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Preface

Nanotechnology is the understanding and control of materials having dimensions
roughly within the 1–100 nm range. The essence of nanotechnology is the ability to
work at the molecular level, atom-by-atom, to create large structures with funda-
mentally new molecular organization. The ability to control and manipulate
nanostructures will make it possible to exploit new physical, biological and
chemical properties of systems that are intermediate in size, between single atoms,
molecules and bulk materials. The term nanotechnology was introduced starting
with the famous 1959 lecture by R.P. Feynman. The progress in nanotechnology
has provided new insights into applications of well-known materials due to their
exceptional properties owing to the nanoscale. As an example, nanocomposites
based on polymer matrix and nanoscale fillers have appeared as good candidates in
a broad range of applications. Such scenario can be credited to the use of new and
multifunctional fillers that provide distinct and substantial features to the
nanocomposites.

Recent trends in the nanocomposites field show the extensive use of biobased/
environmental friendly materials as one of the component in these materials.
Particular attention has been focused on the use of biodegradable polymer as matrix
component in nanocomposite applications because of their widespread huge
potential and advantages over other traditional synthetic materials. The use of
natural polymers-based materials by humans is not new as these polymer materials
have been used by people of earlier civilizations long back, many centuries ago.
Among the biodegradable matrices of natural origin are, in particular, polysac-
charides (starch, cellulose, pectin or chitin/chitosan); proteins (casein or gluten);
and lipids (fatty acids, resins and waxes), which have the ability to form nano-
composite films that are non-toxic, and biocompatible and have the advantage of
being able to be in contact with food products. Indeed, the nano-products play a
dominant role in global manufacturing, and also in the not-so-distance future.
Whereas new applications are being investigated every day in numerous areas, e.g.
agriculture, lignocellulosic products, food, nano-reactive membranes for water
purification, nanocatalysts for air purification, for water treatment, nanomaterials-
based solar cells, as well as nano-coatings which are finding use in corrosion-
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resistance, dirt repellence, water repellence, thermal insulation and anti-microbial to
name a few. Eco-friendly polymer nanocomposites are such emerging nanostructure
hybrid materials composed of environmental friendly components. Eco-friendly
nanocomposites are becoming a subject of intensive research owing to their inherent
properties such as non-toxicity, biocompatibility, biodegradability as well as
improved structural and functional properties. Different research efforts all around
the globe are continuing to improve the existing properties of these eco-friendly
polymer nanocomposites. Researchers are collectively focusing their efforts to use
the inherent advantages of eco-friendly materials for their targeted applications.
Scientists in collaboration with industries are extensively developing new classes of
eco-friendly polymer nanocomposites. Different kinds of sustainable materials can
be obtained by exploration of such eco-friendly polymer nanocomposites.

This book is solely focused on “Eco-friendly Polymer Nanocomposites” and
deals with the “Chemistry and Applications” aspects of these materials. Several
critical issues and suggestions for future work are comprehensively discussed in
this book with the hope that the book will provide deep insight into the state of art
of “Eco-friendly Polymer Nanocomposites”. We would like to thank the team at
Springer for their invaluable help in the organisation of the editing process. Finally,
we would like to thank our parents for their continuous encouragement and support.

Pullman, USA Vijay Kumar Thakur
Shimla, India Manju Kumari Thakur
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Eco-Friendly Polymer-Layered Silicate
Nanocomposite–Preparation, Chemistry,
Properties, and Applications

Raghavan Prasanth, Peter Samora Owuor, Ravi Shankar,
Jarin Joyner, Suppanat Kosolwattana, Sujin P. Jose, Pei Dong,
Vijay Kumar Thakur, Jung Hwi Cho and Manjusha Shelke

Abstract This chapter aims at exploring the revolutionary field of nanotechnology
and some of its promising aspects in polymer nanocomposites in view of prepa-
ration, characterization, materials properties, and processing of polymer layered
silicate nanocomposites. These materials are attracting considerable interest in
polymer science research. Polymer layered silicate nanocomposites are an impor-
tant class of hybrid, organic/inorganic materials with substantially improved
mechanical, thermal, and thermomechanical properties in comparison to pristine
polymers. In addition, they also show superior ultraviolet (UV) as well as chemical
resistance and are widely being investigated for improving gas barrier and flame
retardant properties. Hectorite and montmorillonite are among the most commonly
used smectite-type layered silicates for the preparation of polymer–clay nano-
composites. Smectites are a valuable mineral class for industrial applications due to
their high cation exchange capacities, surface area, surface reactivity, adsorptive
properties, and, in the case of hectorite, high viscosity and transparency in solution.
A wide range of polymer matrices are explored for the preparation of polymer–clay
nanocomposites, however, this chapter deals with special emphasis on biodegrad-
able polymers––cellulose and natural rubber. Also, the chapter describes the
common synthetic techniques in producing polymeric layered silicate nanocom-
posites, its properties, and applications.
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Keywords Polymer � Composite � Layered silicates � Clay modification �
Biopolymer � Green composite � Polymer–clay nancomposite � Cellulose nano-
composite � Natural rubber–clay nanocomposite

Abbreviations
AFM Atomic force microscope
AMPS 2-Acrylamido-2-methylpropane sulfonic acid
CA Cellulose acetate
CAB Cellulose acetate bioplastic
CB Carbon black
CEC Cation exchange capacity
CNBR Carboxylatedacrylonitrile butadiene rubber
Cs30B Cloisite 30B
Cs93A Cloisite 93A
CTAB Cetyltrimethylammoniumbromide
DNA Deoxyribonucleic acid
DSC Differential scanning calorimetry
e.g Example
EA Ethanolamine
EIC English Indian Clay
ENR Epoxidized natural rubber
EPDM Ethylene-propylene thermoplastic rubber
EPDM-g-MAH Maleatedethylene-propylene thermoplastic rubber
FHT Sodiumfluorohectorite
HRTEM High resolution transmission electron microscopy
IIR Isobutylene–isoprene rubber
LDH Layered double hydroxides clay
LS Layered silicate
MFC Microfibrillated cellulose
MMT Montmorillonite
MMT-2M2HT MMT modified with dimethyl dihydrogenated tallow
MMT-MT2EtOH MMT modified with methyl tallow bis-2-hydroxyl

quaternary ammonium
MMT-ODA Octadecylamine
MMT-ODA Primary amine
MMT-ODTMA MMT modified with octadecyltrimethylamine
MMT-TMDA Quaternary amine
Na-MMT Sodium montmorillonite
NBR Nitrile butadiene rubber
NMMO N-methylmorpholine-N-oxide
NR Natural rubber
OMLS Organically modified layered silicate
OMMT Organically modified clay
PANI Polyaniline
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phr Parts per hundred rubber
PLA Polylactic acid
PMMA Poly(methylmethacrylate)
MMA Methylmethacrylate
PNC's Polymer nanocomposites
PP Polypropylene
PUR Polyurethane rubber
RNA Ribonucleic acid
RTIL Room temperature ionic liquid
SBR Styrene butadiene-rubber
SEM Scanning electron microscope
SNR Synthetic natural rubber
TEM Transmission electron microscope
TiO2 Tin oxide
TO Tetraoctadecylammoniumbromide
UMMT Unmodified clay
US United States
UV Ultra-violet
XRD X-ray diffraction
ZnO Zinc oxide

Units
% Percentage
°C Degree celsius
A˚ Angstrom
g mol−1 Gram per mole
GPa Giga pascal
H Hour/Hours
J Kg−1 Joule per kilogram
kHz Kilohertz
kJ Kg−1 Kilojoule per kilogram
MPa Mega pascal
nD Diffractive index
nm Nanometer
W m−1 °C−1 Watt per meter per degree Celsius
wt% Weight percentage

1 Introduction

A polymer (the prefix poly referring to many and the suffix mer referring to units) is
a macromolecule composed of many repeating subunits called monomer units.
Polymers can be either naturally occurring or synthetic. The term ‘polymer’ derives
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from the ancient Greek word πολύς (polus) and μέρος (meros). The term was
coined in 1833 by Jöns Jacob Berzelius, a Swedish chemist considered to be one of
the founders of modern chemistry. The modern concept of polymers as covalently
bonded macromolecular structures was proposed in 1920 by Hermann Staudinger, a
German chemist, who spent the next decade finding experimental evidence for this
hypothesis. Natural polymers are made by living organisms, representing the
macromolecular components of the cell. These compounds are also known as
biopolymers or polymeric biomolecules and can be enumerated according to the
monomeric units used and the structure:

(i) Polynucleotides or nucleic acids as DNA and RNA, which are long chain
molecules composed of 13 or more nucleotide monomers. These polymers are
responsible for the storage, transmission, and expression of genetic
information.

(ii) Polypeptides or proteins are short chain polymers that play a fundamental role
in the functionalization of various biological activities. Many proteins such as
collagen, keratin, and fibroin serve as structural building blocks, while others,
such as hemoglobin, act as transport agents in living organisms. Proteins can
transmit information to distant parts of a living organism (proteichormones) as
well as defend against foreign pathogens (antibodies). Another very important
function accomplished by proteins is through the rule of the rate of metabolism
reactions (enzymes).

(iii) Polysaccharides also known as glycans, are the form in which most natural
carbohydrates occur. Polysaccharides are linear bonded polymeric carbohy-
drate structures that may contain various degrees of branching and are com-
posed of monosaccharide units that are bound together by glycosidic linkages.
This class of polymers acts as natural constituents (cellulose, chitin) as well as
energy reserves (starch). Upon hydrolysis of glyosidic bonds, polysaccharides
yield its constituent monosaccharides and/or oligosaccharides. Polysaccharides
are heterogeneous, or homogeneous, containing slight modifications of the
repeating unit. Depending on the structure, these macromolecules can have
properties distinct from their monosaccharide building blocks. Linear poly-
saccharide compounds such as cellulose often pack together to form a rigid
structure resulting in its insolubility in water; while glycans that are composed
of branched forms (e.g., gum arabic) generally are soluble in water and make
pastes. Polysaccharides composed of many molecules of one sugar or sugar
derivative are called as homopolysaccharides (homoglycans) while those that
consist of molecules of more than one sugar or sugar derivative are called
heteropolysaccharides (heteroglycans). Homopolysaccharides composed
of glucose include glycogen and starch, the storage carbohydrates of animals
and plants respectively. Cellulose, another homopolysaccharide, is an impor-
tant structural component of most plants. Preparations of dextran, another
glucose homopolysaccharide found in slimes secreted by certain bacteria, are
used as substitutes for blood plasma. Other homopolysaccharides
include pentosans (composed of arabinose or xylose), which are found in plant
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products and fructans (levans), which are found in roots and tubers such as the
Jerusalem artichoke and dahlia. The repeating unit of chitin, a component of the
outer skeleton of arthropods (e.g., insects, crustaceans, crab, etc.) is N-acetyl-D-
glucosamine, a monosaccharide derived from glucose. The cell walls of most
fungi are also chitin, while the shells of arthropods such as crabs and lobsters
contain about 25 % chitin. This polysaccharide is also found in certain struc-
tures of annelid worms, mollusks, and other invertebrate groups (e.g., sea
jellies, bryozoans, nematodes, and acanthocephalans). Most heteropolysac-
charides contain only two different repeating units and are associated with
proteins (glycoproteins such as gamma globulin from blood plasma, and
acid mucopolysaccharides, which are widely distributed in animal tissues) or
lipids (glycolipids; e.g., gangliosides in the central nervous system).

(iv) Natural rubber (NR) also called India rubber, or caoutchouc is a cross-linked
polymer, which is composed of isoprene monomers that are joined together to
make long hydrocarbon chains. NR is mostly utilized for its elastic properties.
It is obtained from the coagulation of the latex product by more than two
thousand species of plants, one of them being Havea Brasiliensis. Currently,
rubber is harvested mainly in the form of latex, a sticky, milky colloid that
suspends the rubber molecules. Latex is collecting as the exudate from the
deep incisions made on the bark of the rubber tree. The rubber is collecting
from the latex by a coagulation process. NR is used extensively in many
applications either alone or in combination with other materials.

Because of their broad range and unique properties, polymers play an essential and
ubiquitous role in modern everyday life. Many polymers also have unique physical
properties, which include tensile strength, modulus, toughness, viscoelasticity, and a
tendency to form glasses and semicrystalline structures rather than crystals. However,
due to the inferior mechanical and thermal properties in comparison to metals, many
of the polymeric materials have limited use in engineering applications and they can
even easily form complex shapes. The mechanical, thermal, and degradation prop-
erties of virgin polymers can be improved by preparing its composite with reinforcing
materials and cheapened by incorporating fillers. Composite materials are made from
two or more chemically and physically different constituent phases separated by a
distinct interface with significantly different physical or chemical properties, which
when combined, produce a material with characteristics different from the individual
components (matrix phase and dispersed phase). Hence in the composite, the different
systems are combined judiciously to achieve a system with more useful structural or
functional properties non-attainable by any of it’s constituents material alone.
Composite materials are becoming an essential part of today’s industry due to
advantages such as low weight, corrosion resistance, high fatigue strength, out-
standing performance, faster assembly, and favorable cost compared to traditional
materials. They are extensively used as materials in manufacturing of aircraft
structures, electronic packaging to medical equipment, and spacecraft.
The predominant useful composite materials used in our day-to-day life include
wood, concrete, and ceramics. Surprisingly, the most important polymeric
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composites are found in nature, thus being known as natural composites. The con-
nective tissues inmammals belong to some of the most advanced polymer composites
known to mankind. Within these composites, fibrous proteins that serve as the matrix
while collagen serves as the reinforcement which functions as both as soft and hard
connective tissue. Matrix phases are the primary phase having a continuous character
and are usually more ductile and less hard. These matrices hold together the dispersed
phase, which is another phase (reinforcing phase) that is embedded in the matrix in a
discontinuous form.

In the composite, the individual components remain separate and distinct within
the finished structure. In a polymer composite, when the resin systems are com-
bined with reinforcing materials such as glass, carbon, aramid, fillers (such ceramic
particles), nanoclay, carbon black (CB), carbon nanotubes, and fullerenes, the
resulting polymer composite exhibit exceptional properties. Since polymer matrix
composites combine a resin system and reinforcing fiber/filler particles, the prop-
erties of the resulting composite material will combine some resin properties with
that of the fiber/fillers. In the composite materials, the resin matrix spreads the load
applied to the composite between each of the individual fiber/filler particle and also
protects the fibers from damage caused by abrasion and impact, which improve the
load bearing capability of the composite. High strengths and stiffnesses, ease of
fabricating complex shapes, high environmental resistance, all coupled with low
densities, make the resultant composite superior to metals for many applications.
The characteristic properties of polymer composites are (i) high specific strength,
(ii) high specific stiffness, (iii) high fracture resistance, (iv) high abrasion resistance,
(v) high impact resistance, (vi) high corrosion resistance, (vii) high fatigue resis-
tance, and (h) low cost.

Based on the type of reinforcement used in the composite, these compounds are
mainly classified as (i) particulate composites, (ii) fibrous composites, and (iii)
laminate composites. The particulate composite can be either microcomposites
(>100 nm) or polymer nanocomposites (≤100 nm). Within both micro- and
nanocomposites, the dispersed phase is usually composed of ceramic or metal
particles. Microcomposites are simply the dispersed particles on a micro scale while
nanocomposites contain dispersed particles on a nanoscale. Fiber reinforced poly-
mer (FRP) composites are comprised of a variety of short or continuous fibers
bound together by an organic polymer matrix. Unlike micro- or nanocomposites, in
which the reinforcement is used primarily to improve the fracture toughness, the
reinforcement in a FRP composite provides high strength and stiffness. Fibrous
composites can be further subdivided on the basis of biofibers or synthetic fibers.
Biofiber composite can be again divided on whether its matrix is non-biodegradable
or biodegradable (also known as green composites). Hybrid composites comprise of
a combination of two or more types of fibers.

The major attractions of green composites are that they are eco-friendly, fully
degradable as well as sustainable. The design and life cycle assessment of green
composites have been exclusively dealt by Baillie [7]. Green composites may be
used effectively in many applications such as mass-produced consumer products
with short life cycles and products intended for one time or short time use before
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disposal. The important biodegradable matrices are cellulose, NR, polysaccharides,
starch, chitin, proteins, collagens/gelatin, lignin which are natural. Matrices such as
polyamides, polyvinyl alcohol, polyvinyl acetate, polyglycolic acid, and polylactic
acid are synthetic. Bio-based composites with their constituents derived from
renewable resources are being developed, and its applications are extended to
almost all the fields. The following section of the chapter deals with eco-friendly
polymer nanocomposites, specifically cellulose clay nanocomposites and NR clay
nanocomposites as well as their respective applications.

2 Polymer Nanocomposites

Polymer nanocomposites (PNCs) are a relatively new class of composites for which
at least one dimension of the dispersed particles is in the range between 10 and
100 nm. Since the uniform dispersion of these nanoscopically sized grains, fibers,
and particles produce an ultra large interfacial area per unit volume between the
nanoelement and the host polymer, the properties of these nanosized materials are
altered. These nanoelements are characterized by having very high aspect ratios,
resulting in their effective dispersion in polymer matrices, which when combined
with adequate interfacial adhesion between the filler and the polymer often have
properties that are superior to conventional microcomposites. Due to these unique
properties, these nanoparticles can account for the same effects at lower loadings
than with conventional filler content in the composite, thereby achieving consid-
erable weight reduction. As compared to neat resins or microcomposites, these
nanocomposites have a number of significantly improved properties including
tensile strength, modulus, heat distortion temperature, gas barrier properties, flame
retardant properties, etc. This aspect of nanotechnology has potential in applications
such as engineering plastics, polymer products, rubbers, adhesives, and coatings
[13, 90]. Because of their uniqueness, polymer nanocomposites exhibit unexpected
hybrid properties synergistically derived from two components. Among a variety of
promising nanomaterials for preparing polymer composites inorganic clay minerals
consisting of silicate layers are promising, and are called as polymer–clay nano-
composites [60, 80], often referred to as polymer layered silicate nanocomposites.

2.1 Polymer Layered Silicate Nanocomposites

The revival of interest in polymer layered silicate nanocomposites was stimulated by
two major findings in the early 1990s. In the late 1980s, a novel polymer composite
comprised of Nylon-6 interphased with small amounts of montmorillonite
(MMT) was reported. This layered silicate clay composite was prepared at Toyota
Central Research Labs in Japan who teamed up with Ube Industries Ltd. The small
amounts of these aformentioned layered silicate loadings resulted in pronounced
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improvements of thermal and mechanical properties [52]. Toyota subsequently used
the material for timing belt covers and other “under the load” automotive applica-
tions, capitalizing on the material’s heat resistance and dimensional stability. The
second major finding, carried out by Vaia et al. [89]. They found that it was possible
to melt-mix polymers with layered silicates without the use of organic solvents. The
nanoclay interphased with the polymer greatly improved the mechanical properties
of the Nylon with very small filler loadings (less than 50 %wt). The work was very
significant, because the clay platelets, which are just 10 Å thick, were found to be
well dispersed homogenously in the polymer matrix at the nanometer level. The
incorporation of small amounts of layered silicate in the polymer matrix often exhibit
remarkable improvement in the material’s properties when compared with its virgin
counterpart, or conventional micro- and macro composites. These improvements can
include high moduli, increased strength and heat resistance, decreased gas perme-
ability and flammability, and increased biodegradability. The prospect of dramatic
weight savings and improvement in properties initiated research in the application of
this technology to a wide variety of polymers, both thermoplastics and thermosets.
Thus, over the past decade, polymer layered nanocomposites have been a hot topic
of research among researchers from both academics as well as industry [2, 70].

3 Nanoclays–Structure, Properties, and Modifications

3.1 Layered Silicates

The layered silicate commonly used for preparing polymer layered silicate nano-
composites belongs to the same general family of 2:1 layered phyllosilicates [22].
Layered silicates have two types of structures: tetrahedral-substituted and octahedral
substituted. Details regarding the structure and chemistry of these MMT (Fig. 1) and
layered double hydroxides (LDH) (Fig. 2) silicates are provided in Table 1. The
basic structure of phyllosilicates consists of layers made up of two tetrahedrally
coordinated silicon atoms that are fused to an edge sharing octahedral sheet of either
aluminum or magnesium hydroxide. Depending on the particular layered silicate, the
layer thickness is around 1 nm, and the lateral dimensions of these layers may vary
from 30 nm to several microns or larger, having aspect ratios in the range of 100–
1500 [27]. The interconnected six-member rings of SiO4

−4 (Fig. 3) tetrahedra extend
outwards into infinite sheets. Three oxygens are shared by each tetrahedra leading to
a basic structure unit of Si2O5

−2. Furthermore, the majority of phyllosilicates contain
hydroxide (OH−) ions which are placed at the center of the six member ring forming
Si2O5(OH)

−3. An octahedral coordination is achieved when other cations are bonded
to SiO4

-4 sheets whereby sharing of OH− ions and apical oxygen take place.
Commonly occurring cations in 2:1 layered silicates are Mg+2, Fe+2, and Al+3.

The octahedral layers can adopt two types of structures depending on the cations.
Cations such as Al+3 forms a Gibbsite [Al(OH)3] while cations with +2 oxidation
states such as Fe+2 and Mg+2 lead to a Brunite structure Mg(OH)3. In both structures,

8 R. Prasanth et al.



all anions are OH−. In brunite, the octahedral sites are all occupied while in Gibbsite,
the 3rd cation site is occupied. When the phyllosilicates layers are stacked together,
they lead to a formation of regular weak van der Waal gaps between the layers. These
gaps are commonly referred to as gallery or interlayer [22]. Isomorphic substitution
within the layers (for example, Al+3 replaced by Mg+2 / Fe+2, or Mg+2 replaced by
Li+) generates negative charges that are counterbalanced by alkali and alkaline earth
cations situated inside the galleries. This type of layered silicate is characterized by a
moderate surface charge known as the cation exchange capacity (CEC), and generally
expressed as meq/100 g (milli-equivalents per 100 g). This charge is not locally
constant with respect to location, but varies from layer to layer, and must be con-
sidered as an average value over the whole crystal. MMT, hectorite, and saponite are
the most commonly used layered silicates. Among these, MMT is mainly used in
polymer nanocomposites due to availability, high strength and stiffness, rigidity,
impermeable properties [45], environmental friendliness, lower cost, and also the fact
that its intercalation/exfoliation chemistry is well understood [25].

Fig. 1 Structure of
montmorillonite layered
silicate (MMT) [27]
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3.2 Nanoclay Modifications

Two particular characteristics of layered silicates are generally considered for
polymer layered clay nanocomposites. The first is the ability of the silicate particles
to disperse into individual layers. The second characteristic is the ability to fine-tune
their surface chemistry through ion exchange reactions via organic and inorganic
cations. These two characteristics are, of course, interrelated since the degree of
dispersion of layered silicates in a particular polymer matrix depends on the
interlayer cation. The inter layer galleries of the pristine layered silicates usually
contain hydrated inorganic cations such as Na+, K+, Ca+2 ions for balancing the
charge of the oxide layers, which in turn leads to hydrophilicity in its pristine form
[22, 25]. This respective property makes pristine layered silicates incompatible with
a wide range of polymer types with the exception of polyvinyl alcohol and poly-
ethylene oxide which are also hydrophilic in nature. Therefore, clays must often be
chemically treated in order to make them organophilic. In these treatment processes,

Fig. 2 Structure of layered
double hydroxides silicate
(LDH) [27]

Table 1 Chemical formula and characteristic parameter of commonly used 2:1 phyllosilicates

2:1
phyllosilicates

Chemical formula CEC
(mequiv/100 g)

Particle length
(nm)

Montmorillonite Mx(Al4-xMgx)Si8O20(OH)4 110 100–150

Hectorite Mx(Mg6-xLix)Si8O20(OH)4 120 200–300

Saponite MxMg6(Si8-xAlx)
Si8O20(OH)4

86.6 50–60

M monovalent cation; x degree of isomorphous substitution (between 0.5 and 1.3)
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the inter layer cations are readily ion-exchanged with a wide variety of positively
charged species to make them more organophilic. This isomorphic substitution
process is an integral part of these nanoclays for their use in making composites
with polymers. The process involves the exchange of charges between phyllosili-
cate layers, e.g., Al+3 substituted by Mg+2 or Mg+2 by Li+2. The process of ion
exchange generates negative charges, which are counterbalanced by cations (mainly
Na+ or Ca+2) residing in the interlayer space making the clay organophilic, thereby
compatible with hydrophobic (organophilic) polymers. In addition, the van der
Waals forces between phillosilicate layers allow intercalation of polymers chains
between them. When inorganic cations are exchanged by the organic cations, the
yielded compound is referred to as an organically modified layered silicate
(OMLS). The charges on the clay surface are generally expressed as the cation
exchange capacity (CEC), which is the amount of exchangeable interlayer cations
present between the surfaces. A high CEC leads to high levels of intercalation or
exfoliation. For instance, MMT has a value ranging from 80 to 120 meq/100 g
compared to only 3–5 meq/100 g making it difficult to disperse polymer molecules
between layers of kaolinite [25].

Generally, ion exchange reactions are done by treating the clay with various
cationic surfactants including primary, secondary, tertiary, and quaternary alky

Fig. 3 Phyllosilicates basic
structure consist of
interconnected six member
rings of SiO4

−4 (Image
courtesy: Dr. Stephen A.
Nelson)
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ammonium [25, 27], alky phosphonium and sulfonium cations [45], or cations in
various surfacants [22]. These cations in the organosilicate have a positive effect on
the decreasing surface energy of the inorganic host and improve wetting charac-
teristics of the polymer matrix. This in turn facilitates better adhesion between the
clay with the polymer and in some cases can initiate the polymerization of
monomers to improve the strength of the interface between the inorganic clay and
polymer matrix [81]. One such example of rendering clay surfaces organophilic can
be achieved by exchanging sodium ions in natural clay with unnatural amino acid
derivatives such as 1, 2-aminododecanoic acid as shown in Scheme 1.
Alkylammonium ions are the major cations used to modify MMT clay.
Furthermore, it has been shown that surfactants with two alkyl tails result in better
exfoliation and intercalation compared to those with one alkyl tail.

Recently, more surfactants have been researched extensively. For instance, Atai
et al. [5] have used a proprietary surfactant called 2-acrylamido-2-methylpropane
sulfonic acid (AMPS) which contains amido and sulfonic acids groups in its
structure. It was postulated that exchange of Na+ and amido took place, thus pro-
viding reactive species that led to a better interfacial bond and improved properties
of the poly(methylmethacrylate) (PMMA) composites compared to the pristine
PMMA. Further comparison of Na-MMT (sodium montmorillonite) and organically
modified montmorillonite (OMMT) clay using a transmission electron microscope
(TEM), showed well-intercalated and exfoliated platelets in treated nanoclay com-
pared to that of untreated clay. Functionalization of nanoclay has not been limited to
organic surfactants only. An experiment was done to study the effect of
water-soluble proteins as surfactants to the nanoclay [30]. It was observed that the
presence of protein on MMT at all pH levels suggested electrostatic attraction and
hydrogen bonding between MMT and proteins were taking place. This is a simple
method to modify MMT, which can be used to manufacture bi-nanocomposite
materials with improved mechanical properties. It is not only low cost method, but
also utilizes biodegradable materials thereby making it environmentally friendly and
mitigating the effect of pollution due to reliance on synthetic materials.

It has been observed that different surfactants have varying effects on the d-spacing
of the nanoclay andmany studies have been done on these phenomena. Concentration
of the alky groups and chain length of the organic modifiers have been shown to
increase the d-spacing of the phyllosicicate layers. In a study where three different
organophilic surfactants were used (ethanolamine (EA), cetyltrimethyl
ammoniumbromide (CTAB) and tetraoctadecylammoniumbromide (TO)), d-spacing
was shown to increase differently according to the type of surfactant used leading to
increase in the gap between the clay platelets. Better intercalation was obtained from
the high concentration and long chain surfactant [105].

Na++ Clay + HO2C-R-NH3
+Cl- HO2C-R-NH3 + Clay + NaCl

Scheme 1 Rendering pristine clay organophilic [27]
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4 Polymer–Clay Nanocoposite Types, Chemistry,
and Mechanism

4.1 Types of Nanocomposites

Low percentages of layered silicates that are properly dispersed throughout the
polymer matrix create much higher surface area for polymer/filler interaction as
compared to conventional composites. The complete dispersion of clay into the
polymer or the strength of interfacial interactions between the polymer matrix and
layered silicate (modified or not) involves reducing the micron size clay particles to
nanosize and dispersing them throughout the polymeric resin. The dispersion of
clay tactoids in a polymer matrix (there exists three different types of polymer
layered silicate nanocomposites) are thermodynamically achievable as shown in
Fig. 4. Depands on the extent of dispersion/intercalation the polymer-clay nano-
composites are categorized as:

(i) Non-intercalated nanocomposites: similar to the conventional microcomposite,
where polymer is unable to intercalate between the silicate sheets/clay gal-
leries. A phase-separated composite having a dispersed nano phase (Fig. 4a),
however its properties stay in same range or slightly outperform compared to
traditional mico- or macrocomposite composites.

(ii) Intercalated nanocomposites: nanocomposites in which the insertion of a
polymer matrix into the layered silicate structure occurs in a crystallographi-
cally regular fashion, regardless of the clay to polymer ratio. In this structure,
(Fig. 4b) a single extended polymer chain is intercalated between the silicate
layers resulting in well-ordered multilayer morphology built up with alter-
nating polymeric and inorganic layers. In other words, intercalated nano-
composites are normally interlayer by a few molecular layers of a polymer.
Therefore, with respect to intercalations, the organic component is simply
inserted between layers of clay such that interlayer spacing is expanded, but
the layers still bear a well-defined spatial relationship to each other. Properties
of the composites typically resemble those of ceramic materials. Apart from
this morphology, flocculated nanocomposites structure is conceptually the
same as intercalated nanocomposites may form. However, the silicate layers
are sometimes flocculated due to hydroxylated edge–edge interactions of the
silicate layers.

(iii) Exfoliated nanocomposites: nanocomposites in which the individual silicate
layers completely separated out and are uniformly but randomly dispersed
throughout the resin matrix (Fig. 4c) by an average distance, that depends on
clay loading. In exfoliated nanocomposites, the clay layers do not bear a
spatial relationship to each other. Usually, the clay content of an exfoliated
nanocomposite is much lower than that of an intercalated nanocomposite.
Most of the polymer layered silicate nanocomposites, however, are either
partially intercalated, exfoliated, or a combination of these two structures.
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4.2 Chemistry and Mechanism

The need for lighter and stronger materials with high toughness has increased
exponentially due to their demand in practically every industry resulting in
extensive research for the fabrication of promising polymer layered silicate nano-
composites. Polymer nanocomposites are materials with ultrafine phase dimensions
in the range of a few nanometers. These materials have emerged as an alternative to
overcoming many engineering challenges in transportation, construction, and
consumer applications [22]. Nanocomposites possess unique characteristics, which
are far superior in quality compared to other composites or virgin materials. These
characteristics include long-term durability, thermal and dimensional stability [98],
fire retardation, and barrier properties against natural weathering [34, 98].
Furthermore, these materials offer a combination of stiffness, strength, and light-
weight which make them suitable for critical engineering applications [22].

Dispersion of nanoclays into a polymer matrix are one of the most critical
parameters in order to fabricate good quality end products with high mechanical,
chemical, and physical properties. Fabrication method is closely related to the
mixing methods employed to disperse the nanoclay into the polymer matrix, hence
the selection of the mixing method will have a bearing on the final nanocomposite’s
properties. Various methods have been researched in order to achieve higher levels

Fig. 4 Three different types of thermodynamically achievable polymer layered silicate
nanocomposites; a phase separated microcomposite, b intercalated nanocomposite and c exfoliated
nanocomposite
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of exfoliation and intercalation, e.g., sonication, two-roll mixing, magnetic stirring,
mechanical mixing, melt blending etc. The twin screw extruder method increases
the mechanical properties, i.e., thermal stability, storage modulus etc. [82], and
glass the transition temperature [33]. This method produces nanocomposites with
superior properties compared to internal mixers due to the high exfoliation achieved
[74]. However, the combination of the two methods gives excellent exfoliation [71]
and intercalation which in turn leads to a high tensile modulus, tensile strength, and
unnotched impact strength [66]. The same trend is observed when all the other
methods are used.

