed [84, 85]. Nanotechnology
increases tensile strength, flexural modulus, heat resistance and dyeability of
polymeric materials [86]. Choudalakis and Gotsis reviewed the permeability and
mechanisms for the transport of gas molecules and the procedures for the mea-
surement of permeability and diffusivity in polymer nanocomposites [87].

A review examined and summarized preparation, properties, and applications of
magnetic nanoparticle/clay mineral nanocomposites. Their potentials and applica-
tions in electromagnetic devices, magnetorheological fluids/ferrofluids, magnetic
adsorbents, catalysts and biomaterials and the existing problems and challenges
were discussed. Suggestions for future studies were given such as: to emphasize
decreasing polydispersity, increasing functionalities, uncovering the preparation-
modification-structure-magnetism-activity relationships and advancing the practical
applications [88].

The potential toxicological effects of unmodified or modified clay minerals and
their nanocomposites are gaining impetus. There is scarce information on toxicity
biomarkers such as immune modulatory effects or alteration of the genetic
expression, which needs systematic in vitro–in vivo extrapolation studies [89].

Currently, food packaging is the fast developing application utilizing clays of
each phyllosilicate groups: kaolinite, MMT and sepiolite (SEP). Clays generally
induce cytotoxicity with different underlying mechanisms, such as necrosis/
apoptosis, oxidative stress or genotoxicity as suggested by in vitro studies.
However, most of in vivo experiments performed in rodents did not show toxicity
even at 5000 mg/kg doses. Pulmonary exposure is the most frequent in humans;
clays are usually mixed with other minerals, which induce pneumoconiosis
intrinsically. However, oral toxicity is not high; a strict control of the concentrations
can provide beneficial uses (Fig. 3).

Clay minerals form highly stable suspensions in water; hence their rational use is
important. The volume and treatment complexity of water contaminated with them
is increased because of wide application. Current treatment techniques are either not
economically viable, not environmentally friendly, or both. Flocculating agents
such as polyelectrolytes have the potential to separate the above-mentioned min-
erals from industrial wastewater effluents [90].

3.3.4 PLSN with Bio-based Polymer Matrices

Favourable characteristics of clay nanocomposites with bio-based polymer matrices
are improved Young’s modulus, reduced gas permeability, and improved fire
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retardancy. They can be applied as melt-processed thermoplastic mouldings,
packaging films and coatings [91].

Different types of nanocomposites are possible depending on the inorganic filler
used. In PLSN the reinforcing phase has only one nano level dimension.
Intercalated nanocomposites consist of a regular array of the polymer into the clay
galleries with fixed interlayer spacings, and in exfoliated nanocomposites, 1 nm
thick layers are separately dispersed in the polymeric matrix to form a monolithic
structure at the microscale.

MMT is most commonly employed in the synthesis of nanocomposites. It is
obtained from bentonite (BENT) [92].

Structural, morphological and textural features of natural microfibrous clay
minerals Sepiolite (SEP) and palygorskite (PAL) make them useful for the prepa-
ration of nanocomposite materials. SEP- and PAL-based bionanocomposites have
diverse applications as bioplastics, membranes, biomedicine, drug delivery systems
and additives of vaccines, tissue engineering, sensor devices, bioreactors and as a
source of supported graphene [93].

3.4 Clay-Based Nanocomposites for Pollution Remediation

Some of the recent researches involving the application of nanocomposites com-
prising of clay and organic components (biopolymers, organic compounds and or
synthetic polymers) are summarized in Table 3.

Fig. 3 Schematic
presentation of application of
nanocomposites for water
purification
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