Figure 5 exhibits an idealized processing of polymer nanocomposites fabrication.
As depicted in Fig. 5, the aim is to yield polymer chains between layers of
nanoclay/clay galleries. To achieve this, (the nanoclay being hydrophilic) the
nanoclay needs to be functionalized by various cations to facilitate compatibility
with hydrophobic (organophilic) polymers. Selection of the surfactants plays a
paramount role in achieving better interfacial bonds. For instance, the use of alkyl
ammonium with additional tethering groups has shown different exfoliation or
intercalation degrees. In one such study, the use of styryl and methacryl functionality
showed extensive intercalation, which led to a shift in the basal plane. Furthermore,
surfactants with methacryl-tethering groups facilitated diffusion of the PMMA
molecules into the galleries of the nanoclay, promoting better exfoliation. The
methacryl tethering groups, having similar chemical composition as methylmeth-
acrylate (MMA) were cited as a reason. In addition, the unsaturated vinyl groups
reacted further with MMA leading to higher exfoliation from both tethering groups
[97]. This observation clearly demonstrated that compatibility between the surfac-
tant and polymer monomer plays a significant role in the exfoliation and intercala-
tion of the polymers into the nanoclay. Using different types of OMMT [46] such as
Cloisite 30B (Cs30B) modified by dihyroxyethyl octadecyle methyl ammonium
chloride, Cloisite 93A (Cs93A) modified by methylated dehydrogenated tallow
ammonium, and Na-MMT showed varying levels of exfoliation or intercalation
depending on the surface modification. Cs30B exhibits better compatibility with the
polymer matrix in comparison with Cs93A. Its modifying structure contains two
polar groups, making it a more polar cation than a nonpolar cation like Cs93A.

Fig. 5 Idealized process of nanocomposite fabrication using nanoclay. Images courtesy: Dr. Tie Lan
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5 Nanocomposite Synthesis

Complete dispersion of clay tactoids in a monomer or polymer matrix involves
three steps. The first is wetting the surface of clay tactoids by monomeric or
polymeric molecules. This is followed by the subsequent intercalation of the
monomer into the clay galleries. The third step is the exfoliation of clay layers. In
polymer nanocomposites, these steps ensure incorporation of clay into the polymer
matrix at the nano level. The different popular synthesis routes for preparing
polymer-clay nanocomposites are discussed in the following sections.

5.1 Direct Intercalation

This method consists of spontaneous penetration of the polymer in the
two-dimensional interlayer space by mixing the silicate and the polymer.
A resulting polymer that is made by this method is polyethylene oxide. It’s a
simplest and economically cheap method, however one disadvantage of this method
is the fact that most of the polymers are incompatible with the silicate making this
method unsuitable.

5.2 In Situ Intercalative Polymerization

This method consists of the insertion of molecules or ions acting as monomers,
which could be polymerized within the tetracrystalline region of the
two-dimensional solid. The presence of transition metal ions as exchangeable
cations is included in the structure of the layered solids to obtain the composites.
This is the most successful approach to date, although it probably limits the ultimate
applicability of these systems [81]. An example is that of polyamide 6-clay
nanocomposite. In a typical synthesis, modified clay is dispersed in the monomer
caprolactum, which is polymerized to form the polyamide 6-clay hybrid as an
exfoliated composite. Complete exfoliation may be preceded by the intercalation of
the monomer in the clay.

5.3 Ultrasound Irradiation

Ultrasound irradiation, as a new technology, has been widely used in chemical
synthesis. When ultrasonic waves pass through a liquid medium, a large number of
micro bubbles form, grow, and collapse in a very short time. This process, which
occurs in a span of a few microseconds is called ultrasonic cavitation. These
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ultrasonic cavitations can generate a local temperature as high as 5000 K, a local
pressure as high as 500 atm, and a heating and cooling rate greater than 109 K/s.
Therefore, ultrasound irradiation has been extensively applied in the dispersing,
emulsifying, crushing, and activating of particles (e.g. polyaniline (PANI)/
nano-SiO2) [81].

5.4 Solution Polymerization

The layered silicate is exfoliated into single layers using a solvent in which the
polymer (or a pre-polymer in the case of insoluble polymers such as polyimide) is
soluble. It is well known that such layered silicates, owing to the weak forces that
stack the layers together, can be easily dispersed in an adequate solvent. The
polymer then adsorbs onto the delaminated sheets and when the solvent is evap-
orated (or the mixture precipitated), the sheets reassemble, sandwiching the poly-
mer to form polymer-clay nanacomposite. The optimal case would involve an
ordered multilayer structure [2]. Polar solvents can be used to synthesize interca-
lated polymer–clay nanocomposites [81]. The organoclay at first is dispersed in a
nonpolar solvent such as toluene. Since alkylammonium treated clays swell con-
siderably in nonpolar organic solvents forms gel structures. The polymer, dissolved
in the solvent, is added to the solution and intercalates between the clay layers. The
last step consists of removing the solvent by evaporation (e.g. polyurethane-clay
nanocomposite or gelatin/MMT) [101].

5.5 Emulsion Polymerization

Emulsion polymerization is a new method to synthesize polymer nanocomposites.
This synthesis is based on one step, which eliminates the environmental problems
associated with the solution polymerization process and involves the addition of
surfactants with unmodified silicate clay under stirring conditions. In order to begin
this polymerization, a monomer is fed with an initiator and then proceeds under
vigorous agitation conditions. The reaction mixture is then cooled to room tem-
perature and the final product is obtained after filtration and washing several times
with water followed by drying under reduced pressure e.g. PMMA/MMT [2].

5.6 Melt Blending (Compounding)

Intercalation with the aid of an extruder has been achieved by mixing the modified
silicate with polymers in a melt [73]. An example is that of polypropylene
(PP) nanocomposites, which are melted by compounding organophilic clays with
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maleic anhydride grafted PP [23]. This layered silicate is mixed with the polymer
matrix in the molten state. Under these conditions, if the layer surfaces are suffi-
ciently compatible with the chosen polymer, the polymer can crawl into the
interlayer space and form either an intercalated or exfoliated nanocomposite under
these conditions. In this technique, no solvent is required hence it is environmen-
tally friendly and not required any post processing like solvent evaporation or
drying. Melt blending (compounding) depends on shear to help delaminate the clay
and can be less effective than in-situ polymerization in producing an exfoliated
nanocomposite.

6 Green Nanocomposites

There is currently a collective research effort in fabricating degradable materials to
replace nondegradable materials, despite their superior advantages. Much energy is
required to process these synthetic polymers and the fact that they are not
degradable, poses a major environmental concern for current and future genera-
tions. There is also a concerted effort among scientists to find novel materials that
are not petroleum based. In this search, it has been found that cellulose- and
NR-based nanocomposites are very promising. Both cellulose and NR have many
available sources and the fact that they are replenished seasonally within a short
time makes them perfect candidates for natural composites with potential appli-
cation in many industries. These include automobile, aerospace, consumer goods,
and transportation industries.

6.1 Cellulose–Clay Nanocomposite

Cellulose derived composites have received much attention by researchers recently.
This is attributed to their low density, biodegradability, low cost, high specific
strength etc. Much research has focused in extracting the cellulose fiber and using it
with either biopolymers or synthetic polymers to make a composite. It can be seen
in recent studies that cellulose–clay nanocomposites have shown better properties
compared to their counterparts [47, 75, 76, 103]. In addition, cellulose nanocom-
posite prepared with other nanoparticles also shown improved properties.
Regenerated cellulose/TiO2/ZnO nanocomposites showed excellent photocatalytic
efficiency [36], and a decrease in cure time due to addition of cellulose nanosized
materials, which is [35] an important parameter to those applications that require
more time before the curing of resin. It has also been reported that superior thermal
stability [21] increased storage modulus and crystallinity in polyamide [54] by
addition of cellulose nanofibers. An improvement in mechanical strength was
observed by addition of cellulose nanofibers into porous tissue [49]. However, the
addition of cellulose led to an increase in the water uptake of the nanocomposite.
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Furthermore, light transmittance of nanocomposites has shown an increase when
cellulose nanofibers are added [53]. Nanocomposites fabricated from cellulose
acetate powder modified with nanoclay showed an improvement in optimum
mechanical properties with a 5 % compatibilizer loading. The better dispersion and
exfoliation of clay (evaluated by TEM, XRD and atomic force microscopy (AFM))
in cellulose shows that these composites can be used as a replacement to
non-biodegradable polymers [55, 56]. Park et al. [55, 56] also studied the effect of
nanoclays on cellulose acetate bioplastic (CAB) and found that eco-friendly
plasticizers like triethyl citrate varied in different amounts, while organically
modified nanoclays maintained a constant weight at 5 %. Their results were in
agreement with the literature that showed that intercalation and exfoliation of the
clay is highly dependent on the amount of plasticizer in the matrix. Improvement in
tensile strength, thermal stability, and modulus were achieved using a maximum of
20 % plasticizer. It was observed that percentage amount of plasticizer above 20 %
resulted in the degradation in these properties. Preparation of transparent
nano-fibrillated cellulose and nanoclay biohybrid films was done using high pres-
sure homogenization methods [6]. Favorable exfoliation of the clay was recorded as
well as inorganic content as high as 20 % was achieved without compromising the
mechanical properties of the nanocomposites and its transparency. Addition of
vermiculite improved the oxygen barrier of the hybrid film in high humidity
environments. The high barrier property is an important characteristic because it can
allow for packaging of oxygen-free organic electronics. Fabrication of
cellulose/layered MMT nanocomposites was carried out by its precipitation from N-
methylmorpholine-N-oxide (NMMO) in water [16]. Investigation on the extent of
nanoclay dispersion showed more contact time is needed to yield a partial exfoli-
ated morphology of the nanocomposites. The hybrid nanocomposites showed better
thermal oxidative properties, which is important in the production of fire resistant
materials. Nanoclays hinder the transfer of oxygen, heat, and degraded volatiles
leading to high degradation temperatures of the final composite. Lower stability of
cellulose at low temperatures is found to be due to the clay oxidizing and dehy-
drating the cellulose moieties. The use of various sequential mixing methods of
triethyl citrate [57] in combination with maleic compatibilizers allowed these
researchers to arrive at the optimum method leading to superior nanocomposites.
The addition of compatibilizers accelerated the exfoliation of the clay in the matrix.
In this case, the compatibilizer which is maleated, reacts with free OH− groups in
the clay structure and intercalates into the clay galleries, leading to a tensile strength
and modulus improvement of 20 and 68 % respectively.

Glycerol triacetate, another glycerol plasticizer, has also been used with cellulose
acetate and nanoclays to prepare nanocomposites [24]. Bio-based nanocomposites
have been manufactured by melt intercalation of nanoclays with cellulose acetate
(CA) in both presence and absence of a plasticizer. In the case where plasticizers
were indeed present, they were varied up to 30 % together with OMMT and
unmodified MMT clay (UMMT). UMMT clays can lead to poor exfoliation and
intercalation compared to OMMT. The TEM studies found that less than 5 %
unmodified clay led to an improvement in tensile strength and Young’s modulus.
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The interaction of cellulose acetate hydroxyl groups and free cations present in the
clay galleries are cited as a possible cause for this observation. Elongation at the
failure point remained constant. This was expected to drop as the addition of
nanoclays normally lead to brittleness of the matrix.

Many studies have been done to improve the properties of nanocomposites from
NR and cellulose. In one such study, in order to compare the thermal degradation of
cellulose/clay nanocomposites and polyvinyl alcohol-starch-carboxymethyl [83]
was carried out and, the results was shown that the addition of clay to the blend
matrix led to high improvement in thermal stability in the films with the 5 %
nanoclay giving the best results. Nanoclay was theorized to form a barrier which
prevented mass and heat transfer. The high degradation of the matrix at high
temperature was curtailed by clay layers allowing further reaction and thereby
holding the degradation products for a longer time. One of the biggest hurdles faced
by cellulose-based nanocomposites with respect to its application in fire retardants
is the poor thermal stability of cellulose when exposed to high temperatures. There
is a need to develop nanocomposites based in cellulose to exhibit better thermal
stability at higher temperatures. The majority of current flame retardants in use are
synthetic materials, some of them exhibiting toxicity and required high energy to
produce. The use of layered silicate nanoclay has shown more promise to be used as
better flame retardant. In addition, this composite is environmentally friendly and
readily degradable. In his dissertation, Delhom [20] used various methods to
achieve better exfoliation and intercalation of nanoclay in the cellulosic matrix. He
used different solvents and pretreated clay using various techniques. Using NMMO
as a solvent for cellulose and functionalized nanoclay, he optimized the degradation
temperature by 45 °C. However, this resulted in a lower crystalline melt temper-
ature of 15 °C.

An innovative method to prepare cellulose reinforced MMT nanocomposite films
was developed byMahmoudian et al. [44] and his colleagues using room temperature
molten salts collectively known as room temperature ionic liquid (RTILS). This is an
environmental friendly method where 1-butyl-3-methylimidazolium chloride is used
as ionic medium. Cellulose and MMT are mixed separately with the ionic media.
Cellulose can be magnetically stirred at approximately 85 °C for 4 h, while MMT is
dispersed into the ionic media using a sonicator. The two solutions are later mixed
together and stirred for a day at 85 °C to form a homogeneous MMT/cellulose
composite in ionic media. Themixture was then vacuum degassed and casted on glass
plates. There was an improvement in thermal stability and tensile strength until a clay
loading of 8 % by weight of cellulose. The composite properties were decreased due
to the aggregation of clays at higher content. Thus, this nanocomposite can be applied
in packaging and membrane technology.

Extrusion is an important method in fabricating polymer composites commer-
cially, and therefore has been well established and used widely in industry. This
method was used by Bondeson [12] to study its effectiveness in producing nano-
composites reinforced by cellulose nanowhiskers. Two methodologies were
adopted for the preparation of cellulose nanowhiskers; these include the hydrolysis
of either sulfuric or hydrochloric acid. Furthermore, the nanowhiskers were either
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dry mixed or freeze-dried prior to extrusion, and then compounded and extruded.
To improve dispersion of the whiskers in cellulose acetate butyrate and polylactic
acid (PLA), water and a surfactant were used. The results showed no improvement
in thermal and mechanical properties in polylactic acid due to degradation and
possibly poor dispersion of whiskers. However, on the other hand, there was an
improvement in both thermal and mechanical properties in cellulose acetate buty-
rate. The possibility to make nanocomposites by pumping the cellulose nano-
whiskers in an extruder with polymers was demonstrated. Contrary to the reduction
of thermal and mechanical properties by using cellulose nanowhiskers, the use of
cellulose nanofibers in polylactic acid was shown to lead to an improvement in
tensile strength and modulus from 58 to 71 MPa and 2.9 to 3.6 GPa, respectively,
and a great increase in the storage modulus and glass transition temperatures were
observed by an addition of 5 wt% cellulose nanofibers [32]. Taking into consid-
eration these extrusion methods that were used, it can be seen that different
structures of the cellulose can lead to varied results.

6.2 Natural Rubber–Clay Nanocomposites

6.2.1 Natural Rubber

Natural Rubber (NR) is one of the most important elastomeric materials consumed
in the industry, half of its total consumption being used for rubber products. It is
harvested as latex from a class of plants growing in the tropics. Latex is the
colloidal dispersion of rubber particles in an aqueous medium, which is collected by
making an inclined cut on the bark of the rubber tree. This process is known as
tapping. Nowadays, more than 95 % of NR is harvesting from Heveabrasiliensis
which originates from South America, growing primarily in the rubber plantations
of Indonesia, Malay Peninsula, Sri Lanka, and India. The field latex is concentrated
by centrifugation, creaming, or electro-decantation for cost-effective transportation
or making latex products such as condoms, balloons, gloves, or elastic threads,
collectively called dipped rubber goods. For dry rubber products such as molded
goods and tire manufacturing, the collected filed latex is strained and diluted with
water and coagulated mostly by adding diluted acids (mostly diluted sulfuric acid or
acetic acid) to cause destabilization of the colloid, which leads the agglomeration of
the suspended rubber particles by sticking together within the latex called coagu-
lation. The clumps or agglomerated rubber particles are separated and pressed
between a series of plain rollers and grooved rollers to form thin sheets and then
subsequently dried in air, smoke or sunlight before shipping to the processing
plants. The average size of the rubber particles are 3 µm in size. The purified form
of NR is chemically 100 % cis-polyisoprene. The molecular weight of the NR is
normally in the range of 104–107 g mol−1 depending on the age of the rubber tree,
weather, nature of the soil, rain fall, method of rubber isolation, etc. The molecular
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weight distribution of rubber is relatively broad, which offers excellent processing
behavior. Although it has high initial viscosity, it breaks down easily to a pro-
cessable viscosity. The glass transition temperature (Tg) of this polymer is −70 °C
and is subjected to a unique property known as stress-induced crystallization, the
crystallization of the rubber molecules under strain. Table 2 shows the properties of
the unvulcanized NR. The advantages of the use of NR include outstanding flex-
ibility at use temperature, excellent mechanical strength, exceptional tear strength,
good abrasion resistance, and low hysteresis (heat buildup under flexing). However,
the aging properties of this material are poor. In addition, since it is of biological
origin, NR is renewable, inexpensive, and creates no health hazard problems. The
properties of the NR are improved by compounding or making composites with
filler particles or reinforcements. By addition of reinforcing elements such as silica,
clay, or CB and occlusion of rubber tremendously increase the tensile strength,
wear and tear resistance, and modulus, but adversely affect the heat buildup.

6.2.2 Types of Clays for Rubber Nanocompoiste

Reinforcing of NR has been exclusively done by CB, but more environmental
friendly nanoparticles are now being explored. Apart from silica or other ceramic
fillers, different types of nanoclays are being used to reinforce the NR. Studies show
that properties of the composite are greatly influenced by the type of nanoclay. For
instance, the effect of two types of nanoclay such as MMT and LDH showed
differing results due to the makeup of the nanoclays. As mentioned earlier, MMT is
a cationinc clay while LDH is an anionic clay with the possible formula [MII x
M1-x

III (OH)2](A
n−1)x/n*yH2O where MII represent divalent metal ions, the MIII

Table 2 Properties of
unvulcanized natural rubber

Properties

Density (g cm−3) 0.91

Glass transition temperature (°C) −70

Thermal conductivity (W m−1 °C−1) 0.134

Heat of combustion (J Kg−1) 4.5 × 106

Equilibrium melting temperature (°C) 28

Heat of fusion of crystal (kJ kg−1) 64

Refracyive index (nD) 1.52

Dissipation factor(1 kHz) 2.4

Dielectric constant (1 kHz) 0.001–0.003

Dirt content (% by mass) 0.03

Volatile mass (% by mass) 0.50

Nitrogen (% by mass) 0.30

Ash (% by mass) 0.40

Initial plasticity number (P0) 38

Plasticity retention index 78
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representing trivalent metal ions. The x values range between 0.2 and 0.33 and in
this case y is equal to 0.4.

It was shown that unmodified LDH leads to reduction in the cure rate of certain
rubbers [19]. The interaction between MMT or LDH with rubber molecules is via
hydrogen bonding of the nitrogen atom attached with thiourea, the cross-linking
agent of the rubber molecules and electronegative oxygen in the clay layers. The
anionic properties of LDH make it have high affinity for electron rich species
leading to higher interaction with rubber. The cationic effect of the nanoclay
improved the physical properties of the rubber, i.e., tensile, dynamical mechanical
properties, etc. From this study, thermal stability can be improved by noting that
LDH and CB always have a tendency to restrict crystallization of polychloroprene
rubber, but not the case with OMMT.

6.2.3 Method of Preparation of Rubber–Clay Nanocomposite

Presently, there are four principal methods used for preparing rubber–clay nano-
composites: (i) melt mixing or compounding, (ii) in-situ polymerization, (iii) latex
blending, and (iv) solution intercalation. Among these methods, melt intercalation
and in-situ polymerization are considered as simple and commercially attractive
approaches for preparing “rubber–clay nanocomposites.” However, in-situ poly-
merization is not a possible method for preparing NR–clay nanocomposites as it is
extracted as latex from the rubber tree. Latex blending is a promising method for the
rubbers available in aqueous dispersions (e.g., NR or styrene butadiene rubber
abbreviated as SBR) because in this case pristine layered silicates can be used [10,
11,72, 91, 93, 99]. The latex blending method is not possible for many synthetic
rubbers due to non-availability of its latex form. Solution intercalation methods can
be used for preparing rubber–clay nanocomposite of most of the elastomers, which
is soluble in hydrocarbon solvents [31, 96]. However, melt intercalation has
received much attention since it offers significant processing advantages that would
greatly expand the easiness of commercial production of rubber–clay nanocom-
posites with conventional or slightly modified rubber processing machineries such
as extruders, banbury mixer, or two-roll mills [94]. Also, melt compounding would
be significantly more economical and simpler than in-situ polymerization mini-
mizing capital costs because of its compatibility with existing industrial rubber
processing equipment. Since there is no solvent or liquid medium required, melt
processing is environmentally friendly, more economical, and avoids postpro-
cessing such as solvent stripping or coagulation. In addition, it enhances the
specificity for the intercalation of polymer, by eliminating the competing
host-solvent and polymer-solvent interactions. Indeed most of the rubber–clay
nanocomposites were prepared by melt blending technique. The melt processing
method used for the preparation of rubber–clay nanocomposites is similar to that
used for conventional polymer–clay nanocomposites. Therefore, nanocomposite
production is swung downstream, giving end-use manufacturers many possibilities
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with respect to final product specifications (e.g., selection of polymer grade, choice
of organoclay, level of reinforcement, etc.).

6.2.4 Natural Rubber–Clay Nanocomposite (Dry Rubber Process)

Nanoclays are being researched as an alternative to CB, the principal reinforcing
filler in rubber compounds. The biggest problem with nanoclays thus far has been
dispersion into the NR to achieve the desired improvement. It is difficult to achieve
exfoliation or intercalation of nanoclays into NR, because nanoclays have a ten-
dency to agglomerate with increasing amount into rubber or polymer matrix.
Various methods have been used to solve this problem. One promising method was
reported by Mohan et al. [48] and his co-workers mentioned previously as the
Banburry method. This is a two-stage method where in the first stage uncured
rubbers with all additives are mixed in the mixer at 60 rpm at 145.8 °C. Once
maturation is achieved at roughly 26 h, the nanoclay is then added at different
amounts, until the desired amount is achieved. At this stage, mixing speed is
reduced to 40 rpm and the temperature is around 100–110 °C. The mixture is then

Scheme 2 Proposed schematic of modification mechanism with silane coupling agent: a cation
exchange in clay suspension with 3-aminopropyltriethoxysilane (KH-550), b after co-coagulating,
the sturucture of RCK flocculate, c after adding bis[3-(triethoxysilyl)propyl]tetrasulfide) (Si-69)
and sulfur curing ingredients on a two-roll mill, and curing the compounds at 150 °C, the
interaction among KH-550, Si-69 and rubber molecules in rubber-clay nanocomposite. (Adapted
from Ref. 29)
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allowed to reach maturity after 24 h. This is followed by sheeting the compounds
using a two roll mill. The molds are steam heated at 148 °C at a pressure of 10 MPa.
A two roll–roll mixer is then employed for the 3 % nanoclay in rubber. Results from
XRD showed increase in d-spacing between the nanoclay, allowing rubber to enter
into the clay galleries. Nanoclays also reduced curing time due to the reaction of the
cationic ions of clay with rubber. Although nanoclay has been known to lead to
brittleness of the matrix, the brittleness was only confirmed by transmission elec-
tron microscopcopy at 3 % nanoclay by weight of matrix. Increase in cross-linking
of the nanoclay in rubber leads to increase in hardness and gas barrier properties.
The thermal tests showed nanoclay/rubber having higher stabilities at high tem-
peratures compared to pristine rubber.

Another dispersion method which shows promising results by providing highly
dispersed nanocomposites with excellent interfacial bond strength was devised by
Jia et al. [29]. This method, called the two-step method, employs the use of two
silane coupling agents; 3-aminopropyl triethoxysilane (KH-550), and bis(trieth-
oxysilylpropyl)tetrasulfide (Si-69). To generate hydroxyl groups, 3-aminopropyl
triethoxysilane (KH550) is added to a mixture of water and clay in an in-situ
organic modification. It was found that hydrolysis of Si-(OR)3 leads to the pro-
duction of hydroxyl groups. Bis(triethoxysilylpropyl)tetrasulfide is later added into
the mixture of rubber and clay and mechanically blended by two-roll milling. In the
vulcanization process, ethoxysilylpropyl groups from bis(triethoxysilylpropyl)tet-
rasulfide react with S-OH of the dispersed clay in rubber leading to a chemical bond
between rubber and clay phases. This results in a strong interfacial bond which
leads to high tensile strength, thermal stability, and high stresses at certain strains.
Possible mechanisms for the reactions are shown in Scheme 2.

6.2.5 Hybrid Natural Rubber-Clay Nanocmoposite

In multi-component compounding, two or more different types of fillers are used,
called hybrid compounds or hybrid structures. A hybrid structure combines the effect
of different materials [17, 28, 50, 51, 87]. Recent investigations on composites
having multi-component filler systems focus mainly on thermoplastic and thermoset
polymers and are not so familiar with rubbery materials. In most of the applications,
CB and the silica have been used together as a hybrid filler system to optimize the
advantages and disadvantages of the individual filler system [69]. Among all the
fillers, CB plays an important role in the rubber industry as reinforcing filler. By
incorporation of CB into the rubber matrix, many of the desirable properties like
dynamic mechanical properties, fracture behavior, tensile strength, tear strength,
modulus, hardness, and abrasion resistance are increased, which make CB an ideal
candidate as a reinforcing filler in NR compounds and has been extensively
exploited in numerous rubber engineering products, hence it is known as universal
reinforcing filler in rubber industry. Despite these advantages, CB is a product of
petroleum processing and much energy is required in its production. In addition, it
must be mentioned that it is a hazardous material. Compared to silica, the widely
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used reinforcing filler for non-black rubber products, CB reinforced rubber has a
higher modulus. In tire treads, silica provides lower rolling resistance at equal wear
resistance and wet grip than CB. Like silica, nowadays the emergence of natural
fillers, like nanoclays which is cheaper and friendly to the environment, have been
utilized in rubber compounding along with CB to overcome certain negative aspects
of CB include tire tread wear and tear. However, it is virtually impossible to com-
pletely eliminate CB from the NR composite for certain applications. For example,
nanoclays do indeed improve the properties of NR, but not to the extent required for
many end-use products such as tires, consumer goods, and/or automobiles.

6.2.6 Natural Rubber–Clay-Carbon Black Nanocomposite

An innovative approach to improving nanocomposite properties is to use a hybrid
of two reinforcing fillers such as nanoclay and CB; one such study was conducted
by Praveen et al. [62]. The study established that high improvement on vulcanizate
properties of NR nanocomposite can be achieved by using the two fillers due to
synergic effect of the different fillers. The study showed that even CB increases the
gap between clay nanoplatelets, thereby contributing an appreciable increase in the
strength of the resulting nanocomposites. Furthermore, there was a substantial
increase in modulus attributed to the network structure of CB, which tends to
restrict slippage of macromolecular chains. Improvement of glass transition tem-
perature of the composites was due to decrease in interfacial slide and relaxation,
which resulted in better intercalation of clay/CB with the rubber. The effect of
hybrid nanoclay/CB, and the effect on its ratios on the curing kinetics, cross-linking
behavior, and activation energy of NR [78, 77], mechanical and dynamic
mechanical properties of the vulcanizate for application in truck tires [3], cut growth
behavior and gas permeability were studied. The results showed that the hybrid
filler has a pronounced effect on certain properties of the nanocomposites.

The influence of organically modified nanoclay-CB hybrid filler on the curing
behavior of NR was studied by Janak Sapkota et al. [79]. Two types of modifi-
cations (dimethyl-dihydrogenated tallow alkyl ammonium salt and octadecylamine)
of the clay was employed. The partial replacement of CB with nanoclays influences
the curing behavior substantially, and the addition of the clay significantly
decreases the activation energy of the networking system. Also, results show that
quaternary ammonium modified clay compounds increased the curing rate and
lowered the torque. The activation energy for initiating the cross-linking reaction is
decreased with addition of clay and thus cross-linking tends to take place in an
easier manner in the presence of the modified nanoclays. Dynamic mechanical tests
performed under a strain sweep showed the Payne effect due to better dispersion of
CB. In addition, Mooney viscosity results showed that the replacement of CB with
modified nanoclay can help in the dispersion of fillers. Strong interactions between
CB, nanoclay, and NR matrix were also found. In another study carried out by
Anwendungen [3], the nanoclay was modified with stearic acid before adding it
with CB and used unmodified organoclay as the baseline. The hybrid prepared with

26 R. Prasanth et al.



modified clay had better reinforcing capability compared to the unmodified clay. It
was further observed that hybrid nanoclay/CB had an effect of reducing fossil fuel
resource use by almost 40 % for truck tires manufacturing, in addition to better
performance in rolling resistance. In addition, when premixing with the organoclay,
the stearic acid serves to swell the clay layers, allowing the rubber molecules to be
intercalated into the gallery of the layered silicate. This process enhances the
mechanical properties of the composites with low loading of CB without sacrificing
other physical properties like tensile strength, modulus, hardness, and rebound
resilience. In another study, [67] two types of nanoclays, calcined clay and devolite,
were used and it was shown that 2 phr (parts per hundred rubber) of both types of
clay can be replaced with 1 phr CB to maintain the same hardness value. There was
also a decrease in curing and resilience of the composites when the clay/CB was
lowered while torque, strength, and thermal aging resistance were improved.
Calcined clay/CB also showed lower gas barrier properties and cure time but higher
modulus, tear strength, cut tensile strength, and higher cross-link density. The
addition of nanoclay/CB changes the crack growth from a simple lateral to a more
oblique one resulting in its higher tensile strength.

6.2.7 Natural Rubber–Carbon Black-Silica-Clay Nanocomposite

Hybrid nanoparticles of CB, silica, and nanoclay have been utilized to study various
properties of NR. The influence of nanoparticles on mechanical properties of the
final composites was conducted by research groups such as Rattanasom et al. [68],
while other researchers such as Lo and Chu [40] used the same kind of nanopar-
ticles to study their effect on the environmental resistance of hard rubber. In the
study by Rattanasom et al. [68] the nanoparticles were mechanically mixed at
50 rpm, followed by the use of a two-roll mixer and 10 end-roll before sheeting, and
then finally carrying out a compression molding at 150 °C. It was observed that
MMT filled NR vulcanizate shows higher values of hardness at lower content
compared with the other filler particles; silica and/or CB which require a higher
loading to achieve the same hardness. The comparison of the composite with equal
loading of clay into NR exhibited higher values in tensile strength, compression,
and modulus, but poor crack growth and heat buildup resistance. Scanning electron
microscopy (SEM) showed better dispersion of CB in NR and higher cross-link
density, which resulted in overall better mechanical properties. In the Lo and Chu
[40] study, NR and additives were mixed in a mixing chamber at 20 rpm and
compounded at 150 °C for 2 h. The optimum CB content in clay/CB-filled hard
rubber samples was 45 phr when total filler content is either 105 or 120 phr.
Environmental tests were carried out using laboratory electrolytic cleaning tank
immersion setup. The CB showed better resistivity but unlike the previous study
[68], it had improved hardness after immersion. The CB/silicate NR composite did
not pass the electrolytic cleaning test due to dissolving of the silica in the testing
process.
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6.2.8 Natural Rubber–Clay Nanocomposites: Solution or Latex Route

Solution Route

NR clay nanocomposites using rubber solutions or latex have been successfully
prepared and reported by many groups. Magaraphan et al. [43] studied the effect of
different amine intercalants on the mechanical properties of NR clay nanocom-
posites prepared using the solution process. The composite was prepared by dis-
solving NR in toluene along with MMT modified with primary or quaternary
intercalants bearing different hydrocarbon alkyl tails. The curing agents were then
subsequently mixed with the composite. After drying, the mixture was homoge-
nized on an open mill. It was found that the composite prepared with primary amine
intercalants had better mechanical performance over its counterpart that was pre-
pared with quaternary amine intercalants. Liang et al. [39] compared the effec-
tiveness of melt and solution intercalation methods on the dispersing of organically
modified clays. In another study, the structure and properties of rubber/organophilic
MMT nanocomposites carried out by Lo´pez-Manchado et al. [41], MMT was
modified (although it was intercalated initially) with octadecylamine (MMT-ODA).
It was found that both methods delivered similar nanocomposite structures with
intercalated and exfoliated nanoscale clay layers. The basal spacing of the clay was
almost doubled for those dispersed into the composites due to the intercalation of
rubber molecules into the clay galleries. However, the solution technique (toluene
served as solvent) yielded a higher amount of bound rubber, improved the dynamic
mechanical properties and enhanced the compression set hardness [41], and
exhibited a higher aspect ratio (compared to the melt method). In addition, this
technique also resulted in outstanding mechanical and gas barrier properties [39].

Because NR is highly nonpolar, a better method for uniform dispersion of the
clay in the matrix needs to be developed. It has been reported that the use of an
epoxidized natural rubber (ENR) as a compatibilizer can lead to better dispersion of
clay into the rubber matrix. Rajasekar et al. [65] performed this experiment by
preparing an ENR by solution mixing. The nanocomposites were mixed into SBR
and sulfur was used as a curing agent. High resolution transmission electron
microscopy (HRTEM) showed highly intercalated clay layers. Dynamic mechanical
tests showed a highly improved storage modulus and lower damping characteristic
as well as an improvement in the mechanical properties of the resulting composites.

Latex Route

In contrast with solution processing, the latex compounding method employs the
use of water instead of organic solvents as a host medium. The latex is the colloidal
suspension of submicron sized rubber particles in water. To prepare the nano-
composite, pristine clay or its suspension/dispersion in aqueous medium (slurry)
can be added directly into the rubber latex. As discussed earlier, clays are strongly
hydrophilic and thus easily adsorb water molecules, which is associated with an
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expansion in its intergallery spacing. In other words, hydration decreases the
attractive forces between the phyllosilicate layers, resulting in more exfoliation
during stirring. After mixing the clay uniformly in the lattices, the compounded
composite rubber latex was casted into a mold and left to dry. In this case, the
rubber clay nanocomposite collected remains unvulcanized. The curatives can then
be incorporated into the composite and molded into different products. In contrast,
suitable rubber curatives, which can be dispersed in water, can also be mixed with
the clay-containing rubber latex before casting and drying. This latter mentioned
process is most suitable for dipped goods such as condoms or gloves where the
former are dipped into the compounded rubber composite latex mixture. The
mixture can then be dried in either air, or temperature controlled air ovens followed
by curing at high temperature (above room temperature in air or in boiled water).

Varghese et al. [93] investigated the properties of NR layered silicate vulcanized
nanocomposites with different clay types. These types included sodium bentonite
(natural) and sodium fluorohectorite (FHT, a synthetic layered silicate) that were
studied in conjunctionwith a non-layered inertfiller (English India clay or commercial
clay) as a reference material. The study found that FHT gave the highest mechanical
performance and the lowest toluene swelling compared to inert non-layered clay or
layered bentonite clay. This can be attributed to the high platelet aspect ratio,
intercalation/exfoliation of the silicates due to its prominent water swelling ability of
FHT, and the formation of a skeleton (house of cards) silicate network in the NR
matrix. In another study by the same group, [92] polyurethane rubber (PUR) and
prevulcanized NR latex were blended with a pristine synthetic layered clay, known as
sodium fluorohectorite. They prepared films of nanocomposite structure with
enhanced stiffness characteristics to study the morphology-dependent mechanical
properties of layered silicates. Compared to NR, it was found that a higher degree of
intercalation due to better compatibility of the layered silicate with PUR (thus being
nano-reinforced) and has a pronounced reinforcing effect. The ultimate tensile
strength as well as tear strength was strongly increased (more than three times) and a
dramatic improvement was found in the moduli at different elongations. The property
improvement was traced to a layered silicate (LS) skeleton-type (‘house of cards’)
structuring in the corresponding nanocomposite. Fourier transform infrared spec-
troscopy (FTIR) and broadband dielectric analysis were adopted to examine the
NR/LS, PUR/LS andNR/PUR/LS nanocomposites formed via the latex route [64, 63,
92]. It was found that the PUR chains, due to their polar character, facilitate the
intercalation/exfoliation of the layered silicate. Further, LS was preferably located in
the PUR phase in the blends, which exhibited excellent mechanical properties despite
the incompatibility between NR and PUR.

Different structures of rubber clay nanocomposites were prepared by
co-coagulation of latex with aqueous clay suspension to form NR–clay, SBR–clay,
carboxylated acrylonitrile butadiene rubber (CNBR)-clay and nitrile butadiene
rubber (NBR)–clay. The TEM and XRD were performed on the resulting nano-
composites [99]. In this method, an aqueous suspension of clay and rubber latex
were mixed and stirred vigorously for a required time. The mixture is then
co-coagulated in an electrolyte solution of dilute triethylenetetrammonium chloride
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solution for NR and SBR, while a calcium chloride aqueous solution is used for
NBR and CNBR. The mixture is later washed with water and oven dried at
approximately 80 °C for 18 h. Vulcanization additives are then incorporated into
the nanocomposite using a two-roll mill. The structural characterization performed
on nanocomposites showed that the rubber molecules led to the separation of the
clay into individual layers and/or silicate aggregates with thickness in the nano-
meter range with no intercalation of rubber into the clay galleries. This was mainly
due to the competition between reaggregation of clay layers and latex particle
separation during co-coagulation. Further results showed a higher aspect ratio and a
higher glass Tg due to the increased network of rubber/clay nanocomposites in
comparison with pristine rubber. In addition, it was also found that tensile strength
was increased (by a factor of 6), and there was an observed decrease of almost 50 %
of gas permeability when 20 phr clay was added to the rubber.

In an effort to understand the effects of different types of organically modified
clay on NR, [42], a comparison study of methyltallow bis-2-hydroxyethyl
ammonium-modified montmorillonite (MMT-TMDA) and MMT-ODA was car-
ried out. For further comparison purposes, layered silicate sodium bentonite was
also used in addition to un-layered clay. Results from XRD and TEM showed better
dispersion of MMT-ODA clay and poor dispersion of un-layered clay. In addition,
organically modified clays exhibited better mechanical properties such as tensile
strength, compression set, resilience, hardness, and tear strength. The high inter-
layer distance between the layers of modified clay was cited as the reason for these
improved properties. In another study, a conventional compounding method was
used to prepare latex–clay nanocomposites [26]. This method is limited by the fact
that, as the loading of the clay increases, there is a buildup of high viscosity,
generating difficulty in nanoclay processing. The XRD results agreed with the
literature where it was shown that the layered phyllosilicate was ordered or dela-
minated, which led to better intercalation but partial exfoliated structure. A study on
the effect of clay on the transportation properties of the nanocomposite was con-
ducted by measuring the sorption, permeation, and diffusion coefficient using tol-
uene at 303 K. A tortuous path provided by nanoclay [33] resulted in a decrease in
the coefficient of diffusion. Better gas barrier properties were recorded for oxygen
molecules. This was observed even for lower loading of the clay into the rubber
latex. There was also better compatibility of the clay and the rubber leading to the
formation of elastomeric networks. Improvement of the nanocomposite properties
by adding nanoclay in rubber highly depends on the exfoliation of phyllosilicate
layers or intercalation of the rubber molecules into the clay galleries.

6.2.9 Effect of Clay on Microstructure

The effect of clay on the microstructure and morphology of NR network is a
complex process. Much research has been conducted to study this effect in order to
predict the final microstructure of rubber matrices after intercalation or exfoliation
of the clay. For instance, Carretero-Gonza et al. [15] used dielectric spectroscopy
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and wide angle XRD to study the effect of organically modified clay on NR
microstructures. The introduction of nanoparticles into the NR led to a homoge-
neous and well-distributed structure. The homogeneous structure resulted in an
early occurrence and increased crystallization under uniaxial deformation. The
enhancement of the crystallization was brought about by the alignment of the
nanoclay during stretching. Mobility of the clay into the natural matrix during
crystallization led to a highly networked structure having cross-linked chemical
chains. A shift in the tanδ curve showed that there was limited mobility of the NR
matrix into the clay nanoparticles.

Changes in mechanical properties of non-vulcanized dialyzed NR by addition of
nanoclay have been studied by performing uniaxial deformations. It was shown that
non-rubber molecules contributed to the auto-reinforcement of the nanocomposites
[72]. Nanocomposites prepared by aqueous dispersion of clay and latex mixing
contained exfoliated clay with the presence of tactoids. It was expected that pres-
ence of tactoids in the matrix would lead to poor mechanical properties, but this
hypothesis was not observed, possibly due to the alignment of clay.

Cellulose nanoparticles in the form of either whiskers or nanofibers have been
used as reinforcement into natural fiber matrices in order to achieve high perfor-
mance nanocomposites [1, 9, 95]. The following conclusions can be stated; addition
of cellulose whiskers from waste bamboo led to increase in thermal stability,
storage modulus, and decrease in elongation at failure [95]. A comparison between
cellulose whiskers and micro-fibrillated cellulose, the latter performing better when
used as reinforcement in NR. Presence of residual lignin and fatty acids on the
micro-fibrillated cellulose promoted better adhesion resulting in high stiffness and
tensile strength of the nanocomposites [9]. A reduction in solvent absorption and a
decrease in the diffusion coefficient of nanocellulose NR composites were attributed
to the presence of a double network of cellulose–cellulose and rubber–rubber [1].
Lastly, there was a decrease in viscosity as the nanocellulose content was increased.

7 Physical Properties of Natural Rubber-Clay
Nanocomposite

7.1 Without Compatibilizer

Vu et al. [96] took the first effective effort in the preparation of rubber-nanoclay
composites. In this initial study, different rubber–clay nanocomposites based on
synthetic natural rubber (SNR) and ENR were prepared by both melt mixing and
solution intercalation techniques. Either an OMMT or Na-MMT clay modified with
alkyl ammonium cations by an ion exchange reaction to make the galleries more
hydrophobic and thus more compatible with the nonpolar rubbers. XRD studies
verified the intercalation of NR and ENR into the silicate interlayers and/or exfo-
liation of the silicate layers into the elastomer matrices. However, the surface
morphology of the composite was not studied to visualize the clay dispersion and
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exfoliation by SEM or TEM. The vulcanizates with organically modified clay
exhibited better tensile properties due to the better polymer-filler interactions and
weaker filler–filler interactions. Compared with silica fillers, the effect of the
dynamic strain amplitude on the storage modulus with Na-MMT was higher,
possibly due to a greater hydrodynamic reinforcement as a result of melt interca-
lation of the rubber in to the Na-MMT galleries. The storage modulus increased
with epoxidation of NR and clay loading. This increase was attributed to the
stronger rubber–filler interactions due to the higher degree of epoxidtion. The
increase of the interfacial adhesion between the clay tactoids and the polymer
matrix is remarkably improved due to the formation of partially intercalated
structures with clay loading, hence the storage modulus was higher with clay
loading [37]. Varghese et al. [92] and Modhusoodanan et al. [42] studied the
properties of NR-clay nanocomposites prepared by melt mixing. In the Varghese
et al. [92] study, NR–clay nanocomposites containing 10 phr of organoclay, found
that the interlayer spacing of the rubber nanocpomposite was higher for clay
modified with primary amine (MMT-ODA) than for one modified with quaternary
amine (MMT-TMDA). In the study, the property improvements caused by the
fillers were ranked as follows: organophilic clays > pristine synthetic layered sili-
cate (sodium fluorohectorite) > pristine natural clay (purified sodium benton-
ite) > precipitated non-layered silica (used as a reference) (actually state the actual
property improvement when listing these superlatives).

In a study carried out by Modhusoodanan et al. [42], the highest interlayer
distance of 3 nm was observed for organoclay filled NR nanocomposites studied by
XRD and TEM. The addition of organoclay into the NR decreased the cure time as
well as the scorch time of the rubber compounds. However, the effect is not pro-
nounced compared to NR gum compounds with bentonite and English Indian Clay
(EIC). The organoclay filled compounds showed high Mooney viscosity revealing
that intercalation occurred during mixing of the silicate into the rubber. The phys-
ical–mechanical properties such as tensile strength, modulus, hardness, abrasion
resistance, and tear strength of NR improved in the presence of organoclays, even at
low loading due to the exfoliation of the silicates, which caused an increase in
surface area several fold, resulting in better interaction between the filler and rubber
molecules. Carretero-Gonzalez et al. [15] reported that the presence of nanoclays
introduce a dual crystallization mechanism due to the alignment of nanoparticles
during stretching. The improved properties in NR–clay nanocomposites was also
attributed to both the microstructural and morphological changes induced by
nanoclay as well as to the nanoclay mobility in the NR matrix during crystallization.
Usuki et al. [88] also reported that strong ionic interaction between polymer and
silicate layers, which generate some crystallinity at the interface, is responsible for
the effect of reinforcement. Carli et al. [14] revealed that silica can be replaced with a
considerably low amount of organoclay with a reduction of filler content by 12.5
times without adversely affecting the mechanical properties of the final composite,
even after aging. Yahaya et al. [102] found that NR–clay nanocomposites achieved a
maximum value of tensile and tear strength with 6 phr of clay loading after which a
fall was observed. The reduction in tensile strength of the modified, filled
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vulcanizates was above 6 and 8 phr for the unmodified vulcanizates. This can be
attributed to the excess amount of filler particle or the result of physical contact
between agglomerates [102]. The higher amount of agglomerates in high filler
dosage composites played a role in obstructing molecular chain movement of the
NR, thereby initiating failure under stress. The tensile and tear properties for the
organomodified vulcanizates showed higher values than the unmodified filled
nanocomposites, these properties increased linearly as a function of the organoclay
loading. The enhancement on tensile and tear strength of the clay nanocomposite is
mainly due to clay tethering and uniform dispersion of clay particles, which
improved the interfacial properties between the filler and rubber molecules, inhib-
iting the stress concentration and leading to delayed crack propagation [58, 67].

It was reported that gas barrier properties [3, 4, 33, 39, 48, 67], swelling
behavior, and flame retardant properties [3, 48] of the rubber composite are mar-
ginally enhanced by the incorporation of nanoclays. Yahaya et al. [102] observed
that, sorption behavior of nanocomposites filled with 8 phr modified organoclay is
better compared to unmodified clay in toluene at room temperature. The organo-
modified vulcanizates evidently possess silicates that are uniformly dispersed in the
NR. This is in contrast to the unmodified filled NR which has poor dispersion of the
clay layers, hence increased solvent uptake. Other studies also found that rate of
solvent uptake decreased with the incorporation of the organoclays [3, 48, 59]. The
trend can be attributed to the presence of the nanodispersed impermeable clay
layers, which decreased the rate of transportation by increasing the average diffu-
sion path length in the rubber matrix [59]. The gas barrier properties were also
enhanced due to the improved tortuous path as shown in Fig. 6. The US patent,
Barbee [8] claims an invention that relates to a polymer-clay nanocomposite having
an improved gas permeability comprising a melt-processible matrix polymer,
thereby incorporating a layered clay material intercalated with a mixture of at least
two organic cations. The clays are believed to increase the barrier properties by

Fig. 6 Tortuous path formed
by the interaction of clay
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creating a tortuous path that retards the progress of gas molecules (i.e., gas diffu-
sion) through the matrix resin as reported by Cheol et al. [18]. The organoclay
platelets have an aspect ratio of 10,000:1 and significantly increase the path/travel
distance for the gas molecules.

The thermal, flame retardant, and chemical stability properties of the nanocom-
poaiste were also improved by the incorporation of organosilicate layered clay into
the rubber matrix [3, 48]. The flame retardant mechanism in clay nanocomposites
involve a higher performance of carbonaceous silicate char, which builds up on
surface during burning. This insulates the underlying material and slows the mass
loss rate of decomposition products [100], which leads to higher thermal stability.

7.2 With Compatibilizer

The properties of NR-clay nanocmposites [4, 86] and a blend of NR/SBR-clay
nanocompsoites [85] with compatibilizers were studied. Teh et al. [86] and Arroyo
et al. [4] prepared NR-organoclay nanocomposites by melt compounding methods.
In these studies, ENR25 and ENR50 (NR epoxidized with 25 and 50 mol% epoxy
groups, respectively) were used as compatibilizers. Pristine MMT was modified
with octadecyltrimethylamine and abbreviated as MMT-ODTMA. In the Teh et al.
[86] study, the pristine MMT was modified with octadecyltrimethylamine and the
amount of organoclay was fixed to only 2 phr while the amount of ENR was varied.
NR/MMT-ODTMA showed mostly an intercalated structure of the organoclay and
the best dispersion of organoclay in NR nanocomposites was achieved in the
presence of ENR50. This observation was attributed to the incorporation of ENR50
in NR which facilitated the penetration of both molecules into the interlayer space
of MMT. The rheological studies showed that organoclay filled NR vulcanizates
have the lowest torque values, while the improvement of tensile strength, as well as
the elongation at break and tear properties were considerably higher compared to
CB and silica filled compounds.

Arroyo et al. [4] prepared the NR-clay nanocomposites by mixing the clay
modified with two different modifiers, namely dimethyl dihydrogenated tallow
(MMT-2M2HT) and methyl tallow bis-2-hydroxyl quaternary ammonium
(MMT-MT2EtOH) and blended with ENR25 and ENR50. The exfoliated structure
of the organoclay was observed in the presence of ENR due to its higher polarity,
which favors the intercalation of long rubber chains in the interlayer space of clay.
Because of the poor compatibility between the unmodified clay and hydrophobic
rubber molecules, unmodified clay slightly changed the cure characteristics of NR
and nevertheless, the optimum cure time was reduced steeply in the presence of the
organoclay. Similar behavior was also observed in the case of CB, but the extent of
decrement was smaller compared to the organoclay. NR filled with 10 phr of
organoclay exhibited higher torque compared to the NR with 40 phr CB. This
observation can be attributed to the higher cross-link density which was further
confirmed by swelling and differential scanning calorimetry (DSC) experiments.
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The mechanical properties of the composite with 10 phr organoclay are observed to
be comparable with the compound with 40 phr CB.

Tavakoli et al. [85] prepared nanocomposites based on 70/30 blends of NR/SBR,
and organoclays by melt-mixing processes. In the study, maleated-ethylene-
propylene thermoplastic rubber (EPDM-g-MAH) and ENR50 were employed as
compatibilizers. The morphological studies showed that the use of EPDM-g-MAH as
a compatibilizer enhanced the clay nanolayer dispersion and their interaction with
rubber phases more readily than ENR in the rubber matrix. Both XRD and TEM
examinations verified that two rubber phases of the rubber blend compatibilized by
both EPDM-g-MAH and ENR50 could be intercalated into the galleries of organo-
clay. These analytical techniques also showed that a high extent of clay intercalation/
exfoliation could be obtained in these nanocomposites. Tavakoli et al. [85] also
studied the effectiveness EPDM-g-MAH as an interfacial compatibilizer in enhancing
the extent of interaction betweenNRmatrix and organoclay nanolayers [84]. As in the
earlier morphological studies carried out by Tavakoli et al. [85], the microstructural
characterizations revealed that EPDM-g-MAHhavemore potential for separating and
dispersing the clay nanoplatelets in the rubber matrix with better interface enhance-
ment compared to ENR50. The pronounced compatibilizing effect of EPDM-g-MAH
is attributed to the lower polarity, which leads to more affinity for the NRmatrix to be
diffused onto the galleries of organoclay. The uniform dispersion of orgnoclay
nanolayers and better interfacial properties of the nanocomposite resulted in higher
elasticity and physico–mechanical properties, which is verified with the unvulcanized
NR/organoclay/EPDM-g-MAH nanocomposites in melt rheological measurements.
The studies concluded that, compared to ENR as a compatibilizer, EPDM-g-MAH
has greater potential for separating and dispersing the clay nanoplatelets in the
polymer matix with better interface enhancement in the nanocomposite.

8 Applications of Green Polymer-Clay Nanocomposite

Nanocomposites based on polymeric matrices are showing promising success in
various industries due to their excellent properties that include lightweight, low cost,
and improved thermal, mechanical, electrical, optical, and gas barrier properties [67,
104]. The nanophase in the composite is superior compared to other conventional
materials.With emphasis on biodegradability, muchwork is now focused to find fillers
which are environmental friendly. Studies carried out by Abraham et al. [1] showed
that they can be used in the critical industry of solvent membrane transportation where
they have shown better flow properties and are also resistant to thermal degradation.
The materials are able to provide a tortuous path to solvent flow and hence they can be
tailored to only allow certain solvents though. This is an important parameter in rubber
manufacturing where transportation of solvents should be minimized to enhance the
durability of rubber tires. Nanoclays have been used to reinforce elastomers with an
aim of lowering its flow properties as it can reduce the viscosity of the result composite
better than conventional fillers. This allows for ease in processability of the reinforced
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composites [19]. Cellulose whiskers and microfibrillated cellulose (MFC) have also
been used to reinforce NR to improve the stiffness and reduce the solvent uptake of
toluene and water. The whiskers and MFC increase the Tg of rubber which can allow
the final nanocomposites to be used in slightly higher operating temperatures com-
pared to their pristine composite counterparts [9, 95]. Currently, in order to increase
mechanical properties of rubber tires, chemical cross-links as well as the addition of
fine particles of CB or silica with minimum weight of 20–30 % are needed. This not
only leads to an expensive rubber composite but also enviromental hazards, because
the fillers are not environmentally friendly [15]. Functionalized nanoclays, e.g., MMT
have shown that they can be used to replace expensive CB as reinforcement filler in
vulcanized rubber in very low loading weights. The clay improves the aging of the
rubber by prolonging its durability and it can increase the stiffness of the rubber tires
greatly [104]. To improve the properties of thin films and fibers, nanoclay has been
added with tremendous improvement. The most preferred method used was melt
intercalation and electrospinning where fibers with improved mechanical properties
were realized [25]. Superior properties, biocompatibility, and ease of fabrication,
layered silicate clay reinforced nanocomposites have been used as dental adhesive
reinforcing fillers compared to the established nondegradable fillers. Its durability to be
used as a dental filler adhesive was shown through the fact that the shear bond was
much superior for the nanoclay reinforced adhesive [5]. Nanoclay is also increasingly
being used to modify bitumen in order to improve its properties. Jahromi et al. [27] and
his colleagues showed that it can lead to high stability, high indirect tensile strength,
resilient modulus, and superior performance compared to the unmodified bitumen
under dynamic creep loading and low fatigue properties in low temperatures. The
larger surface area and aspect ratios of the particles are responsible for these
improvements. NR filled with nanoclays have also shown better improvement in fire
resistance, hence the materials can be used as fire retardants, which are cheaper and
less toxic than other conventional fire retardants such as fluorinated polymers [29].
Gas barrier properties are an important performance characteristic of rubber products
due to their operation in highly compressed air in air springs, cure bladders, and tire
inner-tubes. Nanoclays have shown better performance in the food and beverage
industry as an enhancement in barrier properties of the composite. Isobutylene–iso-
prene rubber (IIR) reinforced with nanoclays can meet the high gas barrier require-
ments of industries like high-vacuum systems, aerospace, and aircraft where there are
reduced gas permeability required standards [38]. The demands for better food
packaging materials with improved gas barrier properties that satisfy the safety
requirement have led researchers to turn to natural materials. Biopolymers are touted
as the best materials for this revolution, however, their biggest hindrance is in their
inherent permeability to vapor and gases, poor barrier to gases, and poor mechanical
properties. Nano-reinforced materials are seen as the solution to this problem.
Nanoclay-reinforced biopolymers have shown great promise in the food and pack-
aging industry with enhanced barrier properties [45]. Nanoclay reinforced nanocom-
posites have also been used to improve the scratch resistant and adhesion properties of
the composites as shown by Mohamadpour et al. [46] where there was a substantial
improvement in these properties depending on the loading weight of the nanoclay.
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9 Conclusion

In this chapter, various reinforcing routes for NR and cellulose-based nanocom-
posites have been explored. It is a well-researched area and much more work is still
ongoing. A general observation showed that there is a vast improvement in
mechanical, chemical, and physical properties of resulted nanocomposites due to
addition of all the mentioned polymer reinforcing nanofillers. The improvement
was noticed to highly depend on the weight of the nanoparticles in the NR polymer
matrix. It was also observed that different types of nanoclays lead to varying
improvement depending on the types of functionalization or surface modification.
However, in general, functionalized nanoclays do indeed perform better. A major
problem that still presents a challenge in the use of nanocellulose is through its
hydrophilic nature, though there are some promising results from surface modifi-
cation. It was also shown that small amounts of nanoclays can be used to provide
the same or better quality compared to the considerable amount needed of CB to
reinforce NR. Furthermore, hybrid cellulose/nanoclays also lead to high improve-
ment of the final nanocomposites.
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Hydrogels Nanocomposites Based
on Crystals, Whiskers and Fibrils Derived
from Biopolymers

André R. Fajardo, Antonio G.B. Pereira and Edvani C. Muniz

Abstract The advent of nanotechnology has provided new insights of applications
of well-known materials due to the exceptional properties owing to the nanoscale.
As an example, nanocomposites based on polymer matrix and nanoscale fillers have
appeared as good candidates in a broad range of applications. Such scenery can be
credited to the use of new and multifunctional fillers that provide distinct and
substantial features to the nanocomposites. Recent trends on the nanocomposites
field show that crystalline biopolymers, such as cellulose, chitin, and starch, are an
excellent source of fillers, especially nanocrystals like fibrils, whiskers, and plate-
lets. The incorporation of such fillers in different matrices (e.g., crosslinked poly-
meric network) has demonstrated outstanding improvement of several properties,
such as mechanical, water uptake capacity, thermal, optical, etc. Furthermore,
crystals, fibrils and whiskers can induce desirable properties in the final materials
(e.g., solute retention or release, crystallinity, biodegradability, biocompatibility,
antibacterial activity, etc.). This chapter condenses the relevant works regarding the
preparation of polysaccharide-based crystals, whiskers, and fibrils, their application
in the development of hydrogel nanocomposites as well as the future trends of this
area.
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1 Introduction

The first Industrial Revolution, at the end of eighteenth century, has triggered the
development of technological research and the obtention of novel materials. The
challenges today are focused on adapting the available technology to produce
desirable responses from a material or a process with the minor onus (e.g., low cost
and high efficiency). One of the most brilliant methods created to answer such
condition is the nanotechnology. Nanotechnology, in general lines, is the science
that treats the matter at the molecular level. It means that new materials; substances,
and products are formulated in this field with atomic accuracy [97, 98]. The direct
results are the obtention of a wide range of desirable properties and unlimited
possible applications. For example, the materials prepared or obtained in nanosized
scale (particles, aggregates, or agglomerates where at least or more than 50 % show
size dimension between 1 to 100 nm) have been utilized in hundreds applications.
Nanomaterials have been included in various commercial products (e.g., dentifrices,
batteries, paints, clothes, etc.) in order to increase, modify or even create new
features [18, 154, 155]. Several fields, such as medical, optics, electronic, bio-
technology, energy, and environmental have benefited a lot from nanomaterials
[18]. The association of different classes of materials, such as polymers (synthetic
or natural), ceramics, and metals and nanosized fillers allows preparing high-per-
formance nanocomposites materials [54, 141, 153]. The term nanocomposite
defines a multiphase solid material with one of the phases in the nanosized
dimension [165]. In other words, it is the combination of a solid bulk matrix and
nanodimensional phases differing in properties due to dissimilarities in structure
(morphological, chemical, and dimensional) and physicochemical features. As a
consequence, the nanocomposite properties will markedly differ from the individual
components. For instance, in mechanical terms, nanocomposites could present
better performance than traditional composite materials due to the outstanding high
aspect ratio presented by the nanomaterials (also known as “filler”) incorporated
into the bulk matrix [27, 68]. Another aspect is that the interface area between the
matrix and the filler phase(s) is typically an order of magnitude greater than that for
conventional composite materials.

Taking into account that nanosized fillers can be prepared/obtained from
numerous organic (polymer) and inorganic (metals, oxides) sources [68, 82, 119,
155, 191, 199], they vary in relation to the size, chemical composition, shape,
surface area, production cost, and toxicity. Crucial aspects that must be considered
are the (bio)availability of the source and the toxicity and cost of chemicals
involved in the preparation of the fillers. Biopolymers are quoted currently as
potential candidates to extract fillers to form nanocomposites due to issues such as
biodegradability, low cost, nontoxicity, relatively reactive surface, etc.
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1.1 Biopolymers

Biopolymers are polymeric macromolecules produced by living organisms.
Polysaccharides (e.g., cellulose, starch, and chitin), proteins and peptides, and
nucleic acids (DNA and RNA) are examples of biopolymers [105, 108]. Some of
them, such as cellulose and chitin, are the most abundant biopolymers on earth
[166–170]. The main difference between the conventional polymers and biopoly-
mers can be credited to their structure [181–183]. Repeating units form both
polymer and biopolymers; however in most of the cases, biopolymers show a well-
defined three-dimensional structure, while the conventional polymers do not [173–
177]). The exact chemical composition and well-defined sequence in which the
repeating units are organized are characteristic of the primary structure of the
polymer. Many biopolymers show a complex structure, which defines biologic
activity for instance [105]. Biopolymers can show very complex folding patterns,
included secondary and tertiary structures, both based on the properties of the
primary structure [163]. On the other hand, the conventional polymers, such as the
synthetic ones, show a simple and random (stochastic) structure [19]. Therefore,
such class of polymers shows a typical molar weight distribution, which is not
observed for the biopolymers. However, a well-defined structure presented by
biopolymers contributes to decreasing their range of molar weight distribution,
which results in higher monodispersity. Such characteristic is contrasting with
synthetic polymers, which can present high polydispersity [19].

Biopolymers have been extracted and purified for several finalities (food,
commercial, industrial, etc.) and at the same time some of them are studied in
different areas. These studies include the development/obtention of novel materials
to replace the oil-based ones (e.g., synthetic polymers, elastomers, etc.), which
show, in general, high-cost production, low availability, environmental problems,
etc. [178–180]. The main drawback to replace the oil-based materials is to develop
materials with similar, interesting properties. Several efforts in this sense have been
done. The novel nanocomposites, especially those based on biopolymers, are
suitable candidates to this challenge. Biopolymers have replaced synthetic polymers
in some application and also have been associated to them, resulting in composites
materials [101, 156, 204]. This last strategy is convenient and highly reliable to
enhance or induce some specific properties (e.g., thermal, mechanic, absorbing,
etc.) [9, 14]. The incorporation of biopolymers in synthetic polymeric matrices,
generating a polymer blend, may improve biodegradability and biocompatibility
[126, 136]. Such attractive profile has attracted the interest of several researchers,
and as a consequence the number of manuscripts published in this field has grown
considerably in the last years.

Currently, biopolymers are being used as a source of nanofillers to be included in
distinct bulk matrices [74, 114]. For example, biopolymers with fibrous charac-
teristics have been incorporated with exceptional success in thermoplastic resins as
polyvinyl chloride or polyethylene [106]. Such reinforcing fibers lead to two sig-
nificant improvements: lighter final material because the filler density is, in general,
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lower than the matrix density; and the enhancement of mechanical properties [186].
Despite this favorable scenery, sometimes a good dispersion of biopolymer fillers in
the polymeric matrix is not achieved. The fillers proceeding from biopolymers have
hydrophilic features due to their polar functional groups (charge density), while the
polymeric matrix is hydrophobic, as consequence of their nonpolar groups [96–99].
Innovative strategies to overcome this undesirable effect have been described by
several authors. Among those strategies, the controlled chemical modification of the
fillers surface has been performed, in order to increase the interfacial compatibility
between the polymeric matrix and filler [104, 158].

The good results presented by the use of fibers and short coir fibers, as rein-
forcement fillers, have encouraged today their use to produce alternative low-cost
composite materials for structural and nonstructural applications (i.e., automotive,
packaging, and building applications, rubber technology, furniture and consumer
goods) [12, 141, 152]. In the last decades, the fibers have received massive support
from others nanomaterials, also proceeding from biopolymers, to form suitable
composite materials [178–180]. Nanocrystals, nanofibrils, and nanowhiskers have
been extensively used to prepare nanocomposites with excellent thermal,
mechanical, barrier properties, and reactive surface compared with conventional
materials and composites [34, 87, 100]. Outstanding data about these superior
properties are related in the literature even when low levels of such nanomaterials
are utilized. Additionally, promising researches show that the incorporation of
nanomaterials like fibrils, crystals, and whiskers, increases the levels of recycla-
bility, transparency, and low weight of the final composite materials [178–180]. All
these desirable aspects, associated with all the above-mentioned advantages allow
inferring that biopolymers are the most exciting and encouraging source for
nanomaterials to act as fillers in composite materials.

2 Crystals, Whiskers and Fibrils Derived
from Biopolymers

Biopolymers can be separated into three main classes according to the monomeric
units that build their structure: polynucleotides (i.e., nucleic acids); polypeptides
(i.e., short polymers based on amino acids); and polysaccharides. Polysaccharides
are polymeric carbohydrate macromolecules composed of long chains of mono- or
disaccharide units bound together by glycosidic linkages [105, 108]. In general, the
hydrolysis of polysaccharides gives their mono-, di-, or oligosaccharides constit-
uents units. From the structural aspect, polysaccharides range from linear to highly
branched structures and their quite heterogeneous characteristics (with slight
modification on the repeating units) can drive to crystalline or amorphous
arrangements [56, 79]. Such modifications can promote even the insolubility of
some polysaccharides in water. When all repeating units in a polysaccharide
backbone are the same residue, it is classified as homopolysaccharide or
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homoglycan; however when more than one residue are present they are called
heteropolysaccharides or heteroglycans [56, 79]. The most important and abundant
polysaccharides are starch, cellulose, chitin, and chitosan.

2.1 Starch

Starch, the energetic reserve of the most part of green plants, is probably the second
most abundant polysaccharide next to cellulose in nature [117]. The word “starch”
derives from sterchen, meaning to stiffen. Starch grains from the rhizomes of Typha
(cattails, bulrushes) as flour have been identified from grinding stones in Europe
dating back to 30,000 years ago [143]. Starch grains from sorghum were found on
grindstones in caves in Ngalue, Mozambique dating up to 100,000 years ago. Pure
extracted wheat starch paste was used in Ancient Egypt possibly to glue papyrus.
The extraction of starch is first described in the history around AD 77–79. Romans
used it also in cosmetic creams, to powder the hair and to thicken sauces. Persians
and Indians used it to make dishes similar to gothumai wheat halva. Rice starch as
surface treatment of paper was used in paper production in China, from AD 700
onwards.

All the potentialities of this useful polysaccharide have been explored for years
by food industries and the technological fields. Starch presents very attractive
properties such as good nutrition facts, natural abundance, nontoxicity, biocom-
patibility, and biodegradability. Nowadays, the primary sources of starch are the
cereal and root crops (rice, maize, wheat, potato, and cassava). Starch is mainly
composed of two homopolysaccharides: amylose and amylopectin [58, 107]. These
homopolysaccharides have the same repeating units that are linked in linear and
branched fashion [201].

Amylose is a linear homopolysaccharide composed of α-(1,4)-D-glucopyranosyl
units, in which slightly branched points may occur. Due to its simpler polymeric
structure, amylose has tendency to assemble into a regular pattern forming crystals.
On the other hand, amylopectin is the highly branched component of starch formed
mainly by D-glucopyranosyl units joined together through α-(1,4) linkages.
However, 5–6 % of α-(1,6) linkages can be found at the branching points [16]. The
high branching structure confers to amylopectin a molecular weight that is ca. 1000
times greater than those presented by amylose. Besides these two main components,
starch could present in some particulate material (i.e., cell wall fragments) and
surface and internal components (i.e., proteins, enzymes, lipids, amine, and nucleic
acids) [8, 16].

Both homopolysaccharides that form starch has large number of hydroxyl
groups on their backbones, which drive to a high number of hydrogen bonds. Such
bonds keep the starch chains hold together in an ordered manner that results in
crystalline regions alternated by less-ordered amorphous starch chains. The pres-
ence of the crystalline regions is also credited to the intertwining of amylopectin
side-chains, which is affected by amylose distribution in the starch granules [125].
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Depending on the botanical origin of starch, the amylose chains can occur in the
granule as individual molecules (amorphous regions), randomly interspersed among
or in bundles between amylopectin clusters (amorphous and crystalline regions).
Additionally, amylose can occur co-crystallized with amylopectin chains.
Depending on their X-ray diffraction pattern, reflecting long-range ordering in the
granule, starches are categorized in three crystalline types (polymorphs) called A,
B, and C [90]. Such characteristics allow developing very attractive nanomaterials
from starch like starch nanocrystals, which are crystalline platelets, prepared by the
acid or enzymatic hydrolysis of amorphous moieties of the starch backbone. Some
studies showed that despite the influence of the botanical origin on the starch final
properties, different sources could provide nanocrystals with similar size and
crystallinity [88, 89]. The acid hydrolysis carried out in the amorphous moieties,
composed majorly of amylose, results in particles with square-like morphology
about 10 nm thick and 50-100 nm equivalent diameters. This morphology is pre-
dominant when the initial amylopectin content and A-type crystallinity increase.
However, it is worthy to say that although the nanocrystals crystallinity is higher
than that of their corresponding native starches, they are not fully crystalline [90].

Starch nanocrystals are currently applied in bio-based nanocomposites formu-
lation, in order to improve the mechanical, thermal, swelling, and barrier properties
of different polymeric matrices, especially those that fit the actual environmental
concerns [69, 71, 96–99]. The inclusion of starch nanocrystals in the polymeric
matrix has been done basically by: (i) mixing an aqueous suspension of starch
nanocrystals and the polymer solution; (ii) vacuum degassing; (iii) water evapo-
ration (casting process); and (iv) film formation [96–99]. Various works indicate
that the starch nanocrystals content in the resultant composites ranged from 2 to 50
wt% [96–99]. Inside the polymeric matrix, the starch nanocrystals can form three-
dimensional networks through hydrogen linkages between the starch nanoparticles
cluster and also to favorable interactions between the matrix and filler. Such par-
ticulars promote miscibility and dispersion of the starch nanocrystals in the poly-
meric matrix. Additionally, the incorporation of starch nanocrystals into polymer
matrices with some shortcomings (i.e., high cost, non-biodegradability, non-bio-
compatibility, etc.) should ameliorate them to some degree. Some works report the
chemical modification of starch nanocrystals surface in order to enhance their use as
filler materials in different synthetic or natural polymeric matrices [30, 87, 114].
The success of starch nanocrystals as filler can be credited to its intrinsic rigidity,
morphology, strong interfacial interactions, ability to organize percolated networks,
and simple preparation method.

2.2 Cellulose

Cellulose, the most abundant polysaccharide on earth, has been exhaustively
studied as a source of fillers for developing novel nanocomposites. Cellulose was
discovered in 1838 by the French chemist Anselme Payen, who isolated it from
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plant material and determined its chemical formula. Payen also established the word
“cellulose,” derived from the latin word “cella” (from celare that means to hide;). It
was used to denote a small compartment, such as the cell of a honeycomb or a
storeroom. The diminutive of “cella” is cellula, which is a frequent prefix (cellulo)
in English scientific words, and gives us cellulose, full of little cells. Hermann
Staudinger determined the structure of cellulose in 1920 [78]. Kobayashi et al.
chemically synthesized cellulose without the use of any biologically derived
enzymes in 1992 [80].

Cellulose is composed of D-glucopyranose units held together by β-(1,4) gly-
cosidic linkages, which contrasts with the α-(1,4) glycosidic linkages present in the
most part of the polysaccharides. Cellulose presents linear chains, unlike starch,
with average molar mass ranging from 104 to 106 g/mol, depending on the source.
Such chains adopt an extended and stiff rod-like structure, aided by the equatorial
conformation of the glycosidic units. Many properties of cellulose depend on its
degree of polymerization. Cellulose from wood pulp, for example, has typical chain
lengths between 300 to 1,700 glycosidic units; cotton and other plant fiber as well
as bacterial cellulose have chain lengths ranging from 800 to 10,000 glycosidic
units [78]. Chains with small lengths result from the breakdown of cellulose and are
known as cellodextrins. In contrast to the long chain of cellulose, cellodextrins are
typically soluble in water and organic solvents.

Cellulose is found in nature as a structural component in the primary cell wall of
plants, algae, and bacteria [164]. In plants, the primary cell wall consists of three
central regions, and each region has lignin, hemicellulose, and cellulose microfibrils
(30–90 %, according to the source) as the principal components [149] (see Table 1).
In plants, cellulose gives rigidity to the cells. It is estimated that 1012 tons of
cellulose are photosynthesized every year [78].

As a natural polymer, cellulose is biodegradable, biocompatible, renewable, and
affordable. Therefore, it has been used in many different fields including paper
industry and fabrics [70], gunpowder and propellants [11] and food additives
(anticaking agent, emulsifier, stabilizer, dispersing agent, thickener, and gelling
agent) [17] for decades. More recently, cellulose found applications in the
nanomaterials field [51] and in the production of bioethanol [24].

Table 1 Percentage of cellulose, hemicellulose, and lignin from different botanic sources [47]

Source Cellulose (%) Hemicellulose (%) Lignin (%)

Wheat straw 35.80 26.80 16.70

Sweet sorghum 44.60 25.30 18.00

Alamo wood 48.80 17.30 27.70

Corn stover 36.40 22.60 16.60

Corn ears 38.50 32.80 18.70

Rice straw 35.62 11.96 15.38

Bean straw 30.64 23.14 9.35
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Cellulose presents three hydroxyl groups in each sugar residue and, as a linear
polymer, the interchains H-bond interactions occur at high level and, as a conse-
quence, cellulose is found in nature as a highly crystalline polymer with crystal-
linity index as much as 80 % [131]. Differently to starch, cellulose is much more
crystalline. Whereas, starch undergoes a crystalline to amorphous transition in
water in the temperature range of 60–70 °C, cellulose undergoes the same transition
in water close to 320 °C and high pressure. Cellulose possesses several different
crystalline structures, which can be assigned to the location of hydrogen bonds
between and within strands. Natural cellulose is denoted as cellulose I, with
structures Iα and Iβ [121, 122]. These two structures have the same fiber repeating
distance (1.043 nm for the repeat dimer interior to the crystal, 1.03 nm on the
surface but differing displacements of the sheets) relative to one another. Cellulose
produced by bacteria and algae is enriched in Iα while cellulose of higher plants
consists mainly of Iβ. Cellulose from regenerated cellulose fibers is denoted as
cellulose II. In this case, the structure shows an antiparallel arrangement of the
strands and intermolecular and both intra and intersheet hydrogen bonding. The
conversion of cellulose I to cellulose II is irreversible, suggesting that cellulose I is
metastable and cellulose II is stable. With various chemical treatments, it is possible
to produce the structures cellulose III and cellulose IV [135]. The high crystallinity
renders cellulose insoluble in most common solvents, and therefore prevents many
of its potential applications [6]. Water cannot penetrate crystalline cellulose but dry
amorphous cellulose absorbs water becoming soft and flexible. Some of this water
is nonfreezing, but most is just trapped. Less water is bound by direct hydrogen
bonding if the cellulose has high crystallinity but some fibrous cellulose products
can hold a considerable amount of water in the pores and its typically straw-like
cavities; water-holding ability correlating well with the amorphous (surface area
effect) and void fraction (that is, the porosity). The preparation of nanofibrils and
nanowhiskers from cellulose, which are easily dispersed in water, is an interesting
way to overcome the solubility restrictions [57]. Cellulose micro- and nanofibrils
are substructural elements of cellulosic fibers that can be mechanically disintegrated
from the cell wall matrix. Recent enzymatic or chemical pretreatments combined
with mechanical disintegration process of the fibers produce stable and homoge-
neous nanofibrils, which show outstanding potential for many technological
applications [74]. Noteworthy, the size and nature of these native cellulose nano-
fibrils make these structures amenable to the manufacture of robust thin films and
bio-based nanocomposites [74, 203].

The most crystalline form of cellulose is the nanowhiskers, which are shorter
than the nanofibrils. Cellulose nanowhiskers are isolated from microcrystalline
cellulose using acid hydrolysis or sonication process [34]. So, it is usual to submit
cellulose to a previous delignification process. Cotton, bamboo, and wood are the
most usual sources of cellulose to produce nanowhiskers. As a result, nanowhiskers
crystallinity and size dimension are dependent of the botanical source of cellulose
and preparation method. In the last decade, several research groups have focused
efforts on developing new methodologies to prepare cellulose nanowhiskers from
different botanic sources. Additionally, a huge number of works have been
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published in literature regarding the incorporation of cellulose nanowhiskers in
polymeric and composites matrices [32, 160, 189]. Such enthusiasm is due to the
innumerous advantages that cellulose nanowhiskers show in relation to the con-
ventional inorganic nanosized materials. Simple methodology, low-cost cellulosic
feedstock, and mechanical properties compared to those presented by the carbon
nanotubes and inorganic nanofibers, fact that allows cellulose nanowhiskers to be a
promising filler material.

2.3 Chitin and Chitosan

Further starch and cellulose, chitin and its derivative chitosan have been extensively
utilized to prepare nanosized fillers [134]. Chitin was the first polysaccharide dis-
covered and after cellulose is the second most abundant biopolymer in nature being
found among the kingdoms of Fungi, Plantae (plants), and Animalia (animals).
Some chitin sources are shown in Table 2.

Chitin (first called as fungine) was first isolated in 1811 by Henry Braconnot, a
French scientist during his experiments with mushrooms had found an insoluble
fraction in acid and bases on their cell walls. Afterward, on 1823 August Odier
found the same compound in the cuticles of insects and called it chitin [76]. The
word chitin derives from French “chitine” that in your turn is from the Greek
“khiton” or “chiton”, which means protection or wrapping. Although it had been
found in 1811, the chitin structure was described only in 1929, almost one century
after, by the Swiss chemistry, Albert Hofmann. Chitin is a linear polysaccharide
formed by N-acetyl-D-glucosamine units hold together by β-(1,4) glycosidic link-
ages. In nature, it occurs as ordered crystalline microfibrils forming structural
components in the exoskeleton of crustaceous, mollusks, and insects or in the cell
walls of fungi and yeast [26, 146]. The chitin content in a living organism can vary
from 3 to 40 % according to the specimen. Table 3 shows some data about the
composition of different sources utilized to extract the chitin [83].

Table 2 Chitin main sources
[146]

Sea animals Insects Microorganisms

Annelida Scorpions Green algae

Mollusca Spiders Yeast (β-type)

Coelenterata Brachiopods Fungi (cell walls)

Crustaceans Ants Mycelia penicillium

Lobster Cockroaches Brown algae

Crab Beetles Spores

Shrimp Chytridiaceae

Krill Blastocladiaceae

Ascomydes

Hydrogels Nanocomposites Based on Crystals, Whiskers and Fibrils … 51



The structure of chitin is comparable to cellulose because both polysaccharides
have the same supporting function in the organism in which they are present. The
difference between these two polysaccharides is the acetamide group attached at C2
carbon of the chitin.

Among several properties of chitin, its nontoxicity, biodegradability, and bio-
compatibility are the most relevant [146]. Due to these features, this polysaccharide
has been widely used in biomedical and pharmacological applications. Chitin
shows a rigid crystalline structure and depending on the source (crabs or shrimps,
for instance) it can occur as two allomorphs, namely the α and β forms, which can
be differentiated by infrared and solid-state NMR spectroscopy together with X-ray
diffraction analysis [150]. Both α and β forms of chitin are insoluble in water or the
usual organic solvents. Despite natural crystallinity variations, the insolubility is the
major problem preventing further development of processing and uses of such a
polysaccharide. Besides this limitation, the crystallinity of chitin allows preparing
nanofibers from prawn shell by a simple grinding treatment after the removal of
protein and minerals under neutral pH conditions. Chitin nanofibers are highly
uniform and the width ranges from 10 to 20 nm [65].

Several derivatives are synthesized from chitin; among them the most important
is chitosan. Despite the occurrence in nature of partially deacetylated chitin (with a
small content of glucosamine units), chitosan is obtained by partial (or total)
deacetylation of chitin in the solid-state under alkaline conditions (concentrated
NaOH) or by enzymatic hydrolysis in the presence of chitin deacetylase [42, 146].
The main parameters that influence all the chitosan properties are the molecular
weight and deacetylation degree [75]. Such parameters are straightly determined by
the conditions used in the chitosan preparation. Chitosan is insoluble in water as
chitin; however, its solubilization can be obtained at acidic conditions. At low pH,
the amino groups of chitosan are protonated, which increases the electrostatic
repulsion among the chains allowing their solvatation by water molecules [36]. In
the solid state, chitosan is a semi-crystalline polysaccharide with many polymorphs
according to the literature [20, 146]. Single crystals of chitosan have been obtained
using fully deacetylated chitin of low molecular weight, for instance. Chitosan
shows similarly as chitin, nontoxicity, biocompatibility, biodegradability, hemo-
static potential, antibacterial and antitumoral activity, and good film-forming

Table 3 Composition of different sources of chitin [83]

Source Chitin (%) CaCO3 (%) Proteins (%) Lipids (%)

Crab 15–30 40–50 15 2–5

Shrimp 30–40 20–30 35 5–10

Krill 20–30 20–25 – –

Squid pen 20–40 Insignificant – –

Clams 3–6 85–90 – –

Insect 5–25 Insignificant – –

Fungi 10–25 Insignificant 5–10 5–10

*Values referent to the dry mass
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properties [137]. Furthermore, the amino and hydroxyl groups of chitosan are
placed in adjacent positions, which confer a chelating feature to this polysaccharide.
The use of chitosan to formulate materials to remove metals, ionic compounds and
dyes from contaminated wastewater is encouraged [28, 35].

For decades, both chitin and chitosan have been used to design the most sorts of
materials for applications ranging from environmental treatments to tissue engi-
neering [137, 146]. Recently, these polysaccharides have attracted attention as
significant sources of nanosized fillers for innumerous polymeric matrices [30, 65,
114]. Nanofibrils and nanowhiskers can be prepared from chitin or chitosan by
breaking down their structures in crystalline nanofragments [65, 114]. Such fillers
can be obtained with specific shapes or self-assembling of basic building blocks due
to chain cleavage, which occurs at random location. This forms rod-like or spindle-
like particles that tend to align cooperatively and to develop rigid structures [94,
114]. A brief research in the literature shows that chitin and chitosan nanowhiskers
have been used as reinforcing additives for high-performance environment-friendly
biodegradable nanocomposite materials. For example, as biomedical composites for
drug and gene delivery, nanoscaffolds in tissue engineering, nanostructures for
medical and veterinary applications, cosmetic, and orthodontics [114, 118]; Zeng
et al. 2012. According to the biological source of chitin and taking into account the
methodology used to prepare chitosan, the resultant nanowhiskers can be use in
antitumor application and immune-modulating activity [62, 114].

The next sections present the most popular methodologies that have been used to
prepare nanosized fillers from cellulose and their main applications as well as the
cut-edging technologies that are being developed.

3 Hydrogels Nanocomposites

Nature has found many different ways to overcome structural limitations during the
history of evolution from early prokaryotes to the complex living systems that are
found nowadays. This fact is supported by the knowledge of very rigid and tough
natural materials, such as; the stiff exoskeleton that protects the fragile internal
structures of arthropods [138], or the plant cell walls [124] that provide enough
strength for giant trees from North America like sequoia (sequoias sempervirens) to
grow as high as 115 meters or the bones that compose the internal skeleton of
vertebrates from the tiny frog (paedophryne amauensis) of only 7.7 mm found in
Papua New Guinea [147] to the extinct predator Tyrannosaurus Rex having ca.
13 m in length [61] and to the robust Blue whales (balaenoptera musculus) having
incredible average size of 26 m [15]. Under detailed scrutiny, researchers have
discovered that although composed of different substances, all these supporting
materials (exoskeletons, bones, and plant cell walls) are naturally constructed based
on the same principles. About them, the crystalline phases or mineralized particles
are dispersed (or chemically bound) into a polymer matrix, and are considered
nanocomposites [73, 145, 187]. The term nanocomposite was defined in earlier
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sections, and it is considered as a multiphase material in which one of the phases
has at least one of the dimensions ranging from 1 to 100 nm.

Understanding structure/properties relationship of such high-performance natu-
ral materials is a rational pathway to develop biologically inspired nanocomposites
to the most diverse ends. Nature provides inestimable sorts of resources, and it is an
excellent platform for nanomaterials. Taking into account healthy and environ-
mental concerns that have risen in the last years from non-biodegradable synthetic
polymers or the conventional inorganic fillers owing to the fact that many pre-
cursors are toxic and expensive [172], biopolymers such as cellulose, chitin, and
starch are promising candidates for preparing crystalline biocompatible and bio-
degradable nanofillers that could replace the use of inorganic nanoparticles in some
applications for preparing nanocomposites [41]. However, the reader should have in
mind that polysaccharide nanocrystals have broader applications than replacing
inorganic nanofillers as it is pointed out in this chapter.

More recently, there has been an increasingly interest in the development of
hydrogel nanocomposites, in which the reinforcement phase is composed of
polysaccharide nanocrystals since such nanofillers can improve mechanical, ther-
mal, and optical properties [10, 132] as well as the water uptake response to
external stimuli. Hydrogels are regarded as physically or chemically crosslinked
polymeric chains capable of absorb and retain water and/or other aqueous fluids
without dissolving, and are still considered one of the most important branches of
the polymer science field. This status is supported by the fact that hydrogels may
find application in ordinary utensils like a diaper [123] or soil conditioner beads for
plants [120] as well as in more sophisticated technologies such as in drug delivery
systems [81, 133], in gene delivery [93, 95], in tissue engineering [91], in sepa-
ration science [205], in wound dressing [113], in sensors [184], among others.
Reports focusing on the different aspects of development and application of
hydrogel and hydrogel composites can be found in the scientific literature [2, 13,
23, 67, 84, 128, 148]. Therefore, this chapter condenses the most relevant works
regarding the preparation of polysaccharide nanocrystals, their application in the
development of hydrogel nanocomposites as well as the future trends of the area.

3.1 Based on Cellulose Nanocrystals

The recent development of nanotechnology has offered new possibilities of cellu-
lose exploitation such as the preparation of cellulose nanoparticles; e.g., cellulose
nanocrystals (CNC) and cellulose nanofibers (CNF), or both. A quick search at
Web of Science © database under the topic “cellulose nanocrystals” revealed more
than 1,000 published papers (164 paper only in the first half of 2014) illustrating the
importance of such a topic in academia and industry.

Both CNC and CNF could be derived from botanical, animal, or bacterial cel-
lulosic sources [45, 63, 190]. In general, the extraction of cellulose from the bio-
mass may involve the use of organic solvents for removing waxes, alkali treatment
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for removing hemicellulose, and other soluble polysaccharides followed by
bleaching to eliminate lignin and polyphenols [109]. CNC are obtained by
removing the amorphous phase, usually by acid hydrolysis in which H2SO4 is the
most common acid, resulting in highly crystalline nanoparticles. On the other hand,
CNF are obtained by different methodologies (e.g., mechanical disintegration,
2,2,6,6-tetramethylpiperidine-1-oxil radical-mediated oxidation, enzymatic hydro-
lysis, etc.) as a mixture or both crystalline and amorphous domains [64, 195]. CNC
and CNF have been prepared by different sources and the most common are cotton
[115], wood pulp [66], and tunicates (sea animals) [4]. However, many other
sources have been reported as basis for preparing CNC and CNF such as sugarcane
bagasse [171], algae [59], sisal fibers [157], banana plant [116], jute fibers [139],
straw [142], and bamboo [188], among many others. CNC is derived as slender
rods of few nanometers wide (* 10-50 nm) and hundreds of nanometers long, but
shorter than CNF, which can reach a few micrometers in length. It has been
reported that CNC isolated from chardonnay grape skins presented as spherical
nanoparticles (up to 100 nm) composed of a core-shell structure of self-assembled
50 nm long cellulose nanorods surrounded by cellulose nanofragments of less than
5 nm formed due to strong interfacial hydrogen bonds [102]. As the native cellulose
fibrils dimensions and amount vary, the source and method of isolation have a
substantial effect on the size of nanocrystals. For instance, cellulose nanocrystals
from tunicates were found to have up to 2 µm in length and are significantly longer
than those obtained from different sources such as cotton or wood pulp which may
vary between 100 and 300 nm in length [4]. Table 4 shows dimensional aspects of
CNC obtained by acid hydrolysis from various sources and exemplifies the effect of
source and reaction conditions on nanocrystals size. Controlling reaction time and
temperature are paramount to obtain consistent hydrolysis of amorphous regions or
less-ordered chains without promoting damage to the crystalline phase.

CNC and CNF have been used in the preparation of nanocomposites in the most
diverse fields. Many review papers referring to methodologies, issues involved for
preparing CNC and CNF, chemical modification of nanocellulose and applications
of both CNC and CNF can be found in the literature [21, 29, 31–33, 51, 63, 85, 86,
109, 158]. Therefore, the development and the chemical modification aspects of
CNC and CNF are not discussed in details in this chapter, which will be devoted to
the main features of hydrogel nanocomposites based on CNC and CNF as
reinforcement.

CNC have been incorporated into hydrogels aiming at improved mechanical
properties due to its low density, to its excellent axial and transverse elastic moduli
(150 and 10–50 GPa, respectively) and to the ability of forming a network into the
matrix through hydrogen bonding, also known as percolation effect. Han et al. [52,
53] prepared hydrogels based on poly(vinyl alcohol) and borax reinforced with
nanocellulose. Alkaline (20 wt% NaOH, 4 h) pretreated wood fibers were acid
hydrolyzed (64 wt% H2SO4, fiber-to-acid ratio of 1:20, 45 °C, 1 h) followed by
high-pressure (207 MPa) homogenization (at a rate of 135 mL/min for five passes)
to generate CNC (length: 149 ± 40 nm; width: 9 ± 2 nm; 66 % crystalline). CNF
(length: 732 ± 208 nm; width: 21 ± 7 nm; 58 % crystalline) were prepared using all
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the same conditions for CNC, but at 48 wt% H2SO4. Nanocellulose-PVA-Borax
hydrogels (2 wt% PVA; 0.4 wt% borax; 1 wt% CNC or CNF) were prepared by
dissolving 0.1 g of borax in 1 wt% nanocellulose aqueous suspension followed by
addition of 0.5 g of PVA. The reaction remained at 90 °C for 2 h and then cooled to
room temperature. The incorporation of nanocellulose enhanced the compressive
strength and viscoelasticity of the hybrid hydrogels. In this case, the crystalline
nanocellulose can act as a multifunctional crosslinking agent acting both physically
or chemically. It was demonstrated that crosslinking density, viscoelasticity, and
stiffness of hydrogels were improved as the aspect ratio (length/width ratio)
increased at a cost of loss of transparency (mean transparency of 51.0 % for CNC).
The free-standing, high elasticity, and moldable hydrogels exhibited self-recovery
under continuous step strain, and thermo-reversibility under temperature sweep
have potential of applications including artificial muscles, bioactuators, soft
machines, tissue scaffolds, and drug delivery devices.

McKee [110, 111] prepared thermo responsive hydrogels based on methylcel-
lulose (Mn = 86 kg/mol, DS of 1.78) physically crosslinked by cellulose nano-
crystals with tunable mechanical properties. CNC (dimensions not informed) were
isolated from ground Whatman ashless filter paper by acid hydrolysis (64 wt%

Table 4 CNC obtained by acid hydrolysis from different botanic sources

Source Methodology Length
(nm)

Width
(nm)

Reference

Sisal fibers Acid hydrolysis (40 min, 60 wt% H2SO4, 50 °C) 215 ± 67 5 ± 1.5 [157]

Sisal fibers Acid hydrolysis (15 min, 65 wt% H2SO4, 60 °C) 250 ± 100 4 ± 1 [44]

Sisal fibers Acid hydrolysis (50 min, 65 wt% H2SO4, 50 °C) 195 15 [1]

Sugarcane
bagasse

Acid hydrolysis (30 min, 60 wt% H2SO4, 45 °C) 255 ± 55 4 ± 2 [171]

Sugarcane
bagasse

Acid hydrolysis (180 min, 64 wt% H2SO4, 40 °

C)
247 ± 32 10 ± 3 [159]

Sugarcane
bagasse

Enzymatic hydrolysis followed by sonication 84–300 2–12 [25]

Cotton Acid hydrolysis (300 min, 64 wt% H2SO4, 50 °

C)
248 – [37]

Cotton Acid hydrolysis (45 min, 60 wt% H2SO4, 45 °C) 94 ± 31.6 21 ± 5.5 [194]

Alamo
switchgrass

Acid hydrolysis (45 min, 60 wt% H2SO4, 45 °C) 148 ± 42.1 21 ± 4.3

Maize Straw Acid hydrolysis (150 min, 60 wt% H2SO4, 25 °

C)
388 ± 43 19 ± 2 [142]

Banana plant Acid hydrolysis (30 min, 11 M H2SO4, 50 °C) 466 ± 159 19 ± 6 [116]

Acid hydrolysis (60 min, 11 M H2SO4, 50 °C) 441 ± 116 17 ± 5

Acid hydrolysis (90 min, 11 M H2SO4, 50 °C) 375 ± 100 13 ± 4

Acid hydrolysis (120 min, 11 M H2SO4, 50 °C) 361 ± 61 17 ± 4

Acid hydrolysis (180 min, 11 M H2SO4, 50 °C) 378 ± 66 17 ± 4

Acid hydrolysis (240 min, 11 M H2SO4, 50 °C) 319 ± 68 15 ± 4
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H2SO4, 45 °C, 45 min). It was showed that the elastic modulus (G’) of the vis-
coelastic solution at 20 °C could be tuned from 1 to 75 Pa by increasing the CNC
concentration from 0 to 3.5 wt% at 1 wt% methylcellulose while at 60 °C the G’
values varied from 110 to 900 Pa for the same increasing CNC concentration. Yang
et al. [197, 198] also reported the reinforcement effect of cellulose nanocrystals
from acid hydrolyzed (60 wt% H2SO4, 55 °C, 2 h) pulp fibers in acrylate-modified
poly(ethylene glycol) hydrogels. Homogeneous composites were formed for CNC
volume fraction lower than 1.5 %. At 1.2 v/v-% modulus, fracture stress, and
fracture strain enhanced by a factor of 3.48, 5, and 3.28, respectively. Oscillatory
shear data indicated the CNC—PEG nanocomposite hydrogels were more viscous
than the neat PEG hydrogels and were efficient at energy dissipation due to the
reversible interactions between CNC and PEG polymer chains.

Yang et al. [197, 198] investigated the relation of CNC aspect ratio and the
mechanical behavior of nanocrystal/poly(acrylic acid) hydrogels. Acid hydrolyzed
(55 wt% H2SO4, 50 °C, 2 h) microcrystalline cellulose and wood pulp generated
CNC having aspect ratio (L/d) of 31 and 14, respectively. The fracture strength of
hydrogels increased from 157 to 229 kPa as the aspect ratio of CNC increased from
14 to 22, and then the strength further increased to 254 kPa at L/d of 31. It was also
demonstrated the polymer chains rearrange on the CNC surfaces according to the
stretched state of hydrogel changing both pore size and pore wall during
deformation.

Osorio-Madrazo et al. [129] demonstrated the reorganization of cellulose
nanocrystals (width: 30 ± 12 nm; length: 200 nm to 4 µm), isolated from green
algae Cladophora sp (50 wt% H2SO4, 40 °C, 8 h), into agarose hydrogels under
tensile loading. In other words, uniaxial stretching under controlled humidity
conditions induced anisotropy. The drying process was essential for specific filler/
matrix interactions allowing a stress transference while stretching and promoting
crystals alignment. This process would allow tuning the mechanical features of the
hydrogel.

It has been reported that CNC played a role in the water absorption capacity of
hydrogels. Spagnol et al. [160–162] prepared hydrogel composites composed of
different polymeric matrices, e.g., chitosan-graft-poly(acrylic acid), starch-graft-
poly(sodium acrylate), and poly(acrylamide-co-acrylate) reinforced with CNC
isolated from cotton fibers by acid hydrolysis (36.5 % HCl, of 1/20 g/mL cellulose/
HCl ratio, 45 °C, 1 h). It was showed that independently on polymer matrix, the
addition of CNC up to 10 wt% substantially increases the water uptake due to the
extra hydrophilic groups of cellobiose unit, but at higher concentrations the
hydroxyl groups from CNC took place in the crosslinking reaction increasing the
crosslinking density and, as a result, decreasing the absorption of water. Through
surface response methodology and analysis of variance (ANOVA) it was demon-
strated that CNC contributed 30 % to the swelling degree.

Mckee et al. [110, 111] prepared supramolecular stable and stiff hydrogel
composites with healable features based on brush-modified cellulose nanocrystals
crosslinked with soft polymeric chains by dynamic host–guest interactions using
cucurbit[8]uril as supramolecular crosslinker. The hydrogels combined high storage
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modulus, fast sol-gel transition (<6 s) and self-healing ability as fast as 30 s.
Besides, the self-healing capacity was also observed for hydrogel samples aged for
4 months. This work suggests robust strategies to combine highly dynamic
supramolecular interactions with mechanically active colloidal reinforcements for
the preparation of the next generation of advanced materials from renewable
resources.

Nanocellulose can present a chiral nematic phase in water, in which the CNC
self-assemble in the helical configuration. If the helical pitches of nanocrystals
assemble, have the same order of the visible light wavelength the system can
exhibit photonic color. In this sense, Kelly et al. developed photonic hydrogels by
controlling the polymerization condition to ensure the CNC nematic phase was
preserved [72]. That was possible by previous evaporation-induced self-assembly
(EISA) followed by UV-photo-polymerization. It was showed that any change in
the helical pitch due to variations of external media (such as salt, pH, etc.) the
reflected color of the hydrogel could be tuned.

CNC and CNF have been incorporated in hydrogels or other polymeric matrices
seeking improvement of drug release behavior for delivery systems, swelling fea-
tures, improved mechanical properties for materials with potential application in
bone and tissue repair, and in the preparation of hydrophobic-absorbing matrix based
on functionalized CNF aerogels, as summarized in a recent review paper [148].

3.2 Based on Chitin Nanocrystals

Chitin can be derived from innumerous sources, but from the commercial point of
view, the most important are shrimp, lobster and crab shells, which are residue from
food industry. Chemical [151], physical [77], enzymatic and microbiological [46]
methodologies have been explored to isolate chitin. In general, the extraction
process involves several steps for removing bound proteins, minerals, lipids, and
pigments.

Chitin nanowhiskers (CtNW) and chitin nanofibers (CtNF) can be isolated by
2,2,6,6-tetramethylpiperidine-1-oxil radical-mediated oxidation (TEMPO-oxida-
tion) surface cationization followed by mechanical disintegration and acid hydro-
lysis, [200]. Similarly, to the obtention of CNC, the acid hydrolysis of chitin is the
most common procedure for isolating CtNW, and it is based on the faster hydrolysis
kinetics of the amorphous phases. However, in the case of chitin, HCl is used
instead of the H2SO4 used for cellulose. Although different reaction conditions have
been reported (Table 5), the most used is 3 N HCl, for 90 min at boiling, as
described elsewhere [130, 134], which in general, generates 50–300 nm long and
10–50 nm wide CtNW.

Similarly to CNC, the majority of applications described in the literature are
employing CtNW as the reinforcement phase in the preparation of nanocomposites
due to attractive features, e.g., derived from renewable sources, biodegradable,
nontoxic, and excellent transversal and longitudinal moduli (15 and 150 GPa,
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respectively). CtNW have been introduced into polymeric films for reducing O2

permeability [38], into fibers to improve mechanical properties [185], in lithium
battery electrolytes for improved thermal and mechanical stability as well as ionic
conductive [5], in membranes to enhance cell compatibility [60], among others.

CtNW have been far less studied than CNC and only a few papers report on the
preparation of hydrogel nanocomposites based on CtNW as reinforcement. Even
though, it has been shown significant effects on swelling capacity and drug release
behavior caused by the incorporation of CtNW. Lin et al. [96] acid hydrolyzed (3 N
HCl, 90 min, at boil) shrimp chitin to prepare 300–400 nm long and 10–20 nm wide
CtNW to be further incorporated into alginate microspheres (900 ± 20 µm)
hydrogels crosslinked by calcium ions. It was demonstrated the addition of 50 wt%
CtNW increased the swelling capacity from 1.815 to 2.329 % due to the inhibition
of crosslinking points caused by the presence of CtNW, which provided a less rigid
matrix allowing more fluid (pH 7.4 phosphate buffer solution) intake. The presence
of CtNW also promoted an increase in the encapsulation efficiency of theophylline
from 33 % (standard hydrogel without CtNW) to 55 % at 50 wt% CtNW, which
acted as a barrier to prevent drug leaking. Besides, CtNW-loaded microspheres
showed sustained releasing profile, in which the drug releasing mechanism was
found to occurs by diffusional transport (n = 0.419) contrasting the anomalous
transport (n = 0.716) presented by the pristine alginate microspheres.

Hybrid hemicellulose-based hydrogels prepared by freeze (10 h, −20 °C)-
thawing (1 h, 80 °C) cycles nanoreinforced with CtNW has been recently reported
[49]. CtNW (length: 200 ± 10 nm; width: 40 ± 10 nm) were prepared by acid
hydrolysis (3 N HCl, 90 min, 90 °C) and incorporated into hydrogels at different
volume ratio (0–2) at the constant (1:1) hemicellulose/poly(vinyl alcohol ratio of 2
wt% solutions (each). The presence of CtNW (up to ratio 1:1:1) induced larger and
more numerous porous to the hydrogel structure, while at higher concentration
(e.g., 1:1:2) the result observed was opposite. The samples absorbed 10–20 g of
water by gram of dry hydrogel, and statistically no significant effect on swelling

Table 5 CtNW and CtNF obtained by different reaction conditions [39, 40, 48, 55, 103, 144, 192,
193, 196]

Source Methodology Length (nm) Width (nm)

Crab Acid hydrolysis (HCl 3 N, 60 min) 50–300 (150) 10

Crab Acid hydrolysis (HCl 3 N, 90 min) 100–600 (240) 4–40 (15)

Crab Acid hydrolysis (HCl 3 N, 90 min) 100–650 (500 ± 50) 10–80 (50 ± 10)

Crab Acid hydrolysis (HCl 3 N, 90 min) 200–500 5–20

Crab Acid hydrolysis (HCl 3 N, 360 min) 255 31

Crab TEMPO-oxidation 340 8

Crab Surface cationization 250 6

Shrimp Acid hydrolysis (HCl 3 N, 360 min) 230–970 31

Shrimp Acid hydrolysis (HCl 3 N, 360 min) 180–820 (427) 43

Shrimp Acid hydrolysis (HCl 3 N, 360 min) 110–975 (343) 46
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was verified by the introduction of CtNW. On the other hand, the mechanical
features were dependent on CtNW loading, but no linear tendency with concen-
tration was observed: e.g., at 0.5 CtNW the fracture stress was maximum
(9.6 MPa), but at 0.75 CtNW the value was lower (8.1 MPa) than the standard
(9.3 MPa). It was suggested the prepared samples present potential to be applied in
the tissue engineering field.

CtNW has also been chemically bound to silane-modified magnetic nanoparti-
cles for DNA extraction [22] from E. coli and S. aureus microorganisms. CtNW
(dimensions not explicitly informed) were isolated by acid hydrolysis (3 N HCl,
3 h, 105 °C). The CtNW-Magnetic nanoparticles formed a stable colloidal sus-
pension in both water and DMSO. Furthermore, the magnetic nanoparticles could
be aligned by the application of a magnetic field. It was showed that the size of
nanoparticles depends on the surface charges on CtNW, which are controlled by
adjusting the pH of the media.

Araki et al. [7] reported chitosan hydrogels filled with CtNW (6–8 nm wide,
100–200 nm long, 3 N HCl, 3 h, at boil) using isocyanate hexamethylene-1,6-di-
(aminocarboxysulfonate) (HDS) as crosslinker. The addition of CtNW promoted an
increasing in the hydrogel stiffness as showed by the Young’s modulus that
changed from 2.53 kPa at 0 wt% CtNW to *170 kPa at 13 wt% that represents
about 67-folds increase. Similarly, the stress at break increased 41-fold for the same
variation of composition. However, the improved mechanical properties were
accompanied by a loss in the swelling capacity of ca. ten-folds, which was
attributed to the suppression of chitosan chains mobility caused by the presence of
the rigid CtNW.

3.3 Based on Starch Nanocrystals

Starch nanocrystals (SNC), unlike CNC and CtNW, are platelet-shaped nanopar-
ticles with much shorter length of 20–40 nm, width of 15–30 nm, and a few
nanometers of thickness [29, 87]. Preparation of SNC by acid hydrolysis of native
starch has the time-consuming process, which can take up to 30 days, and the low
yield as the major drawbacks. The choice of starch source, acid type and concen-
tration, reaction conditions (temperature and time) and pretreatment (e.g., enzy-
matic, mechanical treatment, etc.) are paramount to reduce hydrolysis time and
improve yield [88, 90]. Most reports on SNC preparation follows the procedure
described by Angellier et al. [3], in which the hydrolysis is conducted using 3.16 M
H2SO4 solution for 5 days at 40 °C.

Although SNC are much shorter and less crystalline (*45 %) than other
polysaccharide nanocrystals (>90 %), the reinforcing effect due to the percolation of
SNC into different polymeric matrix (natural rubber, polyurethane, starch, pullulan,
PVA, among others) has been reported [43, 87, 112, 140]. SNC have also been
studied as stabilizing agents in emulsions (also denoted as pickering emulsion) with
potential applications in food, cosmetics and pharmaceuticals [50, 92, 93].
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Up to date, only few works report on the incorporation of SNC into hydrogels.
For instance, SNC (40–60 nm long, 15–30 nm wide) hydrolyzed (3.16 M H2SO4,
5 days, 40 °C) from pea starch were used to form hydrogel nanocomposites based
on Ca+2-crosslinked alginate polymer matrix [96–99]. The composites presented
pH-dependent swelling behavior, where the fluid uptake at pH 1 and at 50 wt%
SNC was less than 30 % whereas at pH 6.8 and 7.4 the swelling was higher than the
noncomposite hydrogels reaching about 2000 %. The efficiency of theophylline
encapsulation was 55 % in the composite contrasting the lower efficiency of only
34 % of the standard hydrogel. The releasing behavior of theophylline-loaded
hydrogel nanocomposites microspheres was investigated under different pH con-
ditions (1 and 7.4). It was showed the composite samples could sustain the release
for a longer time, and the equilibrium was reached at *400 min, more than the
double period observed for the noncomposite hydrogel. Besides, the mechanism by
which the drug is released changed from anomalous transport (n = 0.716) to dif-
fusional transport (0.424) with the addition of SNC. Therefore, SNC could prevent
the drug release burst at the first minutes of releasing, allowing the composite to be
applied as carriers for drug delivery systems.

Zhang et al. [202] prepared supramolecular hydrogel based on cyclodextrin
inclusion filled with SNC with potential for injection-implantation drug delivery.
SNC (10–20 nm wide, 40–70 nm long) were made by hydrolyzing pea starch in
3.16 M H2SO4 solution for 5 days at 40 °C. The presence of polysaccharide
nanocrystals increased the stability of the hydrogel framework and inhibited the
diffusion of bovine serum albumin, which served as a model protein drug in the
nanocomposite hydrogels and showed prominent sustained release profiles. The
shear-thinning property of the nanocomposite allows it to be applied as injectable
material.

4 Conclusions and Future Trends

This chapter demonstrates that polysaccharide nanocrystals (PN) derived from well-
known biopolymers such as cellulose, chitin, and starch can be versatile nanopar-
ticles to be applied in different fields, especially in the preparation of hydrogel
nanocomposites. Interestingly, by using nanotechnology one can take advantage
from the same features that once prevented cellulose and chitin to be largely
explored by industry (specially due to high crystallinity and lack of solubility in
common solvents) to produce highly crystalline and high-performance rod-shaped
nanoparticles (also called nanowhiskers, nanocrystals or nanofibrils). It also should
be pointed out that such nanocrystals are excellent candidates to replace traditional
inorganic fillers (metal oxides, noble metals, carbon, etc.) in the preparation of
many nanocomposites. The natural abundance, renewability, low cost, biodegrad-
ability, biocompatibility, low density, and outstanding elastic modulus of such
polymers, as well as the absence of expensive and toxic precursors, stimulate their
use.
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Although polysaccharide nanocrystals have been proved to be promising
materials, some challenges are still to be overcome. For instance, most researches
on PN are conduct by academic groups purely by scientific curiosity and com-
mercial or industrial production of PN is restricted to a few companies and mostly
to CNC.

So far, CNC have been more explored than CtNW or SNC in the preparation of
hydrogel nanocomposites, but it has been demonstrated that any of those particles
can strongly influence either the mechanical properties or swelling/release features
of hydrogel composites.

More comprehensive studies on the concepts that drive the properties of such
soft-hard combined composite hydrogels will broaden the understanding of struc-
ture–properties relationship allowing new materials and new applications.
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Fabrication, Property, and Application
of Lignin-Based Nanocomposites

Xiaoying Wang, Guocheng Han, Zuguang Shen and Runcang Sun

Abstract Lignin, the second most abundant natural polymer, has shown its
immense potential as sustainable resources for the synthesis of nanocomposites.
This chapter reviewed recent developments related to lignin-based nanocomposites,
including the fabrication, properties, and applications of nanocomposites based on
lignin and its derivatives. We introduced nanocomposites combining physical and
chemical properties of lignin and organic materials such as biopolymer and syn-
thetic polymer, and we discussed lignin-based metallic nanocomposites with
preferable property and catalytic performance. Furthermore, lignin-based carbona-
ceous nanocomposites exhibiting enhanced electrical properties were illustrated.
Other lignin-based nanocomposites were also presented in this chapter.

Keywords Lignin � Polymer � Metallic � Carbonaceous � Nanocomposites

1 Introduction

Cellulose, hemicellulose, and lignin, the most common natural polymers from
plants, are always one of the research emphases in eco-friendly polymer science and
nanotechnology [113]. Materials and nanocomposites based on cellulose, hemi-
cellulose, chitosan, and natural fibers have attracted interest of scientist during the
recent years [97–99, 101], resulting in eco-friendly natural polymer-based com-
posites with outstanding properties combination [94, 95, 100]. To make the best use
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of plant fiber resource effectively and efficiently, lignin is drawing more and more
attention in recent years.

The term “lignin”, from the Latin word lignum, meaning “wood”, is used by the
Swiss botanist Candolle for the first time [30]. Lignin is next to cellulose the second
largest natural polymer [33] as well as the largest aromatic polymer in nature [69].

The plant species determines the lignin composition and ratio. Studies of lignin
structure reveal that lignin is a natural polymeric compound made of dehydroge-
native polymerization of three monomer species, namely p-coumaryl alcohol, co-
niferyl alcohol, and sinapyl alcohol (Fig. 1). Furthermore, lignin can be divided into
hard wood lignin, soft wood lignin, and grass lignin, depending on the structural
units of lignin from various kinds of plants [2, 88]. Since the structure of lignin is so
complicated that people are still on the way to figure it out, there is no exact
molecular structure of lignin.

The amounts and proportions of main functional reactive groups such as
hydroxyl, methoxyl, carboxyl, and carbonyl groups in lignin vary from the plant
species and extraction processes applied [32]. Several commercial lignins based on
different procedures of extraction and isolation results in wide range of molecular
masses and diverse chemical and physical functionalities, making them available
for various applications [30].

Currently, the lignin or lignin-derived products all over the world has exceeded
50 million tons per year [12]. However, the majority of lignin is used as fuels or
other low-value applications such as activated carbon, dispersants, and adhesive
agents [33]. As it is estimated that about one-third of all carbon in nature can be
attributed to lignin [37], lignin is a promising sustainable resource which can
provide us ample chances to develop high technology or high-value applications in
future. Additionally, from the viewpoint of the complexity of lignin structure and
reactivity, it is reasonable to prepare high-value polymer materials with lignin as
raw resource [102]. Many studies have drawn attention to the fabrication and
application of lignin-based nanocomposites, opening new directions and ways for
the further studies of lignin and even other biomass resource.

In this chapter, we reviewed the fabrication, properties, and applications of
nanocomposites based on lignin and its derivatives, including lignin-biopolymer

Fig. 1 Three monomer species of lignin: p-coumaryl alcohol, coniferyl alcohol, and sinapyl
alcohol [81] (Reprinted with permission from John Wiley & Sons, Inc. Copyright (2009),
Blackwell Publishing Ltd)
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nanocomposites, lignin-synthetic polymer nanocomposites, lignin-based metallic
nanocomposites, lignin-based carbonaceous material nanocomposites, and so on.

2 Lignin-Biopolymer Nanocomposites

Natural biopolymer-based nanocomposites have received great attention due to
their outstanding properties: renewable origin, low cost, facile processability, high
specific strength, lower density than inorganic-reinforce composites, energy saving,
and recycling possibility [52, 83].

2.1 Lignin-Polysaccharides Nanocomposites

In recent years, eco-friendly nanocomposite films based on biopolymers have been
used for membrane productions [79]. Cellulose and lignins are two potential natural
materials that can prepare nanocomposites films with considerable properties [38].
Cellulose films have received widespread attention as nanocomposite films with
high-performance and have little influence on environment [77]. Owing to their
thermoplastic character, cellulosic ester is one of major commercial cellulose
derivatives for preparing organic membranes. However, some of these cellulose films
have several disadvantages such as lowmechanical strength as well as poor resistance
to oxidation [6]. To overcome these limits and enhance the compatibility, from the
chemical viewpoint, it is advantageous to use lignin as fillers of cellulose derivatives.

Nevárez et al. prepared biopolymer-based nanocomposite films using cellulose
triacetate (CTA) as polymer matrix and lignin as filler [79]. Organosolv, hydrolytic,
and kraft lignin particles were incorporated with CTA. Vapor-induced phase sep-
aration was used in fabricating the self-supported films, during which the temper-
ature and relative humidity were controlled. Among the three raw lignins studied,
nanocomposites films based on acetylated organosolv lignin was the best, and
acetylation of lignin provided substantial improvement in homogeneity.

Using the same vapor-induced phase separation method, Nevárez et al. prepared
another nanocomposite films from propionated lignin and CTA [80]. The kind of
CTA-lignin nanocomposite has impact on film performances, while propionation of
lignin was higher, the wettability and fluxes of nanocomposites were lower. The
prepared nanocomposite films were used to purify groundwater containing high
concentrations of F, Ca, As, Na, and Mg as filter. The nanocomposites film can
filter 15–35 % of anions, 12–42 % of monovalent cations and 27–54 % of divalent
cations, respectively.

Ago et al. reported a defect-free electrospun nanofibers and thin films in lignin/
poly (vinyl alcohol) aqueous dispersions, using the cellulose nanocrystals (CNCs)
as reinforcing solid phase [4]. As shown in Fig. 2, on the surface of as-prepared
nanocomposites film, it can be observed that the amounts of CNCs increased when
increase the loading, and the increase approximately followed a simple mixing rule.
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For nanoindents in cross section, the spin-coated cross section was more closely
related to electrospun fiber mat than as-prepared film surface. The addition of CNCs
further improved interaction of molecules and showed the ability to stabilize the
nanocomposites against water absorption.

Hambardzumyan and co-workers prepared nanocomposite coatings based on
synthetic/fractionated lignin and CNCs without chemical modification or func-
tionalization of the raw materials [38]. There were nodules of lignin dispersed in the
matrix of cellulose, which make films smooth and homogeneous. Noteworthily, the
specific surface area of CNCs increases with the introduction of nanoparticles, and
as a result, the lignin molecules could be better dispersed throughout the nano-
composite film. These nanocomposite coatings exhibited high transmittance in the
range of visible spectrum, high-performance optical properties, as well as a high
blocking in the UV spectrum under proper weight ratio of lignin to CNC.

Chitosan, another abundant polysaccharide with good biocompatibility biode-
gradability and multiple functionalities, has been widely studied in many fields such
as water treatment, biosensors, and tissue engineering [55]. Chen and co-workers
prepared biodegradable composite films based on lignin and chitosan with various
compositions via a casting/solvent evaporation method [14]. As a result of strong
interfacial interaction, well dispersed lignin/chitosan solution was obtained when
the lignin content below 20 wt%. Therefore, the tensile strength, storage modulus,
thermostability, as well as glass transition temperature of lignin/chitosan nano-
composite film improved largely by the addition of lignin, showing the potential as
packaging films or wound dressings.

Fig. 2 AFM images of residual 9.5 mN indent impressions in 75:25 lignin:PVA spin-coated films
on the as-prepared film surface (a–c) and the surface prepared in cross section (d–f) with 0 wt%
CNCs (a, d), 5 wt% CNCs (b, e) and 15 wt% CNCs (c, f) (Reprinted with permission from Ago
et al. [4]. Copyright (2013), American Chemical Society)
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2.2 Other Lignin-Biopolymer Nanocomposites

Proteins are some macromolecules make up of amino acid residues chains. As
readily available and relatively low-cost biopolymer, soy protein has been studied
as a potential renewable source from a perspective of materials science [109]. Soy
protein can be made into plastics, possessing good biodegradability but poor
flexibility [112, 114], so three-dimensional structural lignin can be used as a
plasticizer to improve the stability of soy protein plastics, meanwhile maintaining
high tensile strength. Chen et al. prepared soy protein isolate (SPI)/hydroxypropyl
alkaline lignin (HPL) nanocomposite plastic sheets, by adding a few glutaraldehyde
as compatibilizer in the mixture of SPI and HPL solution [15]. The dimension of
HPL-domain in SPI/HPL nanocomposites was about 50 nm when HPL content
lower than 6 wt%, indicating a high interfacial activity. Comparing with the SPI
sheets, the prepared nanocomposite sheets with 6 wt% HPL and 3.3 wt% glutar-
aldehyde had an enhanced tensile strength of 23.1 MPa. Lignin had the tendency to
form supermolecular structures because of strong intermolecular and intramolecular
interactions as well as polyfunctionality, so the dispersion of small HPL particles in
SPI matrix effectively blended SPI and HPL in the solution state.

Jiang et al. prepared natural rubber/lignin nanocomposites from lignin-cationic
polyelectrolyte colloids and rubber latex via co-precipitation method [47]. Self-
assembly technology was employed to obtain colloidal lignin-poly (diallyldime-
thylammonium chloride) complexes (LPCs) through ion–ion interactions, cation-π
and π–π interactions. The lignin particles were stable in aqueous solution with an
average particle size less than 100 nm. LPCs accelerated the vulcanization of
natural rubber/LPCs nanocomposites. Furthermore, LPCs were homogenously
distributed in matrix of natural rubber, leading to improvement in mechanical
properties, thermal- and thermo-oxidative stability of the prepared natural rubber/
LPCs nanocomposites.

3 Lignin-Synthetic Polymer Nanocomposites

In the past century, various synthetic polymers in different forms (plastics, fibers,
and synthetic rubbers) have been developed for all sorts of utilization, such as
packaging materials, construction materials, and medical devices [112]. Although
the continual pollution of environment caused by nondegradable synthetic polymer
wastes has driven a rapid development of biodegradable polymers, the latter are still
far from becoming substitutes for conventional synthetic polymer materials because
of poor processability, high hydrophilicity, and so on [112]. As a result, combining
advantages of synthetic polymers and biodegradable polymers such as lignin has
become a wise strategy to balance social demands and ecological request, especially
using nanotechnology to obtain remarkable enhanced performance [35, 45, 68].
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3.1 Lignin-PLA Nanocomposites

Poly (lactic acid) (PLA) is a thermoplastic, high-strength, high-modulus aliphatic
polymer derived from corn or potato starch, tapioca roots, beet, sugarcane, lactose,
and other renewable resources [31]. PLA is considered to be the most promising
biodegradable material because of its excellent biodegradability and biocompati-
bility [112].

Chung et al. fabricated lignin-PLA composites using a solvent-free method with
catalyst [16]. Briefly, ring-opening polymerization along with the organic catalyst
triazabicyclodecene was employed to graft PLA onto unmodified lignin directly. As
lignin could absorb UV light, the PLA-lignin films with a low amount of lignin-g-
PLA (0.9 wt%) blocked half of UV-A, almost all UV-B and UV-C, exhibiting
excellent UV light barrier properties. And with proper chain length of PLA, it was
found the elasticity modulus of the lignin-g-PLA composites synergistically
strengthened.

Zhu et al. prepared a spherical lignin/PLA adsorbent via solvent evaporation
method and investigated the effects of dispersed phase contents, PLA concentration
and ratio of PLA to lignin on the diameter and mechanical strength of the PLA/
lignin nanocomposite adsorbent spheres [115]. Owning to the three-dimensional
structure of lignin, the as-prepared nanocomposite adsorbent had porous structure,
and significantly increased mechanical strength.

In Thunga’s work, butyration modified lignin (B-lignin) was successfully melt-
processed into fine fibers and blended with PLA for conversion to carbon fibers
[103]. The chemical modification of raw lignin included forming of ester functional
groups via butyration to replace polar hydroxyl groups (–OH), which enhanced the
miscibility of lignin with PLA. Fine fibers with diameters on the nanoscale
extending from the cross-sectional surface can be seen clearly. The B-lignin/PLA
75/25 may be the desirable composition for future carbon fiber production due to
overall high compatibility, storage modulus, and lignin content (therefore, higher
carbon yields in the carbonized fibers). The fibers with 75 and 50 wt% of B-lignin
showed cylindrical fiber structures, so the PLA phases stabilized the integrity of the
fiber for the subsequent carbonization.

3.2 Lignin-Polyaniline Derivatives Nanocomposites

Since there is a large amount of O-containing functional groups on the three-
dimensional structure of lignin [1], it has been widely used in removal of heavy
metal ions such as Pb [37], Cu [53], Co [56, 59], and Cr [10] from wastewater.

Since the discovery of high electrical conductivity in 1980s, polyaniline (PANI)
has attracted great attention of scientists due to its rich chemical and other attractive
properties [42]. Moreover, PANI molecules contain large amounts of the amino,
which can adsorb metal ions well though complexation [48], ion exchange [40], or
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redox reaction [65]. As a result, lignin-polyaniline nanocomposite is convinced to
be a kind of low-cost and effective materials for metal ion adsorption and many
other industrial fields.

In Lü’s work [58], one-step polymerization of aniline with lignosulfonate (LS)
was employed to prepare hollow nanospheres. The uniform-shaped hollow nano-
spheres with average diameter of 100–200 nm were obtained under optimal
condition (polymerization temperature at 25 °C, polymerization time of 1–12 h, 18
wt% of LS, molar ratio of oxidant and aniline was 1:1). The sulfonic groups with
negative charge on LS acted as an external stabilizing agent, which resulted in the
high stability, controllable size, and optimizable electroconductivity of the PANI-
LS hollow nanospheres.

He et al. prepared polyaniline-(enzyme-hydrolyzed lignin) (lignin-PANI)
nanocomposites via an in situ polymerization from aniline by using enzyme-
hydrolyzed lignin (EHL) as a dispersant [39]. It was found that the content of EHL
played an important role in the structure and properties of the lignin-PANI nano-
composites. Nanocomposite particles with 70 nm on average could be obtained
when the EHL content was 10 wt%. The silver ions adsorption capacity of the
lignin-PANI nanocomposites showed a maximal adsorption capacity of 565.4 mg/g.
After adsorption, silver nanobelts with length of 1 cm, width of 0.22–4.38 μm and
thickness of 219–311 nm were achieved onto the lignin-PANI nanocomposite.

Noteworthily, compared with PANI, PANI derivatives have more advantages
such as their ease of fabrication, optimizable electrical properties, good stability,
particularly the enhancement of processability [66]. Lü et al. synthesized well-sized
distributed lignin-poly (N-methylaniline) (lignin-PNMA) nanocomposites with
mean size of 68 nm using N-methylaniline and enzyme-hydrolyzed lignin via the
chemical oxidative polymerization method [57]. The lignin-PNMA nanocomposites
showed impressed Ag+ adsorption property as compared to PMMA and enzyme-
hydrolyzed lignin alone. The saturated capacity of the nanocomposites was up to
1556.8 mg/g; eventually, silver nanoparticles could be obtained through a redox
reaction and ion-exchange between lignin–PNMA nanocomposites and Ag+, as
shown in Fig. 3.

Lü and co-workers [56, 59] prepared poly (N-butylaniline)-lignosulfonate (PBA-
LS) nanospheres with electroconductive property under a mild condition, using
in situ polymerization of N-butylaniline without stirring. During the polymerization,
lignosulfonate (LS) was added as dispersant and dopant. The as-prepared PBA-LS
nanospheres exhibited an enhanced electroconductive property (0.109 S/cm),
higher than that of poly (N-butylaniline) (0.0751 S/cm). Moreover, it is found that
under the initial ion concentration of 50 mmol/L, the maximum adsorption capacity
of Ag+ on PBA-LS nanospheres reached 815.0 mg/g. It was proposed that
according to its simulated pseudo-second-order adsorption kinetics, chemical
adsorption was the major adsorption principle of Ag+ onto the PBA-LS nano-
spheres. The oxygen-, sulfur-, and nitrogen-containing groups on the spherical
PBA-LS nanocomposites may be beneficial for the adsorption of reactive Ag+ [23].
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3.3 Other Lignin-Synthetic Polymer Nanocomposites

As a synthetic biostable polymer with low tendency to degrade in various envi-
ronment, polyethylene (PE) is the largest produced and consumed polyolefin in its
diverse grades convertible to a broad variety of commodities including flexible and
semi-flexible plastic items [28]. Lignin is a polar network polymer with low density
and low abrasive features, which make it viable as organic filler to replace inorganic
fillers. The use of plastics filled with lignin has great potential in the design and
production of eco-compatible plastic products. In Samal’s work, formulations of
low-cost biodegradable PE/lignin hybrid polymeric nanocomposites were prepared
using ethylene/vinyl acetate (EVA) copolymer as compatibilizer and a transition
metal salt as biodegradation promoter [92]. The incorporation of the pro-oxidant/
pro-degradant additive improved the oxidation process of the full carbon continu-
ous matrix of bio-based hybrid nanocomposites. This low-cost material is of
potential interest for the production of plastic items with a controlled service life in
the application fields such as personal care products, packaging, agricultural mulch
films and disposable items.

An alternative strategy to obtain polymer nanocomposites with high filler con-
tent is based on the concept of “one-component” hybrid materials, which means
that the nanocomposite materials are synthesized by the assembly of polymer-
grafted particles [105]. Hilburg et al. illustrated the application of atom transfer
radical polymerization (ATRP) in fabricating thermoplastic “one-component”
nanocomposites that based on polystyrene (PS) and poly (methyl methacrylate)
(PMMA) grafted kraft lignin [43]. Tensile testing showed a decreased modulus but
enhanced toughness of all nanocomposites as compared to homopolymers, and the
ultimate elongation of PMMA-grafted nanocomposites was nearly twice as large as
the PS grafts at high-graft density. Toughness values of both types of grafted
nanocomposites were more than 10 times larger than that of the corresponding
kraft-lignin/polymer blend system, indicating the potential of ATRP as the substrate

Fig. 3 Possible adsorption mechanism of Ag+ on lignin-PNMA nanocomposites (Reprinted with
permission from Lü et al. [57]. Copyright (2014), American Chemical Society)
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for the “one component” nanocomposite approach toward more sustainable poly-
meric materials. As a result, hermoplastic polymers grafted lignin could be a
promising material that offers unique mechanical properties compared with many
other inorganic nanoparticles based nanocomposites.

It has been reported that lignin-poly (vinyl alcohol) (PVA) blend composites can
be used to form miscible homogeneous systems, in which lignin contributed to high
mechanic strength and biodegradable polymer PVA provided high hydrophilicity
and good chemical stability. The formation of strong intermolecular interaction
between lignin and PVA enhanced the material performance [27, 54]. Li et al.
synthesized PVA/quaternized lignin (QL) nanocomposite absorbent from PVA and
modified lignin crosslinked by glutaraldehyde for NO3

− removal from aqueous
solution [62]. A large amount of connected holes was observed on the nanocom-
posite absorbent, revealing a highly developed network structure. The absorbent
exhibited improvement in mechanical strength through combination of PVA and
modified lignin, as well as the crosslinkage of glutaraldehyde. Lignin first became
highly reactive after phenolation, and then aminated by monomeric quaternary
ammonium groups. The surface area of PVA/QL absorbent became much more
intensive after crosslinkage, as well as more active functional groups for NO3

−

absorption. Therefore, charge neutrality action and adsorption bridging action may
have significant impact on the adsorption of PVA/QL. The PVA/QL showed a
maximal adsorption capacity of 5.75 mg/g for NO3

−, which was better than that of
pure lignin, crosslinked lignin, and crosslinked quaternized lignin.

Milczarek and Inganas prepared polymer cathodes in lignin derivatives solutions
by oxidation of pyrrole to polypyrrole via electrochemistry method [75]. The proton
and electron during redox cycle processes were storaged and exchanged on the
quinone group within lignin; therefore, within the prepared interpenetrating poly-
pyrrole/lignin composite (Ppy(Lig)), there was combination of charge storage in
lignin and polypyrrole. They proposed that the anion insertion followed by the
proton release was the possible reason for the redox activity in the composite
electrode. Comparison of the capacitance per mass and the charge capacity between
Ppy(Lig) and those for polypyrrole/carbon composites showed that Ppy(Lig)
electrode exhibited higher capacitance and charge density of than most of those
electrodes. Furthermore, the phenolic groups in lignosulfonates varies widely,
indicating that the performance of Ppy(Lig) composite is optimizable using pro-
cessed lignins with different loading, charge densities, and there is a possibility to
improve charge capacity.

4 Lignin-Based Metallic Nanocomposites

On account of their distinct physical and chemical properties, metal-containing
nanomaterials, particularly polymer-based nanomaterials, have drawn intense
attention at present, revealing tremendous possibility for useful applications [106].

Fabrication, Property, and Application … 81



In order to meet the new potential commercial chances to fabricate functional
metallic nanomaterials, it is important to follow the principles of green chemistry to
minimize consumption of reactant and production of by-products [17]. Structurally,
there are many hydroxyl groups on lignin molecule that show both aliphatic and
aromatic behaviors as surfactants [24], and there are also several functional groups
that can be easily oxidized and used for reduction of high-valent metal ions to the
zero-valent state as reducing agents for reduction. Actually, studies on lignin as
reducing agent and stabilizer for the materials synthesis have been increasing
continually, particularly for the synthesis of nanomaterial [11].

Furthermore, there are several important advantages while using lignin for the
synthesis of nanoparticles: first, the experiments can be conducted under mild
conditions, during which organic solvent is evitable; second, it is a facile synthesis
process; lastly, lignin is a green reducing and stabilizing agents with wide acces-
sibility, thus other expensive chemical additives can be avoided [18].

4.1 Lignin-Based Precious Metal Nanocomposites

Precious metal elements usually contains the gold, silver, and platinum group
metals including Iridium, Osmium, Platinum, Palladium, Ruthenium, and Rhodium,
which are resistant to corrosion and oxidation in moist air. The electrochemical
sensors or high-efficient catalysts based on precious metal nanoparticle materials
have been widely reported [44, 61, 71, 86].

Buoro et al. prepared lignin–Au NP-modified carbon paste electrodes (CPME)
by adsorbing lignin or oxidized lignin contained composites onto graphite [11]. The
lignin-reduced gold nanoparticles were incorporated in oxidized lignin/graphite
nanocomposites to increase the conductivity of these nanomaterials. The as-pre-
pared Au/graphite/oxidized lignin nanocomposite showed enhanced electrochemi-
cal characteristics. The better CPME was fabricated using the nanocomposite
consisting of 2.5 % oxidized lignin and 0.2 % gold. It can be seen that the CPME
acted as a catalyst toward the oxidation of reducing agents such as dopamine,
ascorbic acid, and oxidation agents such as nitrite and iodate under a range of
positive potential.

Coccia and co-workers synthesized Pt and Pd nanoparticle (NP) via a one-pot
green method at mild temperature (80 °C), during which two lignin derivatives
were used as both reducing and stabilizing agents in aqueous solution under aerobic
conditions [17]. The Pd NPs were spherical, with diameters of 16–20 nm, larger and
more uniform than those of Pt NPs. It is found that lignin actively participates in the
reduction process of the precious metal nanoparticles as defined amounts of lignin
were degraded into the typical product vanillin. The lignin–Pd NP nanocomposites
were used in the aerobic oxidation of alcohols and the NaBH4 reduction of
4-nitrophenol as catalyst. Both lignin–Pt and lignin–Pd NPs nanocomposites had
excellent performance in catalyzing the reduction reaction, meanwhile only the
lignin–Pt NP catalyst showed effectiveness in the aerobic oxidation reaction.
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Ruiz-Rosas et al. synthesized Pt-contained lignin fibers via electrospinning
method in solution of lignin/ethanol/platinum acetyl acetonate [90]. By increasing
the carbonization temperature, the carbon and surface platinum proportion
increased, and the oxygen content of the fibers decreased, meanwhile a higher
ordered structure was obtained. Lignin-based/Pt carbon fibers had very smooth
surface with no defects, and the introduction of Pt on the lignin-based carbon fibers
led to a slight reduction to the oxidation resistance.

According to Coccia et al., water-soluble lignin and lignosulfonate samples were
employed in the preparation of Pd NPs under definitely green experimental con-
ditions, serving as reducing and stabilizing agents [18]. The spherical Pd NPs
exhibited a diameter of 8–14 nm (lignin) and 16–20 nm (lignosulfonate), and the
as-prepared nanoparticle composites showed a remarkable stability under aerobic
conditions and ambient temperature that no significant changes were observed after
1 month. The lignin–Pd NPs nanocomposite was served as catalyst in carbon–
carbon coupling reactions such as Suzuki and Heck reactions at mild conditions.
The lignin-based Pd NP nanocomposites catalyst was found to be reusable after
repeating the procedure, with a conversion of 30 % and a yield of 23 %.

Johnston and Nilsson employed lignin-containing cellulose fibers to synthesis
nanogold (Au NP) and nanosilver (Ag NP) composites with antimicrobial prop-
erties [49]. The prepared Au NPs and Ag NPs were bound directly onto the
unbleached lignin-containing fibers. Lignin played an essential role as crosslinker,
so no external crosslinker was needed. The lignin-containing cellulose fibers were
immersed in the Au and Ag ions solutions, on and within which with associated
lignin there was redox reduction of Au3+ and Ag+ into Au NPs and Ag NPs,
respectively, while the reduction process did not happen on the fibers without
lignin. The Au NP composite fibers and especially the Ag NP composite fibers
exhibited effective antimicrobial activity against Staphlococcus aureus microbes.
Moreover, as the Au NPs and Ag NPs were chemically bound to the nanocomposite
fibers (as shown in Fig. 4), they did not wash off and present any adverse
environmental effects.

4.2 Other Lignin-Based Metallic Nanocomposites

Since the last century, transition metals and the metallic compounds exhibit various
properties such as optical properties [29], electronic properties [20], catalytic
properties [19], magnetic properties [8], and biomedical properties [9].

Layer-by-layer (LBL) self-assembly technology is a powerful and efficient
method to process metallic nanoparticles into thin films on certain size and shape of
substrates [21, 25, 96]. In the LBL technique, ultrathin films are formed by
assembling nanoparticles and polyelectrolytes onto specific solid substrates from
their liquid solutions, and main features of the thin films are fully tunable by
external deposition parameters [72, 84, 85]. Lignin is a kind of natural anionic
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polyelectrolytes [73], and it is a promising material for LBL self-assembly as
building block due to its accessibility and low cost.

Based on LBL self-assembly technology, there have been some success in the
fabrication of TiO2 films by assembling TiO2 and synthetic polyelectrolytes on
solid substrate [82, 104]. Li and co-workers used the LBL self-assembly technology
to prepare photocatalytic multilayer nanocomposite films based on TiO2 NPs and
lignosulfonates (LS) on quartz slides, as seen in Fig. 5 [63]. It was found that during
the LBL deposition process, the intensities of Ti and S peaks increased, and a
highly reproducible step-by-step multilayer growth process on the quartz slides was
observed. TiO2 NPs completely covered on the quartz slide and formed a 10-bilayer
multilayer film. The photocatalytic properties of the TiO2/LS multilayer nano-
composite films showed an increasing degradation efficiency of methyl orange with
the increasing amount of TiO2 layers, and the contaminant molecule could diffuse
into inner layer of nanocomposite films with no limit. Moreover, the TiO2/LS
multilayer nanocomposite films exhibited excellent photocatalytic decomposition

Fig. 4 SEM images of the lignin-cellulose/Au NP composite fibers, showing the Au NPs on the
fiber surface [49] (Reprinted with permission from Springer Science+Business Media. Copyright
(2012), Springer)

Fig. 5 Schematic preparation process of the TiO2/LS multilayer nanocomposite films [63]
(Reprinted with permission from John Wiley & Sons, Inc. Copyright (2012), SIOC, CAS,
Shanghai, & WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim)
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ability of bacteria, while the increasing number of bilayers resulted in an increasing
decomposition degree of bacteria (Escherichia coil).

Owing to its abundant availability, nontoxicity, reusability, high photosensitiv-
ity, excellent chemical stability, and large excitation binding energy at room tem-
perature, ZnO has been widely studied as an efficient metal oxide semiconductor
photocatalyst since it was found [51, 108]. Wang et al. prepared nanocrystalline
ZnO by using lignosite (LS) from low-price resources of lignin as surfactant,
template, and nucleating promoter, in order to cut down the synthesis cost [107].
Flower cluster-like ZnO nanoparticle photocatalysts doped with different amounts
of LS were obtained by liquid-phase precipitation. Doping of LS significantly
improved the surface state of ZnO, changed the morphology of ZnO, and increased
the specific surface area with more hydroxyl groups, which was helpful to obtain
petal-like ZnO. The photocatalysts had good crystallinity and a small crystal size
when the calcination temperature was 300 °C. When the doping amount of LS was
2 g, smaller band gap width and much higher photocatalytic activity of the petal-
like ZnO nanoparticle photocatalysts were obtained than the pure ZnO. The high
photocatalytic performance of ZnO–LS nanocomposites for the methyl orange
degradation was attributed to the increasing surface hydroxyl groups and
crystallinity.

Spinel ferrites are special minerals with high electrical resistivity, large dielectric
loss, and low eddy current, especially in low frequency range. It is reported that Fe
(II)-mixed spinel ferrites can be replaced by other divalent metal cations such as Co
(II) [5]. In cobalt ferrite, hole and electron hopping can be responded in regions of
both high and low conductivity [50]. Alcantara et al. successfully produced ultra-
thin nanocomposite films for chemical sensing by employing the LBL technology
to assembly CoFe2O4 nanoparticles (np-CoFe2O4) (as shown in Fig. 6), combining
with different polyelectrolytes: doped polyaniline (PANI), poly-3,4-ethylenedioxy
thiophene: polystyrene sulfonic acid (PEDOT:PSS), and sulfonated lignin (SL) [5].
By immersing a solid substrate alternately into dispersion of nanoparticles and
polyelectrolyte solutions, the content of CoFe2O4 nanoparticles within the nano-
composites increased. The nanocomposites showed typical CoFe2O4 nanoparticles
with unique spherical morphology and dense package while surrounded by SL and
other two polyelectrolytes. The PANI/SL/np-CoFe2O4/SL nanocomposite films
presented low electrical conductivity because of the presence of np-CoFe2O4.
Furthermore, as np-CoFe2O4 processes enhanced interfacial area and electrical
insulating property, the nanocomposite films became much more sensitive to the
ions in solution, while compared to the films only made of polyelectrolytes.

Among the electrode materials, NiO is regarded as a promising one due to its
low cost, usability, and good pseudo-capacitive behavior [67]. The composite
materials have got enhanced electrical conductivity and mechanical strength when
there are more and more applications of active materials such as metal oxide/
carbon. Chen and co-workers demonstrated the fabrication of NiO nanoparticles
with high dispersity, which were embedded in mesoporous carbon (MPC) frame-
works derived from lignin via self-assembly technology [13]. Lignin was used as
a carbon precursor through polymerizing with formaldehyde or glutaraldehyde.
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Self-assembly was performed by evaporating the solvent of the liquid crystalline
mesophases containing of nickel nitrate hydrate and lignin derivatives, which
resulted in NiO/MPC nanocomposites under the N2 atmosphere at 600 °C. The
resulting NiO/MPC had excellent performance as supercapacitor electrode with
higher specific capacitance, enhanced rate capability, and cycle stability, which can
be ascribed to the unique mesoporous structures derived from lignin.

The rare earth phosphates are well-known materials due to their wide applica-
tions in high-performance luminescent devices, heat-resistant materials, catalysts,
magnets, and so on [26]. Among those materials, CePO4 has been extensively used
in heat-resistant, tribology, and ceramic materials. It is reported that CePO4/Carbon
core-shell nanorods have been synthesized by the hydrothermal method, using
glucose and CePO4 as raw materials [70]. Li et al. synthesized lignin-based carbon/
CePO4 nanocomposites with previously extracted lignin and CePO4,
NaH2PO4·2H2O, or Ce(NO3)3·6H2O by the solvothermal method [64]. The
solvothermal method employed was beneficial for the carbonization of lignin as
well as the preparation of CePO4 and carbon, because it provided a high temper-
ature and pressure environment. By using one-third of the CePO4 precipitate with
the lignin, carbon/CePO4 nanocomposites were fabricated with spherical and
congregated fiber-like shapes. With increasing CePO4 concentration, the lignin-
based carbon/CePO4 nanocomposite spheres had a decreasing size and a smooth
surface, while the concentration of NaH2PO4·2H2O and Ce(NO3)3·6H2O also had a
significant impact on the microstructure and shape of carbon/CePO4 nanocom-
posites. The obtained lignin-based carbon/CePO4 nanocomposite with outstanding

Fig. 6 Schematic diagram of different architectures of the nanocomposite films [5] (Copyright
(2013), with permission from Royal Society of Chemistry)
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photoluminescence property indicated that it has immense potential as a promising
material for luminescent devices.

Nenkova et al. developed an economy method to fabricate copper sulfide lig-
nocellulose nanocomposites, transferring waste water containing of lower con-
centration and quantities of Cu2+ and S2− into nanomaterials with improved
electroconductivity and microwave absorption ability [78]. Copper sulfide is an
additive that can improve electroconductivity of polymers, and the corresponding
materials usually possess microwave absorption properties. The copper sulfide in
nanoscale combined with the lignocellulose matrix as a net and led to a better
property. Two reduction systems with three components (CuSO4·5H2O,
Na2S2O3·5H2O, and glyoxal) or two components (CuSO4·5H2O and
Na2S2O3·5H2O) were developed to optimize the preparation of the nanocomposites,
in which the modification system with two components was better. The investi-
gation of the combination mechanisms between copper sulfides and the lignocel-
lulose matrix confirmed that the copper ions were coordinating with the hydroxyl in
the aromatic nucleus of the lignin macromolecule.

5 Lignin-Based Carbonaceous Nanocomposites

For years, scientists have spent time on researching and developing innovative
carbon-based materials. Besides a large amount of carbon nanotubes, nanorods,
spheroids, fibers, there are fullerenes, graphene, and other carbonaceous nano-
composites [7]. To overcome poor solubility of carbon materials, it is an attractive
way to surface-functionalize carbon materials with polyelectrolytes, especially
natural poly-phenolic biopolymers such as lignin. Lignin can be extended to carbon
nanotubes and other nanostructured carbons due to its adsorption capability.
Furthermore, the nanocomposite was found to have promising electrocatalytic
properties and convincing electrochemical activities [74].

5.1 Lignin-Based Carbon Nanotubes Nanocomposites

Milczarek and Nowicki reported a detailed study of the microstructural, spectral,
and electrochemical properties of the surface-functionalized multiwall carbon
nanotubes (MWNTs) with kraft lignin (KL), as shown in Fig. 7 [76]. It was found
that the effective adsorption of lignin molecule on the surface of MWNTs led to an
increasing oxygen content of the nanocomposites, as well as the spectral charac-
teristic of highly oxidized polyphenol compounds. The modified MWNTs can be
dispersed easily in aqueous (0.1 M ammonia) and organic (DMSO) solutions due to
the presence of KL. Uniform cast made of the functionalized MWNTs suspensions
was deposited on the gold electrode surface, and the electrode showed not only
persistent electrochemical activities under various pH range, but also excellent
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charge storage properties ascribed to both the pseudocapacitance of the quinone
groups derived from lignin and the electrical double layer capacitance of the
MWNTs. As a result, the lignin adsorbed on the MWNTs was used for charge
storage due to its reversible redox activity. Compared with the unmodified ones,
lignin-modified carbon nanotubes provided more than 100 % enhancement in the
capacitance.

Dong and Shen synthesized a novel PANI with organic solvent-solubility and
high electrical conductivity by a new method [22]. In the first step, a noncovalent
approach was initially developed to self-assemble MWNTs-LsCa nanocomposites
using calcium lignosulfonate (LsCa) to functionalize MWNTs. After that, the
MWNT-LsCa nanocomposites were employed as template, on the surface of which
the anilinium monomers were directly alignment aligned to initialize the poly-
merization of PANI. The noncovalent method to modify the MWNTs avoided their
agglomeration effectively and allowed them doped in PANI at the molecular level.
The PANI chains wrapped on the MWNTs-LsCa nanocomposites played an
important role in the improvement of crystal orientation. The novel PANI/
MWNTs–LsCa nanocomposites exhibited high conductivity (55.43 S/cm) as well
as good solubility.

According to Rudnitskaya and co-workers [89], hardwood lignin and softwood
lignin obtained from pulping process were used in fabricating via copolymerization

Fig. 7 AFM images of individual unmodified carbon nanotube (a) and (c) and KL-functionalized
carbon nanotube (b) and (d). Images (a) and (b) are topographic and images (c) and (d) are phase
contrast images. Image size *0.6 mm × 0.6 μm in all cases [76] (Copyright (2013), with
permission from Elsevier)
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method. Then 0.72 % (w/w) was added into the obtained lignin-based copolymers
in order to increase their electrical conductivity for sensor applications. It is found
that both the π-electron delocalization and electrical conductivity are enhanced
because that doped MWCNTs interacted with lignin with the copolymer matrix. As
a result, all solid-state chemical sensors are easy to prepare due to the high con-
ductivity of the MWNTs-doped lignin-polyurethanes materials. The characteristics
of sensor are reproducible attributed to the maintaining of stable chemical prop-
erties as well as low leaching of the membrane components. In particular, the
organosolv lignin and lignosulfonate-based sensors exhibited a high sensitivity
toward hexavalent chromium in acidic media. The MWNTs-doped lignin-poly-
urethanes conducting nanocomposites were believed to be the Cr(VI)-sensitive
potentiometric sensors with great promise.

5.2 Other Lignin-Based Carbon Nanocomposites

Lai and co-workers prepared mechanically flexible mats consisting of electrospun
carbon nanofibers (ECNFs) by electrospinning aqueous mixtures of alkali lignin
and polyvinyl alcohol (PVA), followed by stabilization in air and carbonization in
inert environment [60]. The ECNFs well retained the overall morphologies of their
precursors (neat PVA nanofibers and lignin/PVA composite nanofibers), and
showed about 30 % reduction of fiber diameters. With the higher amount of lignin
in the precursor nanofibers, the resulting ECNFs had the smaller average pore size,
higher specific surface area, and larger pore volume, as shown in Fig. 8. The
ECNFs (70/30), which was derived from the composite nanofibers with 70 wt% of
lignin, had an average fiber diameter of about 100 nm and the BET specific surface
area of 583 m2/g. The lignin-based ECNF mats (particularly the ECNFs (70/30)
mats) performed very well as free-standing and/or binder-free electrode materials
for supercapacitors. The ECNFs (70/30) mats had the highest gravimetric capaci-
tance of 64 F/g at the current density of 400 mA/g and 50 F/g at 2000 mA/g.
Furthermore, the gravimetric capacitance was merely reduced by about 10 % after
6000 cycles of charge/discharge, indicating that the ECNFs (70/30) electrode was
electrochemically stable and durable. The ECNF mats made from alkali lignin was
innovative and sustainable electrode materials for flexible high-performance
supercapacitors.

He et al. prepared carbon micro/nanospheres (CPAN and CPNA) containing of
nitrogen and oxygen based on lignosulfonate/polyaniline and lignosulfonate/poly
(N-ethylaniline) composite spheres via direct pyrolysis at 700 °C, as shown in
Fig. 9 [41]. The two types of lignin-derived composite spheres were fabricated by
in situ polymerization of lignosulfonate with aniline and N-ethylaniline, respec-
tively. Different electrochemical performances were observed on the two carbon
nanospheres ascribed to the different functional groups and structures. Compared to
CPNA microspheres, the CPAN nanospheres with better electrochemical properties
were promising materials of lithium-ion battery anodes, exhibiting a first discharge
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capacity of 1450, 1094, and 770 mAh/g and a first charge capacity of 707, 698, and
446 mAh/g at a current density of 60, 100, and 200 mA/g, respectively, indicating
the potential of the low-cost CPAN carbon nanospheres as high-performance lith-
ium-ion battery anode materials.

Xu and co-workers reported a co-electrospinning method to produce lignin and
cellulose nanofibrils (CNFs)-based porous core-shell carbon fibers by controlled
carbonization [111]. The shell of the fiber was formed by lignin while its electro-
spinability increased after the addition of Polyacrylonitrile. CNFs were surface
acetylated and a homogenous dispersion was obtained by dispersing CNFs in sil-
icon oil, followed by electrospinning the porous core. Then carbonization was

Fig. 8 SEM images of different ECNF mats: a ECNFs (PVA) mat, the inset showing that the mat
was brittle; b ECNFs (30/70) mat, c ECNFs (50/50) mat, and d ECNFs (70/30) mat, the inset
showing that the mat was flexible [60] (Copyright (2014), with permission from Elsevier)

Fig. 9 Possible mechanism of lithium-ion intercalation and deintercalation for the CPAN and CPNA

spheres (Reprinted with permission from He et al. [41]. Copyright (2013), American Chemical
Society)
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conducted to obtain hollow and core-shell carbon fibers and no obvious changes
occurred on the fiber structure, as shown in Fig. 10. The two novel carbon fibers,
especially the porous core-shell one, exhibited larger porosity and surface area
while compared with any other conventional solid fibers, which made it easier for
the fibers to interact variously with their surrounding environments. Therefore, the
performance of the fibers can be potentially enhanced in some advanced applica-
tions such as gas sensing and adsorption, energy storage, catalysis, and environ-
mental remediation.

6 Other Lignin-Based Nanocomposites

Lignin-based nanocomposites have been studied all around the world. Besides the
combination between lignin and polymers, metallic materials and carbonaceous
materials, nanocomposites based on lignin and silicate clays, molecular sieves,
layered double hydroxide, inorganic acid, etc., have also been investigated.

Guigo et al. elaborated the fabrication of a novel nanocomposite based on lignin,
silicate clays, and natural fibers by shear mixing them in a twin-screw extruder [36].
In situ dispersion of the three components in the shear mixture was under inves-
tigation in order to improve their mechanical and thermal properties. Sepiolite or
organophilic montmorillonite (Org-MMT) were incorporated by melt processing to
prepare these two silicate lignin/clays/natural fiber nanocomposites. The inorganic
sepiolite clays were partial delaminated under the shear mixing into the system.
Moreover, while using Org-MMT, the silicate layers was interacted well with the
lignin matrix into good nanoscale dispersion, result in the forming of passive
protective barriers.

Sevastyanova et al. prepared lignin-based nanocomposites and nanofibers by
mechanical mixing organosolv lignin/organoclay mixtures, followed by melt
intercalation [93]. Two types of organic montmorillonite clays modified by different

Fig. 10 SEM images of lignin/PAN hollow carbon fiber (a) and CNFs-lignin/PAN core-shell
carbon fiber (b) [111] (Copyright (2013), with permission from Elsevier)
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ammonium cations were employed to produce lignin intercalation compounds with
different hydrophobicity. When compared to initial lignin, the glass transition
temperature for both nanocomposites increased, indicating that the organoclays
were well interacted with the lignin macromolecules. It is also found that both the
tensile strength and melt processability increased substantially in the intercalated
nanocomposites.

According to Jairam’s research, a lignin–clay nanohybrid was fabricated based
on the saponite clay modified lignin, which was recovered from a biorefinery waste
stream. The lignin–clay nanohybrid was wrapped by polystyrene butyl acrylate
(PSBA) copolymer shell via one-step miniemulsion polymerization in order to form
stable composite latex [46]. Approximately 30 wt% of lignin was first modified by
epoxypropyl trimethylammonium chloride to obtain cationic lignin, which was
beneficial for the swelling and intercalation of clays. The premodification process
had a significant impact on the exfoliation of clay plates to improve the latex
stability. As a result the exfoliated lignin–clay nanohybrid wrapped by the PSBA
droplets could be stable latex. When the content of lignin–clay nanohybrid was
5.3 %, nanocomposites exhibited a remarkable enhancement in tensile strength, and
a 42 % decrease in oxygen permeability as well as about 50 °C increase in deg-
radation temperature while compared with pure PSBA film.

Saad and Hawari described a novel of lignin-grafted SBA-15 nanocomposite, of
which the lignin was silylated with triethoxychlorosilane followed by treatment
with nanostructured silica [91]. The decrease intensity of three diffraction planes in
lignin-SBA-15 nanocomposites revealed that there was big difference between the
silica walls and the open pores of lignin-SBA-15 nanocomposites. The specific
surface area of lignin-SBA-15 nanocomposites decreased drastically as a result of
the lignin coating on SBA-15. The grafting of lignin to SBA-15 made little changes
in its morphology. The lower specific surface area and unique thermal stability of
the newly synthesized lignin-based nanocomposite made it available in several
industrial applications such as removal of various contaminants from water.

Privas et al. demonstrated the combination of lignosulfonate modified layered
double hydroxide (LDH/LS) with thermoplastic starch, which was regarded as a
facile method to obtain the nanoscale LDH with homogeneous dispersion [87].
Under the LDH/LS concentration of 1–4 wt%, the LDH was almost reaching
completely exfoliation. When incorporating with starch, LDH/LS composite was
used in slurry form to avoid the formation of aggregates. The LDH/LS-starch
nanocomposites were mixed in different concentrations of ethylene/butyl acrylate/
maleic anhydride terpolymer. When the loading of LDH/LS-starch nanocomposites
was 20 wt%, the processability and mechanical properties of the terpolymer
remained and the oxygen barrier property was improved, indicating the terpolymer
was partially bio-based.

Xiao et al. synthesized lignin-LDH nanocomposites by in situ method, followed
by the preparation of styrene-butadiene rubber (SBR)/lignin-LDH composites via
melt compounding method [110]. The crystalline LDH was obtained and the lignin-
LDH nanocomposites were well dispersed in SBR matrix. Compared to LDH/SBR
composites, lignin-LDH/SBR exhibited a significant improvement in hardness,
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300 % modulus, tensile strength, and elongation at break. Furthermore, The lignin-
LDH/SBR showed a decrease in thermal degradation temperature at 10 % weight
loss (T10), whereas T50 increased drastically than that of LDH/SBR, indicating that
the lignin-LDH/SBR nanocomposites were promising filler for rubber.

Admassie and co-workers reported the electrochemical synthesis of a ternary
system consisting of polypyrrole, lignosulfonate, and phosphomolybdic acid
(H3PMo12O40·nH2O) for electrochemical capacitors [3]. A simple one-step strategy
was used to synthesize the ternary composite supercapacitor electrode via simul-
taneous electrochemical deposition, followed by characterization by electrochemi-
cal methods. The ternary composite system showed the highest specific capacitance
and charge storage capacities than the values reported before, from 477 to 682 F/g
(at a discharge current of 1 A/g) and from 69 to 128 mAh/g, respectively. The
cycling stability of the ternary composite further enhanced after the addition of
phosphomolybdic acid.

Grance et al. reported the fabrication of lignin-CNSL-formol magnetic nano-
composites as novel petroleum absorbents [34]. The nanocomposite was prepared
from lignin, cashew nutshell liquid (CNSL), and formaldehyde through bulk
polycondensation, as well as the addition of magnetite nanoparticles. The density of
lignin-based nanocomposites was lower than water, which is easy for them to float.
Nanocomposite containing 3.3 vol. % of magnetite showed oil removal capability
equal to (11.2 ± 0.5) g/g. These lignin-based nanocomposites also exhibited an
excellent cure degree of (94 ± 5) %, allowing their promising utilization in oil
recovery processes.

7 Conclusions

This chapter reviewed the recent progress in synthesis methods, properties, and
applications of different kinds of lignin-based nanocomposites. Lignin-based
polymer nanocomposites (lignin-based biopolymer or synthetic polymer nano-
composites), lignin-based metallic nanocomposites, lignin-based carbonaceous
nanocomposites, etc., have attracted considerable interest since they can be used in
various fields like food, packaging, engineering, detection, energy, and so on. With
the continual concern about the scarcity of petroleum and petroleum-based chem-
icals, and the increasing appeals for saving resources, biomass is one of the vital
resources that will play an important role in future economies. Lignin, with its huge
available volume, unique structure, and properties, is well placed to act this role.
For the outstanding properties, there will be an attractive prospect for lignin in
nanotechnology.
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Nanocellulose and Its Application
for Shape-Memory Materials

Shiyu Fu and Chen Tian

Abstract Nanocellulose (NC) has been attracting a great deal of interest as
promising candidates for bionanocomposite due to their appealing intrinsic prop-
erties, such as low density, high surface area, and mechanical strength. In view of
countless publications on nanocellulose composites already, this chapter concen-
trates on application of nanocellulose for reinforcing shape-memory composites.
Shape-memory composites enable high-recovery stress levels and various functions
due to their different components. The shape-memory behavior is also dependent on
the size, shape, and concentration of the fillers. The effect of nanocellulose in these
composites is determined by different shape-memory switches and interactions
between nanocellulose and matrices. A challenge of using NC in shape-memory
composites is the lack of compatibility between hydrophobic matrices and hydro-
philic NCs. Various chemical modification methods have been explored to address
this hurdle. In this chapter, we summarized the effect of nanocellulose on the
deformation mechanism of shape-memory materials, with a particular focus on
thermo- and water-sensitive switches. The application of shape-memory composites
based on nanocellulose is also discussed.

Keywords Nanocellulose � Shape-memory materials � Nanocomposites

1 Introduction

Cellulose is the most abundant terrestrial organic polymer in nature. It is obtained
from different natural resources depending upon the applications [103–107]. Its
multifunctionality based on the chemical structure and hierarchical design is now
newly being appreciated [117–120]. Cellulose exists naturally as crystalline and
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amorphous configurations within plant, animal, and bacterial systems [113–116].
Moreover, cellulose is a high molecular and crystalline polymer with well-defined
molecular and supramolecular structure [103, 104]. The crystalline domains in
natural cellulose achieve irreducible packing, which is in the order of several
nanometers in dimension [77]. Without question, plants ostensibly remain as a huge
reservoir for the ultimate production of such “nanocrystalline” cellulose.

Nanocelluloses are a class of supramolecular structures that display diameters on
the order of tens of nanometers and may be categorized as nanofibrillated cellulose
(NFC), cellulose nanocrystals (CNCs), or bacterial cellulose (BC) [53]. NCs have
been serenaded by researchers for numerous potential applications within the paper
industry, electronics, cosmetics, and the biomedical arena [85]. Several of their
most salient features are the large attendant surface area, extremely high crystal-
linity, and preternaturally high stiffness. These highly attractive properties imbue
nanocelluloses with the peculiar attraction of being an excellent candidate for
the effective reinforcement of composites, especially when applied at low levels
(<5 wt%) [15, 129].

Although publication activities on nanocellulose grow quickly in recent years,
application of nanocellulose in polymer reinforcement is still a relatively new
research field, especially for shape-memory polymers. Shape-memory polymers
(SMP) are defined as smart materials that can be deformed and fixed in a temporary
shape. This temporary shape remains until a suitable external stimulus appears and
induces the recovery of the original, permanent shape. SMP is intrinsically sensitive
to the ambient environment, including temperature, pH values, absorbed gas
molecules and optical wavelength. Therefore, SMPs have attracted research interest
on both academia and industries [55, 72, 134]. However, the type of shape-memory
responsiveness to external stimuli is limited by the polymer segments. Thus,
physical combination with a reinforcing material to form two-phase copolymers is
an effective way to enhance the flexibility of SMPs to respond to external stimuli.

Among various reinforcing materials, bio-based nanocellulose with a high
rigidity has been widely used as a reinforcing agent in SMP matrix. Improvements of
thermal and mechanical properties have been reported with a low content of cellu-
lose nanoparticles (about 1–2 wt%) [33, 131]. Another useful effect of NCs in SMPs
is their high density of hydroxyl groups, leading to a novel type of water-sensitive
SMP nanocomposite. Therefore, recent researches of NCs in shape-memory mate-
rials were focused on their reinforcing effect and new ambient responsive switches,
such as water-triggered rapid shape-recovery nanocomposites [66, 142].

However, the hydrophilic nature of NCs often results in poor compatibility
within hydrophobic polymer matrices [30]. Furthermore, the strong hydrogen bonds
formed during drying lead to irreversible agglomeration of NCs. Therefore, reliable
and effective dispersion of NCs in hydrophobic matrices or in a nonpolar solvent is
nearly impossible [95]. A key strategy for overcoming these latter challenges is the
installation of hydrophobic moieties or so called polymer “brushes” on the surface,
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which result in an improvement in both the modulus and strength of the final
nanocomposites [38, 77]. These modification methods of NCs include etherifica-
tion, esterification, silylation, oxidation, and polymer grafting.

In this chapter, we review the properties and applications of nanocellulose in
shape-memory nanocomposites. First, we introduce the nanocellulose isolation,
inherent properties, and their modification. Then, we discuss the shape-memory
effects of SMPs, especially for thermal- and water-sensitive shape-memory poly-
urethanes. Finally, the key role of nanocellulose when used in the shape defor-
mation and recovery processes is emphasized.

2 Isolation, Structure, and Properties of Nanocellulose

Native cellulose consists of a hierarchical structure of macroscopic fibers. This
hierarchical structure is composed by smaller and mechanically stronger cellulose
fibrils. The lateral dimension of these fibrils is typically of the order of a few
nanometers, depending on the source of the cellulose. These nanofibrils interact
strongly by the combined actions of crystallization, biopolymerization, and spin-
ning, to form the natural cellulose fibers [108]. According to these morphological
characters, cellulose fibers can be isolated to nanometric fragments using different
treatment methods.

In quintessence, the principal reason to use NCs in composites is the high
stiffness of cellulose crystals. This property can be further enhanced by reducing the
amount of amorphous parts in natural cellulose and breaking down their hierar-
chical structure into individualized nanofibers of high crystallinity. It is possible to
obtain a fibrous form of the material (CNCs or NFCs) with different aspect ratio
(length/diameter). The reinforcing capabilities of the obtained nanocelluloses are
potentially suitable for composite materials.

2.1 Isolation of Nanocellulose

As already mentioned, natural cellulose fibers can be dissociated into nanometric
fragments by breaking down the hierarchical structure into individualized nanofi-
bers. Generally, the production of natural cellulosic fibers in nanoscale elements
requires acid hydrolysis or intensive mechanical treatment. However, chemical
treatments or enzymatic hydrolysis may be utilized prior to acid hydrolysis or
mechanical fibrillation [40, 83]. The polymerization degree, morphology, and
aspect ratio of obtained NCs may vary with the used raw materials and isolation
techniques [110].
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2.1.1 Acid Hydrolysis

The main process for the isolation of NCs from native cellulosic fiber is based on
acid hydrolysis. During the hydrolysis process, paracrystalline and amorphous
regions of cellulose are preferentially hydrolyzed. Meanwhile, the crystalline
regions, which are higher resistant to acid attack, remain intact and obtain rod-like
CNCs [92].

In the structure of natural cellulosic fibers, chains appearing in the amorphous
regions are stochastically arranged, leading to a lower density of these regions.
Thus, the amorphous domains are more susceptible to acid attack. The hydrogen
ions of acid can penetrate into the cellulose chains in these regions and promote the
hydrolytic cleavage of the glycosidic bonds. The cleavage finally releases indi-
vidual nanocrystallites [130]. Acid hydrolysis of natural cellulosic fiber induces a
rapid decrease in the degree of polymerization (DP) due to the degradation of
amorphous regions [39]. After acid hydrolysis, the amorphous domains are
hydrolyzed and the remained crystalline regions generate homogeneous crystallites
nanocellulose. These hydrolysis processes have been actually confirmed by electron
microscopy [99], X-ray crystal diffraction [136], small-angle X-ray diffraction, and
neutron diffraction analyses [82]. Meanwhile, a wide distribution of DPs is typically
observed for different cellulose sources, resulting in a high polydispersity in the
molecular weight of acid-hydrolyzed NCs.

Nanocellulose obtained, when using sulfuric acid, allows some sulfuric acid
groups to randomly distribute on the surface of cellulose, thus, inducing a negative
electrostatic repulsion between nanoparticles [28]. The repulsion is favorable for the
dispersibility of NCs in the suspension. Jiang et al. [50] reported that due to the
reaction of sulfuric acid with hydroxyl groups in cellulose molecules, charged
sulfate half-esters covered on the surfaces of NCs, initiate repulsive forces between
the crystallites and enhance the separation of nanocellulose crystallites.

Current methods for the isolation of CNCs are using 65 wt% sulfuric acid [87].
However, the reaction temperature can range from ambient temperature to 70 °C and
the corresponding hydrolysis time can be varied from 30 min to overnight. Bondeson
et al. [11] optimized the hydrolysis conditions by a response surface methodology. It
was demonstrated that with a sulfuric acid concentration of 63.5 % (w/w) and a
hydrolysis time of approximately 2 h, NCs with a yield of 30 % were obtained. The
length of obtained NCs was between 200 and 400 nm and the width was <10 nm.
They also reported that prolongation of the hydrolysis time induced a decrease of
nanocellulose length and an increase of surface charge. CNCs are prepared by the
hydrolysis of cotton linter with sulfuric acid. The obtained CNCs were rod-like, with
a broad middle and two tapered ends. The nanorods averaged 20 nm in width and
200 nm in length (average of 100 CNC images), which were well dispersed with few
aggregates. AFM image of the obtained CNCs is shown in Fig. 1.

Although sulfuric acid hydrolysis promotes dispersion of obtained NCs in water,
the introduction of ionized sulfate groups compromises the thermostability of NCs.
Thus, substitutes including hydrochloric and phosphoric hydrobromic acids have
been extensively used to substitute for sulfuric acids. For hydrochloric acid
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catalyzed hydrolysis, the acid concentration is usually between 2.5 and 4 N with a
reflux temperature, and the reaction time will vary depending on the source of the
cellulosic material. However, the dispersing ability of NCs obtained by hydro-
chloric acid is limited, causing aggregation of NCs in aqueous suspensions [2]. In
order to obtain nanocellulose with excellent dispersibility and fewer sulfate groups,
a combining treatment using hydrochloric acid hydrolysis with sulfuric acid has
been studied to control sulfate moieties on nanocellulose surfaces [3]. This treat-
ment can generate spherical NCs instead of rod-like nanocellulose. These spherical
NCs exhibit better thermal stability because of the fewer sulfate groups on their
surfaces [126].

2.1.2 Mechanical Treatments

The production of NCs through fibrillation of cellulose fibers needs intensive
mechanical treatment. Extensive separation of natural fibers into NCs can be
achieved if conventional refining and homogenization methods are applied [128].
Cellulosic fibers are disintegrated into small fibrils by mechanical action, with
lengths of micron scale and widths ranging from 10 to a few hundred nanometers.
The resulting nanocellulose suspensions display gel-like characteristics in water.

For the refining treatment, the cellulose fibers are subjected to repeated cyclic
stresses by being forced through a gap between stator disks and rotors in a disk
refiner. This mechanical treatment causes irreversible changes in the fibers and
increases their bonding potential by transforming their morphology and size [80].
Generally, the refining process is usually carried out prior to homogenization
because of the gradual peeling of the external cell wall layers and the exposing of
the S2 layer during the refining. This peeling process results in external fibrillation
of fibers and loosens the fiber wall, which is conducive to the subsequent

Fig. 1 AFM image of CNCs
obtained by sulfuric acid
hydrolysis (Raw materials:
cotton linter, measured with
Veeco Picoforce II)
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homogenization treatment [81]. Another strategy to break up cellulose fibers into
nanosized c structures is homogenization, which involves passing the fibers through
a spring-loaded valve assembly at very high pressure. The valve opens and closes in
rapid alternation, resulting in that the fibers are subjected to a large pressure drop
with impact and shearing forces [80]. López-Rubio et al. [65] reported the
mechanical diminution process, using a microfluidizer for the homogenization
step. Such mechanical dispersion leads to nanostructures of cellulose fibers with
diameters ranging from 20 to 100 nm and lengths of several tens of micrometers.
Iwamoto et al. [46] reported the preparation of NFCs using homogenizing with
cycles of 15 cycles, while further treatment of 30 cycles did not improve the
fibrillation. This observation was in accordance with Malainine et al. [68], who
achieved nanoscaled cellulose fibrils by applying 15 cycles through a homogenizer
operated at 500 bars.

Except for the above-mentioned technologies, other methods of mechanical
treatments including high-speed blending [122], cryocrushing [20], and steam
explosion [51] are also developed. However, they are still in an early stage and far
from being widely used.

Although mechanical treatments can produce nanoscaled cellulose fibrils, the
major drawback is the high energy consumption accompanied with the mechanical
disintegration [32]. In order to decrease the energy consumption, certain pretreat-
ments including alkalization and oxidation are applied before mechanical treat-
ments. Alkaline treatment of cellulose fibers can decompose the lignin structure and
help to separate the structural linkages between lignin and carbohydrates. However,
in order to obtain the intact nanofibers, alkali treatment conditions need to be
carefully controlled to avoid excessive cellulose degradation. Alkali hydrolysis
needs to be limited on the fiber surface only [126]. Saito et al. reported that
2,2,6,6-tetramethyl piperidine-1-oxyl (TEMPO) radicals could be used for oxida-
tion of cellulose materials before mechanical treatment. TEMPO-mediated oxida-
tion introduces carboxylate and aldehyde groups into solid native celluloses under
mild aqueous conditions [94]. The initial fibrous morphology of natural cellulose is
mostly unchanged after the TEMPO-mediated oxidation. The oxidation occurs only
at the surface of the cellulose fibrils, making the fibrils negatively charged. These
negative charges promote repulsion of the fibers, thus easing the subsequent
mechanical treatments. NFCs were prepared with TEMPO-mediated oxidation
followed by homogenization. The obtained NFCs formed network structures when
they are made into films, whose TEM images are shown in Fig. 2.

2.1.3 Enzymatic Treatment

Analogously to the acid hydrolysis treatments, cellulase enzymes are expected to
attack the amorphous regions of cellulosic materials and isolate NCs. The degra-
dation processes involve a series of cellulases. Recently, a novel method to study
the enzymatic dynamics was applied and demonstrated the obvious difference in
time required to hydrolyze crystalline and amorphous films of cellulose [133]. Such
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difference enables the separation of amorphous and crystalline components of the
cell wall. Moreover, NCs prepared from enzymatic treatment show a more favor-
able structure than those produced by strong acid hydrolysis. Cellulose fibers
subjected to low enzyme concentration (0.02 %) are successfully disintegrated
while their molecular weight and fiber length are well remained. According to the
above principle, Henriksson et al. [40] and Pääkkö et al. [83] found that endo-
glucanase treatment facilitates the disintegration of cellulosic wood fiber pulp into
cellulose nanofibers. Janardhnan and Sain [49] reported that nanocellulose obtained
by enzymatic treatment followed by high-shear refining exhibited a narrow particle
size range.

2.2 Structure and Properties of Nanocellulose

Since isolated from natural cellulose fiber, some properties of NCs are similar to
native cellulose, such as naturally renewable, biodegradable, and biocompatible.
Moreover, NCs are supramolecular materials with nanoscaled structure. Thus, they
exhibit some unique properties like high aspect ratios, high crystallinity, and high
mechanical strength.

2.2.1 Morphology and Geometrical Dimensions

The morphology and geometrical dimensions (diameter (D), length (L), thickness
(T), and aspect ratio (L/D)) of NCs always vary due to the different sources and
isolation methods. The precise morphological characteristics can be studied by light
scattering techniques or microscopy, including polarized and depolarized dynamic
light scattering (DLS, DDLS), small-angle neutron scattering (SANS), transmission

Fig. 2 TEM images of NFCs obtained by TEMPO-mediated oxidation and homogenization using
different wood pulp. a Eucalyptus: b Pine
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electron microscope (TEM), atomic force microscope (AFM), and scanning elec-
tron microscope (SEM) [25, 75, 112]. NCs with rod-like morphology are generally
isolated from botanic sources, with length and diameter ranging from 100 to
700 nm, and from 5 to 30 nm, respectively. Bacterial cellulose obtained from
microorganism exhibits diameters from 5 to 50 nm, and lengths ranging from
100 nm to several mm [31]. A combination of mild enzymatic hydrolysis and high
mechanical shearing forces can produce NFC [40]. These nanofibrils are consisted
of individual nanoparticles with a length ranging from hundreds of nm to several
mm, and a lateral dimension around 5 nm. Generally, NFCs tend to aggregate,
leading to the dimensions range from 10 to 30 nm, or more. According to diameters
and lengths, the aspect ratios of CNCs and NFCs are both large, providing a critical
length for stress transfer in nanocomposites from the matrix to the reinforcing
phase. This property is favorable for the potential reinforcing capabilities of NCs
when used in nanocomposite materials.

2.2.2 Stiffness and Crystalline Characters

The crystalline structure of nanocellulose depends on the ordered packing of the
raw cellulose chains. Theoretically, the crystallinity (ratio between the mass of
crystalline regions and the total mass of nanocrystals) of nanocellulose should be
100 %, but the presence of the amorphous regions in nanocellulose may result in a
lower degree of crystallinity. Like natural cellulose, the crystal structure of nano-
cellulose is constituted by amorphous and crystalline domains. The degree of
crystallinity depends on their origin and on the isolation method. Actually, CNCs
obtained from acid hydrolysis exhibit higher crystallinity (up to 90 %) compared
with natural cellulose, due to the decomposition of amorphous regions during the
hydrolysis process. However, the crystallinity of NFCs is lower than CNCs.
Repeated passes through a grinder during mechanical treatment cause a reduction in
the degree of polymerization of cellulose nanofibers, resulting in an increase in
crystallinity and thermal expansion. Such changes of crystal structure lead to a
decrease in the mechanical properties when using NFCs as reinforcement in
nanocomposites [47].

Because of the high crystallinity, NCs exhibit prominent mechanical properties
with high stiffness. Elastic modulus of NCs has been reported from 120 to 220 GP,
using the technique of X-ray diffraction (XRD) [26]. Subsequently, more methods
have been used to calculate and confirm the elastic modulus of NCs. Raman
spectroscopy technique is widely utilized to calculate the elastic modulus of native
cellulose crystals from cotton and tunicate, yielding values of 105 GPa [93], and
143 GPa [109], respectively. In another work, the modulus of tunicate cellulose
nanocrystals of around 150.7 GPa was obtained, when using AFM bending stiffness
approach as shown in Fig. 3 [48].

A modulus of 40–60 GPa is usually found for natural cellulose fibers, while the
value potentially increases to 80 GPa for single cells [24] and then to a range of
100–140 GPa for NFCs and CNCs [43]. Such high strength of NCs obtained from
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different origins is a desirable property for a reinforcement phase in nanocom-
posites. The desire is to enhance stress transfer and then improve the final com-
posite modulus. Nevertheless, such reinforcing effects can only be obtained from
NCs with a high aspect ratio. Only NCs with aspect ratios higher than 50 guarantee
an efficient reinforcement effect.

2.2.3 Active Hydroxyl Groups for Functionalization

NCs possess a reactive surface covered with a large amount of active hydroxyl
groups, which can facilitate forming of hydrogen bonds between the polymer
matrices and nanocellulose filler. Moreover, hydroxyl groups on the surface modify
the NCs via a chemical reaction strategy. These groups also promote the disper-
sibility of NCs in polar solvents. However, the accessibility of hydroxyl groups
connecting with different carbon bonds may vary. For example, CNC is universally
assumed that the covalent hydroxyls conjunct to the primary hydroxyl group (C6–

OH) possess the most accessibility, while the other two hydroxyl groups in the
cellulose unit do less.

Owing to their strongly interacting surface hydroxyl groups, NCs have a signifi-
cant tendency to self-association [61]. This is a very desirable feature for the for-
mation of percolating architectures between NCs and a host polymer matrix. The
prominent reinforcement observed for cellulose nanocomposites can be ascribed to
the formation of rigid percolating network in which stress transfer can be facilitated
by hydrogen bonding among the nanocrystals. It was reported that tunicate whiskers
used as reinforcing phase in the polymer systems can both enhance the thermome-
chanical property and reduce the water sensitivity, while still keeping the biode-
gradability of the nanocomposite. This behavior may be caused by the strong
interactions of hydrogen bonds between cellulose whiskers, which induce a rigid

Fig. 3 Elastic moduli of the microfibrils prepared by a TEMPO oxidation and b acid hydrolysis of
tunicate cellulose. (Reprinted with permission from Ref. [48], Copyright © 2009, American
Chemical Society)

Nanocellulose and Its Application for Shape-Memory Materials 109



network [64]. However, the excess intra- and intermolecular hydrogen bonds can also
cause nanocellulose aggregation and limit the mechanical reinforcing. Therefore,
these aggregations need to be avoided during the production of nanocomposites.

2.2.4 Dispersibility of NCs in Different Solvents

The dispersion state of NCs in aqueous and organic solvents determines signifi-
cantly their properties and applications. However, the hydrophilic nature of NCs
often results in poor compatibility within hydrophobic polymer matrices.
Furthermore, the strong hydrogen bonds formed during drying lead to irreversible
agglomeration of NCs. In aqueous suspensions, due to the hydrophilic nature and
high surface area, NCs tend to aggregate because of their strong interparticle
hydrogen bonding. As already mentioned, when sulfuric acid is used for acid
hydrolysis, negatively charged surface acid groups (OSO3

−/H+) will be introduced
on the surface of NCs promoting a perfectly homogeneous dispersion. However,
the partial substitution of surface hydroxyl groups by sulfate groups decreases the
accessibility of surface hydroxyl groups, which will give an adverse effect to the
formation of percolating network in nanocomposites and will reduce the reactivity
for chemical modification [82]. Thus, desulfation method should be applied to
recover the surface of nanocellulose with hydroxyl groups. Huang et al. proposed a
treatment based on the addition of ammonia (0.5–1 wt%) to form electrostatic
conjunction between positive charge of NH4

+ and negative charge OSO3
−, reducing

the effect of sulfate groups in the application of nanocellulose [62].
Except for water suspension, good dispersion of NCs can be achieved in a

hydrogen-bond-forming solvent, when self-interactions are “switched off” by
competitive dispersing. Nanocellulose can also be dispersed in dimethylsulfoxide
(DMSO), dimethylformamide (DMF), and N-methyl pyrrolidine (NMP) without
any surface modifications [70, 96, 124]. Berg and coworkers have reported that
stable suspensions of tunicate nanowhiskers with negatively charged sulfate groups,
commonly produced by hydrolysis of the native cellulose, can be prepared in NMP
[124], N,N-dimethyl formamide (DMF) [96], m-cresol [124], and formic acid [124]
by freeze-drying of aqueous suspensions and re-dispersion of the obtaining aerogel
in the organic solvent [124]. The obtained images and results were shown in Fig. 4
and Table 1. Viet showed similar cellulose nanowhisker dispersing in polar organic
solvents using nanocelluloses obtained from cotton [125]. However, NCs without
surface charges, prepared by hydrochloric acid hydrolysis, do not disperse well in
aprotic solvents (DMSO, DMF, NMP).

The excellent dispersibility of NCs in water attracts attentions in the area of
preparing hydrophilic composites. However, most of the polymer matrices, espe-
cially SMPs dissolve better in organic solvents compared with water suspensions.
In order to improve the dispersibility of NCs in organic media, several “solubilizing
methods” have been explored, including chemical modification [4] and the use of
surfactants [64]. These methods can tune the surface energy of NCs to improve their
compatibility, especially when dispersed in nonpolar solvents and combined with
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hydrophobic matrices. For instance, after adding surfactants, the suspensions of
cotton and tunicate cellulose nanocrystals were stable in toluene and cyclohexane
solvents [41]. Good dispersibility of these suspensions could be evidenced by using
TEM images. The surfactant method has been proven to be an effective and simple
way to stabilize NCs in organic suspensions.

3 Chemical Modification of Nanocellulose

The application of NCs in hydrophobic SMPs is limited due to their hydrophilicity.
Thus, the compatibility of NCs with hydrophobic or nonpolar matrices needs to be
improved by chemical modifications. The main challenge for the chemical

Fig. 4 Photographs of dispersions of SO4-TW viewed through cross-polarizers at 5.0 mg/mL.
From left to right as-prepared in water, freeze-dried, and re-dispersed in water, DMF, DMSO, N-
methyl pyrrolidone, formic acid, and m-cresol. (Reprinted with permission from Ref. [124],
Copyright © 2007, American Chemical Society)

Table 1 Overview of the
dispersability of lyophilized
tunicate whiskers in polar
solvents

Solvent SO4-TW HCl-TW

Water ++a –

N,N-dimethyl formamide + –

Dimethyl sulfoxide + –

N-methyl pyrrolidone ++ –

Formic acid ++ ++

m-cresol ++ ++

(Reprinted with permission from Ref. [124], Copyright © 2007,
American Chemical Society)
aDispersability was examined at a concentration of 1 mg/mL
using birefringence as an indicator. ++ Dispersed after 6 h or less
of sonication. + Dispersed after 24 h (72 h in the case of N,N-
dimethyl formamide) of sonication at ca. 60 °C. – Did not
disperse
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modification of NCs is to change the surface structure only, while the original
morphology and crystal integrity of NCs maintain intact. Due to the different
accessibilities of hydroxyl groups at the surface, different chemical modifications
including noncovalent modification, etherification, esterification, silylation, oxida-
tion, and polymer grafting can be attempted on the NCs.

Noncovalent surface modifications of NCs are typically performed via adsorp-
tion of surfactants, oppositely charged entities, and polyelectrolytes. The surfactant
molecules form a thin layer about 15 Å at the surface of NCs. These
surfactant-coated NCs dispersed well in nonpolar solvents [12]. Zhou et al. [141]
introduced a new way of noncovalent modification based on the adsorption of
saccharide-based amphiphilic block copolymers. Xyloglucan oligosaccharide-poly
(ethylene glycol)-polystyrene triblock copolymer was adsorbed onto the surface of
CNCs. The resulting nanocellulose showed excellent dispersion abilities in non-
polar solvents. Lee et al. [56] also used an entirely bio-derived polylactic acid
(PLLA)-carbohydrate copolymer to modify BNC. They used polylactide carbo-
hydrate copolymer (RP1) as a compatibilizer. The carbohydrate-based tail showed
strong interaction with BNC surface through hydrogen bonding, thus improving the
compatibility of BNC with PLA matrix. SEM images of PLLA, PLLA with RP1
(5 wt%), and RP1 on single BC nanofibers are illustrated in Fig. 5.

Except for noncovalent surface modifications, modification of hydroxyl groups
through esterification is also widely implemented. Among the esterification reac-
tions, acetylation is the most widely studied. It is focused on adding a mixture of
acetic acid and acetic anhydride in the presence of a catalyst such as perchloric or
sulfuric acid. Homogeneous and heterogeneous acetylation of NCs has been studied
by Chanzy and Sassi by using acetic anhydride in acetic acid [97]. Ultrastructural
study of NCs after acetylation showed that the reaction was performed by a
reduction of the crystal diameters, while the length of NCs was hardly affected. An
environmentally friendly acetylation of NCs was recently reported by Yuan et al.
[140], using alkyenyl succinic anhydride (ASA) emulsions as a template. The
resulting derivative conferred the acylated NCs a highly hydrophobic character,
leading to easy dispersing of modified NCs in solvents with different polarities.

Another mechanism to stabilize the NC suspensions based on a partial silylation
has been recently proposed. The introduced alkyl molecules include n-butyl, n-
octyl, n-dodecyl, and isopropyl [35], which are randomly distributed at the nano-
cellulose surface. Their content is directly dependent on the degree of surface
substitution (DS). It has been demonstrated that with DS between 0.6 and 1, NCs
could disperse in solvents of low polarity, leading to stable suspensions with intact
morphological properties. A coupling of NCs with N-octadecyl isocyanate via a
bulk reaction has also been reported [102]. The modification enhanced dispersibility
of NCs in organic medium. The compatibility of modified NCs with polycapro-
lactone (PCL) was also improved, leading to a melioration of the ductility and
stiffness of resultant nanocomposites.

Surface-initiated polymerization has been used extensively to graft polymers
onto the surface of macroscopic cellulose fibers. Grafting of the polymeric chains
have also been reported on the surface of NCs, using the grafting from [78] and
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grafting onto [36] techniques. For instance, grafting of PCL on the surface of CNCs
can be performed in toluene using stannous octoate (Sn(Oct)2) as the catalyst [37].
A final PCL content of 85 wt% in the modified CNCs was reported. The
PCL-grafted CNCs were subsequently shown to be a more obvious reinforcement
to the mechanical properties of PCL–CNC composites compared with unmodified
CNCs. Moreover, Habibi also reported that better compatibility can be obtained
when the grafted chains and the polymer matrix are the same, due to the
co-continuous phase forming between nanocellulose and the matrix [37]. Moreover,
PCL is a significant component for the synthesis of shape-memory polyurethane

Fig. 5 Typical example of
SEM images showing a
polymer droplet on a single
BC nanofiber, where the
polymer is a PLLA, b PLLA
and RP1 (5 wt%) and c RP1.
The arrow indicates the
polymer droplet on a single
BC nanofiber. The scale bar
represents 200 nm. (Reprinted
with permission from
Ref. [56], under the terms of
the Creative Commons
Attribution License (CC BY))
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(SMPU). Therefore, PCL-grafted nanocellulose is a perfect choice for reinforcing
the PCL-based SMPU. The formation of a continuous interphase between the
nanocellulose phase and polymer matrix phase can improve their interfacial
adhesion and promote the dispersibility of NCs in SMPU.

Another technique for the grafting of NCs with polymeric chains is the
surface-initiated atom transfer radical polymerization (SI-ATRP). Yi et al. published
the first report of using SI-ATRP to grow polymer brushes from the surface of CNCs
[139]. 2-bromo-2-methylpropionyl bromide (Br-MPBr) was used as the initiating
agent. The polymerization of styrene, 6-[4-(4-methoxyphenylazo) phenoxy] hexyl
methacrylate (MMAZO) or N,N-dimethylaminoethyl methacrylate (DMAEMA)
was then carried out in the presence of Cu(I)Br. The resulting modified CNCs
exhibited thermally sensitive liquid crystalline behavior and could be applied in
producing thermally sensitive shape-memory nanocomposites. Morandi et al. [78]
studied the reaction conditions for the grafting using 2-bromoisobutyryl bromide as
an initiator, followed by a series of polymerizations of polystyrene. A maximum
surface modification of initiator content of up to 70 % was achieved, while the
polystyrene content reached 22 wt%. The surface properties of modified NCs were
controllable by tailoring the grafting density and the polymer chain length.

4 Application of NCs in Shape-Memory Materials

Shape-memory polymers are a series of “smart” materials which have various types
of molecular architectures designed for different function. With the addition of NCs,
new shape-memory materials can be manufactured for extensive fields of appli-
cations. In recent years, NCs have been widely used to enhance the hydrogen
bonding density in SMPs, leading to improvements of mechanical and thermal
properties of the nanocomposites. Moreover, the role of NCs in shape-memory
materials may be classified as reinforcement and “switches” due to the different
shape-memory effects of the SMPs.

4.1 Shape-Memory Effects (SME) of SMPs

When exposed to ambient stimuli, SMPs can achieve a temporary strain fixing. The
temporary deformation can recover to the original shape through various physical
methods with the potentially large extensibility derived from the intrinsic elasticity
of polymeric networks. This alternation of deformation and recovery is caused by
the “shape-memory effect” (SME) of the SMPs. From a macroscopic viewpoint,
SME in polymers can be graphically depicted using the dynamic mechanical
analyzer (DMA) which measured tensile elongation versus tensile stress and tem-
perature [88]. Other important parameters for describing the shape-memory prop-
erties are the strain fixity rate (Rf) and strain recovery rate (Rr). Rf stands for the

114 S. Fu and C. Tian



ability of the switch segments to fix the mechanical deformation, whereas Rr

quantifies the ability of SMPs to memorize their permanent shape [88].In general,
SME is not linked to any intrinsic material property, but it depends on a combi-
nation of suitable molecular polymer network and a certain programming process.
Therefore, a polymer with network structure for SMPs requires network points
(netpoints) and molecular switch segments. Cross-linked polymers (covalently or
physically) are elastic to large strains above either Tm (crystalline cases) or Tg
(amorphous cases) of the bulk material. When T > Tcrit (Tm, Tg or other), chain
segments between cross-link points of the polymer can deform quite freely and tend
to being twisted randomly, leading to a “superelasticity” effect of polymer networks
[89]. Based on this principle, SMPs can be typically categorized into two main
types: thermally and athermally induced SMEs according to the different stimuli.

4.1.1 Thermally Induced SMEs

Thermoresponsive SMP is the most prominent class of SMPs studied in recent
years. The corresponding SME originates from a phase transformation, associating
with a change in volume [42, 123]. Various thermomechanical and viscoelastic
models have been studied to illuminate the viscoelastic deformation with the
shape-memory behavior [10, 63].

A thermoresponsive SMP can be thermally actuated by increasing the envi-
ronment temperature above its thermal transition (Ttrans) through direct or indirect
heating. Thermally induced SMPs consist two different phases: the glassy state and
the amorphous state. Their deformation properties are dependent on the transition of
polymer chains from the glassy state to the rubber-elastic state. In the glassy state,
movements of the polymer segments at original shape are frozen. When the thermal
activation increases, the transition to the rubber-elastic state occurs, leading to the
increasing flexibility of chain rotation around the segment bonds. This situation
enables the chains to form one of the possible and equivalent structures without
disentangling significantly. This conformation is entropically favored and much
more probable than a stretched conformation, causing compact random coils in the
majority of the macromolecules.

Thermally induced SMPs can be stabilized in the deforming state in a temper-
ature range relevant to the particular application. This shape-memory functionality
can be reached by using the network chains of the polymer as a kind of molecular
switch. Thus, the flexibility of the segments is a function of the temperature.
Various types of thermal transitions are suitable according to the switch segments,
including glass transition (Tg), melting transition (Tm), and liquid-crystalline phase
transition (TLC). For the thermal transition of Tg, transformation of polymer chains
occurs from the glassy to the elastic state during the recovery process, providing
sufficient flexibility for the return of switch segments to the random coil formation
[121]. In the case of Tm, crystallization induced by strain of the switching segment
can be initiated by cooling down the SMP which has been stretched above Ttrans. In
general, the crystallites obtained with this transition temperature are adequate to fix
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the temporary shape, although the crystallization is incomplete and a certain amount
of the chains remains amorphous. When the polymer is heating above Ttrans, the
crystallites melt and the switch segments return to the random coil-like structures.
In the recovery steps, crystallites formed prevent the segments from immediately
reforming to the coil-like structure, and the permanent shape is spontaneously
recovered by the netpoint transformation. The permanent shape of shape-memory
networks is stabilized by the covalent netpoints, whereas the permanent shape of
shape-memory thermoplasts is fixed by the phase with the highest thermal transition
(Tperm). The process of thermally induced SME is shown in Fig. 6.

The SMEs of thermoresponsive SMPs can be quantified by cyclic, thermome-
chanical investigations. A single cycle includes deforming the test piece and
recovering to its permanent shape. Results obtained from such a measurement are
usually presented in a strain–stress (ε-σ) curve. Different effects during the
shape-memory process result in changes of the curve, especially when the distorted
sample is cooled down. These effects cause different expansion coefficient of the
stretched material at temperatures above and below Ttrans, as a result of entropy
elasticity. Volume changes also arise from crystallization in the case of Ttrans
reaching a melting point.

According to the different switching segments including physical cross-links of
physical intermolecular interactions and chemical cross-links of covalent bonds,
thermal-responsive SMPs can be classified into two different categories: thermo-
plastic SMPs and thermosetting SMPs [55, 60]. For the thermoplastic SMPs, the
formation of a phase-segregated morphology in the molecular conformation is the
fundamental mechanism of the thermally induced SME. One phase in the polymers
provides the physical cross-links and another phase acts as a molecular switch [57].
For the thermosetting SMPs, chemically interconnected structures are possessed by
covalently cross-linked bonds, determining the original shape of SMPs. Their
switching segments are generally the network chains between netpoints, with the
thermal transition of the polymer segments using as the shape-memory switch.
Their chemical, thermal, mechanical properties and SMEs are determined by the
type and length of network chains, the cross-linking density, as well as the reaction
conditions, and curing times.

Due to the accurate and adjustable response to thermal stimuli,
thermal-responsive SMPs can be widely used in different areas including smart

Fig. 6 Shape-memory process of thermally induced SMPs
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textiles, biomedicine, automobile actuators, and self-healing composite systems,
[27, 73] as shown in Fig. 7. Another utilization of thermal-responsive SMPs is
cardiovascular stenting [137]. Due to their thermal responsiveness, the stent of
SMPs can be activated at body temperature, resulting in a natural deployment
without any auxiliary devices.

4.1.2 Athermally Induced SMEs

Athermally induced SMEs are caused by afebrile stimuli including light, electricity,
magnetism, and solution-triggered actuation [58, 69, 76]. Wu et al. [132] reported a
biodegradable light-sensitive SMP consisting of block polyurethanes and pendant
cinnamamide moieties. This SMP was sensitive to nonheating-based light stimulus,
whereas the shape fixity and activation were only 20–55 % and 60–120 min,
respectively. Schmidt et al. [98] incorporated superparamagnetic nanoparticles of
ferriferrous oxide into a thermoresponsive SMP. The magnetite nanoparticles with
content between 2 and 12 wt% in the thermosetting SMP served as nanoantennas
for magnetic heating. In the DMA test, the rectangular strip was deformed to a helix
temporary shape at 70 °C and recovered to the original straight shape in 20 s with
the application of an alternating electric field.

Fig. 7 Applications of thermal-responsive SMPs in different areas
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Recently, athermally induced SME caused by solution-sensitive SMP system has
been widely discussed, especially for water-triggered actuation. The mechanism of
the solution-induced SME is the plasticizing effect of solution molecule on poly-
meric materials. This effect can increase the flexibility of the polymer macromo-
lecular chains and reduce the transition temperature of SMPs until shape recovery
occurs [67]. It is well known that phase transition of polymeric materials often
accompanies with great changes in physical properties. The solution-responsive
SME is based on such a change of a large decrease in modulus. Meanwhile, this
mechanism involves interactions between the polymeric macromolecules and
micromolecules of the absorbed solution [59]. Physical swelling of polymers is
another effective method to cause solution-responsive SMEs. The swelling effect
can be triggered by the interaction between polymer macromolecules and solvent
molecules, leading to an increase of the flexibility of polymer chains and a decrease
in Tg. Toluene solvent can be selected as the trigger of a styrene-based SME due to
its intensive swelling effect on the shape-memory polymer. After swelling, the
flexibility of the macromolecular chains significantly increases, leading to a
decrease of the transition temperature. Thus, the solvent-induced shape recovery
occurs at a lower temperature [45].

Different from the organic solvent, water-induced SME can be performed by
using hydrophilic polymers as soft domains of SMPs. Incorporation with hydro-
philic polyols such as PEG allows the potential for shape-recovery process trig-
gered by water. Moreover, an advantage of this method is the low melting
temperature of the hard domain (*110 °C) amenable to thermal processing, but
high enough for shape-recovery triggering [52]. Another method to obtain
water-active SME is using a hydrophilic ingredient to synthesize shape-memory
composite, such as nanocellulose and chitosan. For instance, the shape-memory
composite containing carbon black (CB) decreased their moisture sensitivity [138].
During the water-driven shape-memory process of a CB/SMPU composite, a
straight CB/SMPU wire was bended into a circular shape and fixed in a dry state.
After being immersed in water for about 2 h at room temperature, the circular shape
recovered most of its original shape. Chen et al. [21] reported a water-sensitive
biodegradable film made of chitosan cross-linked PEG-400. The raw materials used
in the preparation of the developed film are relatively hydrophilic. The
self-expansion processes of the polymeric immersed in PBS solution were shown in
Fig. 8. The degradable material is proposed to be used for local drug delivery or as
an alternative to metallic stents.

4.2 Shape-Memory Polyurethane (SMPU)

SMPU is one of the most extensively studied thermoresponsive SMPs. It is com-
monly known as multiblock or block copolymers. Polyurethane is synthesized by
the reaction of low molecular weight polyols with diisocyanates and diols (chain
extender). During the synthesis, polyols terminated with hydroxyl ends are reacted
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with the diisocyanates and diols, in order to form a urethane linkage [86]. The
semicrystalline hard segments of polyurethane are formed with the aromatic or
aliphatic diisocyanate through the molecular interactions between the urethane
linkages by hydrogen bonding, while the soft segments are made up of polyols
groups, as the switching segment. The permanent shape of SMPU is maintained by
the physical cross-linking of the hard segments, while the shape-memory behavior
is attributed to the Ttrans of the soft segments. Moreover, Ttrans of SMPU can either
be represented by Tg, as the soft segment being completely amorphous, or by Tm, as
the soft segment being able to crystallize. The type and length of segments dra-
matically affect the properties of PUs [70]. The common soft segments uses for
SMPU are made up of an amorphous polyol, including polyester and/or polyether.
Many studies have been discussed about poly(tetramethylene glycol) (PTMG) used
as the soft segment with various combinations of diisocyanates, such as
1,4-phenyldiisocyanate (PDI), 4,4′-diphenylmethane diisocyanate (MDI), as well as
chain extenders of ethylenediamine (ED) and 1,4-butanediol (BD) [22]. The con-
tents of hard segments and the length of soft segments have been reported to
strongly influence the properties of SMPU, especially with respect to the recovery
rate, shape fixity, and recovery speed. In general, hard-segment content should be
between 35 and 40 wt%, in order to generate a shape-memory effect. Meanwhile,
the soft segment length influences the overall hard-segment content, since the
hard-segment content increases with decrease of polyol molecular weight. Chun
et al. [23] reported the synthesis of SMPU with PTMG as soft segments. Molecular
weight distribution of PTMG influenced the SME of obtained material. The results
showed that a bimodal molecular weight distribution of soft segment can achieve a
higher recovery rate and increased shape retention. Wang et al. [127] prepared

Fig. 8 Photographs of the time courses of self-expansion of the polymeric (CS/glycerol/PEO400)
stent, immersed in PBS solution, stimulated by hydration. (Reprinted with permission from
Ref. [21], Copyright © 2007, American Chemical Society)
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PLA-based SMP in a similar approach (diol route) and evaluated the mechanical
and shape-memory properties. It was reported that SMPU with PLA as soft segment
displayed better shape-recovery behavior under a small deformation and responded
more rapidly to the thermal stimuli.

Except for the physical cross-link, chemical cross-linked polyurethanes were
also synthesized by using excess diisocyanate or cross-linkers like trimethylol
propane and glycerin. Xu et al. [135] synthesized hybrid PU with Si–O–Si
cross-linker. The linkages acted as the netpoints of SMPU, as well as inorganic
fillers for reinforcement. Buckley et al. [13] synthesized a novel thermosetting
SMPU using 1,1,1-trimethylol propane as a cross-linker. Both of the recovery
temperature and recovery rate increased due to introduction of the cross-linking.

Due to the excellent thermoresponsive SME, different structures and
shape-memory properties, the application areas of SMPU are various. Baer et al. [8]
studied the effect of processing parameters on the thermomechanical properties of
SMPUs. It was obvious that when cooled at different rates, a significant variation in
rubbery modulus occurred. Such thermomechanical properties of these materials are
suitable for various medical applications. Another highlighted application of SMPU
is the shape-memory composites. Different fillers give SMPU various types of
stimuli responsibilities, as well as the reinforcing effect. Koerner et al. [54] studied
polyurethanes reinforced with carbon nanotubes (CNTs) or CB of similar size. They
discovered that both of the nanocomposites exhibited increasing shape fixity.
Meanwhile, the CNT-reinforced SMPU showed almost 100 % shape recovery
compared to CB- reinforced SMPU with a limited shape recovery of 30 %. Park
et al. [84] synthesized Celite/SMPU composites using Celite as a cross-linker. The
Celite was incorporated with polyurethane during the middle step of the poly-
merization. The addition of Celite improved the mechanical and shape-memory
properties of SMPUs, with an optimized Celite content of 0.2 wt%.

4.3 Nanocellulose/Shape-Memory Polymer (NC/SMP)
Nanocomposites

In general, SMPs exhibit lower strength and stiffness, limiting their use for many
advanced applications. Thus, the incorporation of reinforcing fillers with SMP
matrices has been investigated to improve their mechanical properties. Moreover,
the addition of fillers can produce new “switches” and diversify the applications of
SMPs, depending on their supermolecule structures [34]. As discussed above, NCs
exhibit prominent mechanical properties with high elasticity modulus, due to their
high crystallinity and stiffness, which make them suitable for the reinforcement of
SMPs. Moreover, because of the substantial hydroxyls on the surface, hydrogen
bonds can be easily formed between NCs and SMP matrices, resulting in
new ambient responsive SMEs, especially for water-induced shape-memory
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nanocomposites. The macroscopic behavior of NC-contained shape-memory
materials depends on the volume fraction, specific behavior and the microstruc-
ture of each phase, as well as the interfacial properties between NCs and SMPs. In
general, mechanical properties of NC/SMP nanocomposites can be affected by
parameters including the geometrical aspect ratio, the processing method, and the
resulting competition interactions between NCs and SMPs. The evaluation of
resulting interactions among these parameters between NCs and matrices deter-
mines the differences of mechanical properties and SMEs in final materials.

4.3.1 Processing Methods of NC/SMP Nanocomposites

For shape-memory nanocomposites using NCs combined with SMPs, several
challenges are widely studied, including the separation efficient of NCs, compati-
bilization of NCs with the matrices, and development of suitable methods for pro-
cessing the NC/SMP nanocomposites [102]. The processing methods present the
possibility of the formation of a continuous network and determine the final prop-
erties of the nanocomposites. These methods for manufacturing of NC/SMP nano-
composites include extrusion, hot pressing, and evaporation. The treatments cause
changes in the orientation and interaction of NCs. Breakage of the fillers occurs and
the aspect ratio also changes. These transformations ultimately affect the final
mechanical properties of NC/SMP materials. For this reason, these processing
methods are classified in an ascending order of their reinforcement efficiency:
extrusion < hot pressing < evaporation, associated to the orientation and probable
breakage of nanocellulose during processing [79]. In this way, aqueous and solvent
solution casting via evaporation is the most effective method of preparing NC/SMPs
nanocomposites. During slow water evaporation, the rearrangement of nanocellulose
molecules occurs because of Brownian motions in the suspension or solution. Thus,
the nanoparticles have enough time to interact and connect, forming a continuous
network as the basis of their reinforcing effect. Moreover, due to the hydrophilic
character of NCs, the polar aprotic solvents such as DMF was used to successfully
redisperse the freeze-dried NCs, which formed NC/SMP materials without altering
the formation of the percolating cellulosic network responsible for their high
mechanical properties [100]. Conversely, during the freeze-drying/hot-pressing
process, NCs arranged in the suspension are first frozen. During the hot-pressing
stage, the melt viscosity of polymer matrices strongly limited the rearrangement of
NCs, leading to a poor compatibilization of NCs with SMP matrices. Auad et al. [5]
successfully incorporated NCs into SMPU using a suspension casting method.
A small amount of well-dispersed NCs improved the stiffness of SMP dramatically,
with no obvious decrease of shape-memory properties. Rueda et al. [91] mixed
CNCs with SMPU in DMF and obtained films with a thickness of 0.1 mm by solvent
casting procedure followed by a pressure–temperature cycle at 80 °C. It was found
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that CNCs were effectively dispersed in the segmented SMPU matrix due to the
favorable matrix–nanocrystals interactions through hydrogen bonding, with an
enhancement of stiffness and stability versus temperature of the nanocomposites.

During the process of preparing NC/SMP materials, NCs can disperse well in a
hydrophilic matrix or polar solvent because of the substantial surface hydroxyls.
However, many of the SMPs are hydrophobic polymers and their solvent systems
are nonpolar. This incompatibility causes aggregation of NCs in some SMP
matrices and results in the decrease of reinforcement and switch effects. In order to
extend the application of NCs in such matrices, modification is an effective pre-
processing method for the synthesis of NC/SMP nanocomposites. As mentioned
above, modification of NCs will change their surface properties and make them
more hydrophobic, which improve their compatibility with low polarity matrices.
Moreover, the modified NCs can obtain a variety of new characteristics depending
on the modification monomers, and improve their flexibility to the ambient stimulus
of NC/SMP nanocomposites. Cellulose whisker-reinforced waterborne SMPU
nanocomposites were synthesized using in situ polymerization followed by a
casting/evaporation technique [15]. The grafted chains formed a crystalline struc-
ture on the surface of the nanoparticles, inducing the cocrystallization with the
matrix. Furthermore, this cocrystallization induced the formation of a co-continuous
phase between the CNCs and SMPU matrix, which significantly enhanced the
interfacial adhesion, leading to a highly improved mechanical strength of the
NC/SMP nanocomposites. Rueda et al. [90] prepared isocyanate-rich CNCs by
coupling CNCs with 1,6-hexamethylene diisocyanate (HDI) and incorporated them
into segmented SMPU using the casting evaporation technique. Modified CNCs
dispersed in the polyurethane and interacted with the matrix hard phase, promoting
physical association with hard segments. DMA analysis shown in Fig. 9 illustrated
that this association enhanced stiffness and dimensional stability of obtained
CN/SMP nanocomposites, although decreased their shape-memory effect. NC/SMP
nanocomposites obtained by incorporating polyaniline-grafted CNCs SMPU, with a
content of 4–10 wt%, exhibited conductivity-induced shape-memory effects. They
also showed a stepwise change in thermal, rheological, and electrical properties, the
maintenance of shape responsiveness of the nanocomposites [7].

4.3.2 Thermally Induced NC/SMP Nanocomposites

Segmented polyurethane is one of the most widely thermal-responsive SMPs used
for shape-memory composites. One paramount condition for preparing NC/SMPU
nanocomposites with an obvious reinforcement is obtaining a good dispersion sys-
tem. Meanwhile, based on the good dispersion of the NCs in a polyurethane network,
hydroxyl groups on the surfaces of NCs interact with polar segments of PU, causing a
strong interfacial adhesion which is necessary for nanocomposites [5, 131].
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Thermomechanical and Crystalline Properties of the NC/SMP
Nanocomposites

The thermal behavior and crystalline properties of the NC/SMPU materials are
significantly affected by the loading of NCs. Thermal properties of the NC/SMPU
can be determined by DSC thermograms. Actually, a small amount of NCs in
thermal-responsive SMPU can cause a measurable shift of melting temperature of
the soft segments toward elevated temperatures, with an alterant melting enthalpy
of the soft segments. These results were ascribed to the anchoring effect of NCs
acting as a nucleation agent for the crystallization of the soft segments in segmented
polyurethane. The perfection of the crystal structures led to a higher melting tem-
perature of soft segments in the NC/SMPU nanocomposites [6]. Another effect of
incorporating NCs in SMPU is the disappearance of the melting peak of hard
segments, caused by the interactions between the NCs and the hard segments [74].
These interactions decrease hydrogen bonds between NCs and connect the hard
segments together, preventing the hard segments from ordering and forming hard
domains. Moreover, thermal transitions of the nanocomposites are related to the
microphase separation of soft segments from hard segments. SMPU matrices and
their nanocomposites exhibit the same temperature transitions and endotherms,
demonstrating that the melting temperature endotherm and melting enthalpies are
clearly associated to the soft and hard segments of SMPU.

The storage modulus (E′) and loss factor (tan δ) as a function of temperature can
be determined from DMA tests. The two parameters are also considered as char-
acteristic parameters to describe the thermomechanical properties of NC/SMPU
nanocomposites. In the region of lower temperatures, the storage modulus slightly
decreased with temperature but still remained basically constant, due to the
restrictions of molecular motions to vibration and short-range rotation. As the

Fig. 9 Storage modulus and loss factor versus temperature for polyurethane and polyurethane
nanocomposites containing 1.5 wt% of unmodified and modified CNC. (Reprinted with
permission from Ref. [90], Copyright © 2011 Elsevier Ltd. All rights reserved)
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temperature increased, the storage modulus showed a significant decrease, corre-
sponding to the main relaxation process of the soft phase in the matrix of
NC/SMPU nanocomposites. However, a broadening in the loss factor can be
observed when content of NCs increased, which is associated to the molecular
mobility of amorphous macromolecular chains affected by the presence of NCs.
Some authors found that NCs caused reduced molecular mobility of the polyure-
thane matrix [29]. This effect can be evidenced by a sharp decrease in tan δ height
and peak area, indicating that the SMPU molecule fractions participated in the Tg
decreases with the increase of cellulose content. Above the temperature corre-
sponding to the melting range of the soft segment, NC/SMPU nanocomposites
showed an improvement in storage modulus because of effective dispersion of NCs,
as well as the filler–matrix interactions, which enhanced the crystallinity of hard
segment. These interactions also decreased the molecular mobility and promoted
rigidity of nanocomposites, as observed by DSC. However, the excessive high
nanocellulose content up to 30 wt% leads to a lack of cohesion between amorphous
and crystalline hard domains in SMPU, resulting in the decrease of stability upon
temperatures and changes of thermomechanical behavior.

Reinforcement of NCs and SMEs of NC/SMP Nanocomposites

NC/SMPU can be prepared to allow the introduction of the NCs during the syn-
thesis of PU (SMPU1), to covalently attach to the polymer, or after the synthesis
(SMPU1*), where only strong physical interactions form. In both cases, improve-
ment of tensile modulus of obtained NC/SMPU nanocomposites can be observed.
Auad et al. prepared nanocomposites using NCs with contents from 0.1 to 1 wt%
and segmented SMPU. Compared to pure PUs, the Young’s modulus of obtained
nanocomposites increased whereas the deformation at break decreases [6]. Cao
et al. [14] also prepared nanocomposites from 30 % NCs and waterborne SMPU.
The Young’s modulus and tensile strength increased from 0.5 to 344 MPa and 4.3
to 14.9 MPa, respectively, while the elongation at break decreased from 1086 to
189 %. Addition of nanocellulose has two effects on the tensile properties of
SMPU. One is increasing the modulus of PU. The other is the nanoparticles
interfering with formation of the hard segments and causing a decrease in modulus.
Tensile properties of the obtained NC/SMPU nanocomposites are depended on the
balance between these two effects [6].

Incorporation of NCs also impacts the elongation at break of SMPU, with a
decrease of elongation at break by adding NCs. Strong interactions between fillers
and matrices restrict the motion of the matrix, causing a reduction in elongation at
break. In general, with a low content of NCs (1 * 2 %), disruption of the hard
segments of SMPU matrices can assist higher elongation of the soft segments,
resulting in the increase in elongation at break as compared to other nanocom-
posites. In this case, elongation of NC/SMP nanocomposites can be maintained
greater than 800 %. On the other hand, although the ultimate elongation is reduced,
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it is obvious that the sample can reach nine times more than the initial length before
breaking, which is still a high elongation.

The effect of covalent bonds forming between NCs and SMPU on the
shape-memory behavior was also arrestingly studied. Maria et al. reported that the
neat SMPU and SMPU1* exhibited excellent shape-memory behavior, while the
NC reinforced SMPU1 does not have this capability [6]. In the case of SMPU1*,
only physical interactions between the polymer and NCs are formed, which does
not affect the microphase separation of shape-memory polyurethane.
Shape-memory properties of NC-reinforced SMPU1* were shown in Table 2.
However, for SMPU1, NCs are covalently bonded to the matrix. This covalent
bond interfered with the formation of the hard domains, which are responsible for
fixing the original shape, leading to the erase of the shape-memory property of the
nanocomposites. From these results, it can be obtained that the NCs should be
added to already synthesized SMPU matrices, if the shape-memory properties are
needed to be maintained.

4.3.3 Water-Response NC/SMP Nanocomposites

A water-sensitive SMP system with athermally induced shape-memory effect
consists of NCs and thermoplastic polyurethane [142]. The SME of this system can
be attributed to the reversible formation and disruption of the nanocellulose per-
colation network, in which stress transfer is promoted by hydrogen bonding
between NCs [16]. When the nanocomposite is exposed to water, hydrogen bonds

Table 2 Shape-memory
properties of the SPU
2000-series

HS (%) Cellulose (wt%) Rf Rr Rr (N)

First cycle

39 0 84.6 71.2

32 0 62.9 80.6

23 0 53.8 90.7

23 1a 79.3 82.1

Second cycle

39 0 67.9 71.2 100

32 0 61.8 79.9 99.3

23 0 55.8 88.2 97.1

23 1a 80.9 80.2 97.6

Third cycle

39 0 81.6 71.2 100

32 0 70.5 79.0 98.8

23 0 51.3 85.6 97.1

23 1a 78.2 80.0 99.8

(Reprinted with permission from Ref. [6], Copyright © 2009
Wiley Periodicals, Inc)
aCellulose incorporated after reaction
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between NCs are weakened by the presence of water molecules. This effect allows
an easy deformation of the nanocomposite into a temporary shape. The shape is
fixed by the subsequent drying step, in which the chain mobility is limited by the
re-formed hydrogen-bonded three-dimensional network of NCs. In the next
recovery stage, the spontaneous shape recovery is triggered by water due to
decoupling of the nanocellulose network. These changes of the microstructure
indicate that chemomechanical response of water-sensitive shape-memory com-
posites is a result of disruption of the filler–filler interactions of NCs other than the
plasticization of the shape-memory matrix.

In view of the outstanding dispersibility of sulfate-modified cellulose whiskers in
water, Capadona et al. [17] explored whether water could act as a chemical regu-
lator for the filler–filler interactions using the cellulose/EO-EPI nanocomposites,
which were inspired by the architecture and function of the sea cucumber dermis.
After immersing into the deionized water for some time, all compositions of the
nanocomposites exhibited modest aqueous swelling (*30 % v/v), indicating that
water is the main uptake governed by the matrix polymer with only minor varia-
tions due to nanocellulose content. The tensile storage moduli for water swollen
cellulose/EO-EPI nanocomposites were measured by DMA analysis. A pronounced
reduction of E′ can be observed compared with the dry nanocomposites. The
greatest mechanical contrast occurs in the case of the composite with the highest
nanocellulose content up to 19 % v/v. At the same time, swelling of the nano-
composite with water results in a significant decrease of the tensile strength as well
as an increase of the elongation at break. The stiffness reduction of the nanocom-
posites could be due to the decoupling of the stress-transferring rigid network of
NCs upon the introduction of water molecules as a competitive hydrogen bonding
agent. Agreed with the proposed mechanism, the switching is fully reversible since
the nanocomposites recovered to their original stiffness upon drying.

Inspired by the sea cucumber dermis, a variety of shape-memory nanocom-
posites with a percolating network of NCs have been easily fabricated by mixing
NCs and SMPs in a hydrogen-bond-forming solvent. During this progress,
self-interactions of NCs through hydrogen bonds of surface hydroxyls are “swit-
ched off” by competitive hydrogen bonding with the solvent [18, 111]. When the
solvent is evaporated, the interactions between the NCs are “switched on” and
assembled into a percolating network. This structure and strong interactions
between NCs maximize the stress transfer and the overall modulus. The mechanical
properties of such nanocomposites can be altered by the immersion and removal of
water, which acts as chemical stimuli and changes the hydrogen bonds between the
shape-memory matrix and NCs [101]. Mendez et al. [71] reported new
water-sensitive mechanically adaptive nanocomposites by introducing rigid cotton
cellulose nanowhiskers into SMPU matrix. They found that the level of rein-
forcement was determined by the CNW content and followed the Halpin–Kardos
model below the percolation limit of ∼7 % v/v. Whereas, when the content was
above ∼7 % v/v, the reinforcement of CNW was adhered to the percolation model.
When exposed to water, the materials with a CNW content of 20 % v/v swelled
slightly and showed a decrease of E′ from 1 GPa to 144 MPa. The mechanically
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adaptive property and a high elasticity of the wet nanocomposites are the basis for
SME induced by water.

Zhu et al. [142] synthesized CNW/SMPU nanocomposites mentioned above and
designed programming protocols including cyclic wetting and drying to evaluate
the shape-memory effect of the nanocomposites. During the cyclic processes, Rf is
maintained from cycle 1 to cycle 5 and increased with the increase of nanocellulose
content. This improvement in shape fixity suggested that the high content of
whiskers significantly enhanced the fixity ability of shape-memory nanocompsites.
In contrast, the high fraction of elastomer network in the SMPU matrix favored
good shape recovery with a low content of whiskers. The decrease of Rr from 90.5
to 53.6 % with the increase of the CNW fraction in cycle two illustrated that the
reduction of the elastomer fraction in the CNW/SMPUs led to a more irreversible
strain in the first tensile cycle.

The chemomechanical adaptability of NCs in the polymer matrix broadens their
applications from reinforcement to smart or stimulus-responsive materials. Such
rapidly switchable water-sensitive shape-memory nanocomposites are thought to
have considerable application potential, especially for biomedical applications
desiring slow, water diffusion-driven mechanical changes as well as thermally
activated adaptability [44]. The nanocomposites may also be useful for consumer
applications such as, self-propelled and artificial fishing lures.

4.3.4 Other NC/SMP Materials and Multi-material Systems

According to the shape-memory mechanisms summarized above, SMEs can be
obtained by constructing composites triggered not only by heat, but also by elec-
tricity, light, magnetic fields, infrared radiation, and moisture or chemical solvents.
The utilization of nanocellulose will add reinforcement and new switches to the
existing framework according to the cellulose properties for novel SMEs. Thus, the
nanocellulose-contained shape-memory materials are often synthesized by physical
mixing of elastomers as a matrix and NCs as a switch. NCs after chemical modi-
fication can also create novel SMEs. The use of nanocellulose has provided many
new shape-memory materials for wide areas of applications.

Casado et al. [19] reported composite films based on SMPUs and nanocellulose–
polyaniline particles. They found that when the concentration of nanofillers was
maintained under 5 wt% in the composite, the mechanical and shape-memory
properties were not negatively affected with the addition, or even slightly improved.
In particular, the addition of NCs led to an increase in the tensile modulus without
affecting the elongation at break, indicating that the filler was acting as a classical
reinforcement in this system instead of forming a percolating network. Meanwhile,
the electrical conductivity of nanocellulose–polyaniline particles was higher than
that of the neat PANI particles. However, the resulting composites did not achieve
the conduction levels shown by the fibers. Also, the composites performed in the
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range of semi conducting materials, probably because the electrical percolation of
fibers through the matrix was not reached.

Aoki et al. [1] demonstrated SME of cellulose acetate derivatives by the mod-
ification with cross-linkable mercapto groups. In this system, the on–off switching
of the materials was achieved by redox treatments. The shape-memory behavior
through adequate redox treatments was due to the reversible, cross-linking asso-
ciation and dissociation between mercapto groups. However, the recovery time
required for these films was long up to 96 h. Meanwhile, SME of the material
progressively receded with repeated redox treatments.

Bai et al. [9] prepared a novel SMP by grafting microcrystalline cellulose with
PCL, and then cross-linked with 4,4-methylenediphenyl diisocyanate (MDI). With
a wide broad Tg, the material exhibited good dual-, triple-, quadruple-, and even
quintuple-shape-memory effects. In this novel polymer, microcrystalline cellulose is
used as the reversible phase for the SME. Moreover, due to the reinforcement of
microcrystalline cellulose, the material exhibited outstanding mechanical proper-
ties. The tensile modulus and tensile strength could reach 273 and 467 MPa,
respectively, with an elongation at break of 479 %, which were superior to many
other PCL-based SMPs.

5 Conclusions

Nanocellulose is a reawaked novel material made from natural cellulose, the most
abundant natural polymer available in nature. Due to the intrinsic low density, high
surface area, and mechanical strength, nanocellulose can improve the final properties
of composites in thermal stability, mechanical properties, toughness, barrier, and
biological protection, which can extend the application of nanocellulose in medicine,
biotechnology, power industry, and especially, intelligent nanomaterials. Ascribed
to their nanostructure, nanocelluloses also exhibit a favorable dispersibility in polar
solvents and high accessibility of surface hydroxyl groups so that nanocelluloses are
suitable for chemical modification and application in nanocomposites.

One of the attractive applications of nanocellulose is its function in
shape-memory materials, which are a series of macromolecule materials with
various types of molecular architectures specifically designed. Consisted with the
component and molecular conformation, shape-memory polymers could respond to
a variety of ambient stimuli, such as heat, light, electricity, and water. Among these
shape-memory materials, the thermally reduced shape-memory is one of the most
widely studied. One of the typical thermally reduced SMPs is segmented poly-
urethane, which can transform into a temporary deformation and return to the
original shape upon different temperatures. While nanocelluloses are applied in this
shape-memory material it can serve as reinforcing agents and switches. The rein-
forcement of nanocellulose for SMP is obvious with the increase of tensile modulus
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due to its high rigidity. Meanwhile, the substantial amount of surface hydroxyls
enable nanocellulose to act as the switch of water-sensitive shape-memory
materials.

Utilization of nanocelluloses in shape-memory materials leads to a novel
material with structure transformation from original polymers, and nanocomposites
with new and more SMEs. Such new materials are forecasted to have considerable
application potentials in biomedicine, aerospace, sensors, and tissue reconstruction.
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Nanotechnologies for Production of High
Performance Cellulosic Paper

Altaf H. Basta and Houssni El-Saied

Abstract Recently, nano-products play a dominant role in global manufacturing,
and still in the not-so-distance future. Whereas new applications are being inves-
tigated everyday in many areas, e.g., agriculture, lignocellulosic products, food,
nano-reactive membranes for water purification, nano-catalysts for air-purification,
for water treatment, nanomaterials-based solar cells, as well as nano-coatings which
are finding use in corrosion-resistance, dirt repellency, water repellency, thermal
insulation, and antimicrobial applications. This paper reviews recent researches on
utilizing nano-tech materials in production of high performance paper sheets. The
highlight on our suggestions for production process of safety paper sheets from
heterocyclic nanoparticles is also reported.

Keywords Cellulosic paper � Nanotechnology � Special paper � High performance
paper sheets

1 General Introduction

Nanotechnology is the understanding and control of matters having dimensions
roughly within the 1–100 nm range. Nanotechnology was introduced starting with
the famous 1959 lecture by R.P. Feynman. It was suggested to name the nanometer
scale the Feynman (Φnman) scale after Feynman’s great contributions to nano-
technology (1 Feynman [Φ] = 10−9 meter = 10−3 Micron [µ] = 10 Angstroms [Å]).
The essence of nanotechnology is the ability to work at the molecular level, atom-
by-atom, to create large structures with fundamentally new molecular organization.
The ability to control and manipulate nanostructures will make it possible to exploit
new physical, biological, and chemical properties of systems that are inter-
mediate in size, between single atoms, molecules, and bulk materials [1–4].
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Various nanoparticle (NP)-based therapeutic platforms, including liposomes [5, 6]
polymeric micelles [7, 8], quantum dots [9, 10], Au/Si/polymer shells [11, 12], and
dendrimers [13, 14] have been established.

Nanotechnology has the potential of revolutionizing materials design for many
applications, e.g., biomedicine [15, 16], agro-food sector [17, 18], water and
wastewater treatments [19], building materials [20], textile and paper and ligno-
cellulosic composites [21, 22], and solar PV cell [23].

The implications of nanotechnology for the paper industry range from wet-end
chemistry, fabrics, and roll cover materials to adhesives as well as pigments [24].
The environmental benefits come from reduced process water consumption, e.g.,
via improved wet-end chemistry, nanofiltration, and water-less coating, while
energy efficiency can be increased in addition to the improvements resulting from
decreased water usage by minimized production losses through the application of
new materials and better sensor technology [25].

Fully green nanotechnology is the ideal case of green nanotechnology, and it
means all the input and output components (materials) involved in fully green
nanotechnology should be environmentally safe (e.g., polysaccharides and natural
cellulose fibers). Recently, cellulosic nanomaterials, e.g., nanocellulose (NC), mi-
crofibrillated cellulose, and electrospun cellulose nanofibers, have attracted the
attention of researchers due to their distinctive optical properties, highly crystalline
structure, and high surface area [26]. NC can be used for many applications such as
optical devices [27], regenerative medicine [28], automotive applications [29], and so
on. NCC suspensions can be used to form films having potential applications as ink
pigments and optically variable films for security papers, since the optical properties
cannot be reproduced by printing or photocopying [30]. Moreover, oxidized NC and
its microparticulate system is used in TMP newsprint manufacture [31].

The answers to the question of why nanotechnology is important [32] are: (a)
Less space, faster, less material, and less energy, (b) Novel properties and phe-
nomena and (c) Most efficient length scale for manufacturing, therefore one
important application of nanomaterial; [inorganic, organic, and/or natural fibers
(NC)] is focused in production of high performance paper sheets [33–38]. Many
techniques have been developed for protecting the documents to prevent counter-
feiting or fraudulent use. Techniques such as holograms on credit cards and mag-
netic coding on various articles have been in use for some time [39, 40].
Fluorescent nanoparticles [41] and Fe3O4 nanoparticles [42] were also used as
successful methods for anti-counterfeiting applications and documents’ identifica-
tion (safety paper).

This chapter looks at the current role of nanotechnology in production of high
performance paper sheets. The highlight is on our published articles [43–45] for
synthesis of fluorescence-active pyridinecarbonitriles as security marker for safety
paper, and the fluorescence behavior of these heterocyclic compounds in nano-
particles form are also reported.
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2 Scope Survey of Nanoparticles in Paper Manufacturing

2.1 Nanomaterials Containing Cellulosic Paper Sheets

The papermaking process includes steps of preparing the paper composition, wet
beating, forming of wet sheet, pressing, drying, calendering, and probable surface
finishing––printing, dyeing, coating, etc. [46]. During production of paper or board
products there is often a desire to add nanomaterials either to furnish of paper,
board, to the surface of the formed paper, or board product. The nanomaterials are
often added to reduce production cost and/or improve properties such as printing
properties of the finished paper or board product. Beating (pulping) regards the
important step of papermaking required to obtain strong paper; Ioelovich [38]
reported his trial to improve the paper properties via incorporating organic and
inorganic nanomaterials in beated pulp composition. Organic nanocellulose consists
of rod-like particles 150–200 × 20–40 nm having increased crystallinity, specific
surface, and hydrophility. Dispersion of inorganic nano-chalk contains ellipsoidal
particles of size 100–150 nm having relative low hydrohpility. He showed that
introducing cellulose nanoparticles leads to sharp increase in paper density and
strength. In contrast to this result, inorganic nanoparticles of chalk have negligible
effect on properties of the final paper due to low bonding ability between inorganic
particles and organic cellulose fibers.

The problem of working with dispersions or slurries comprising nanopartides is
that they are not stable and the nanopartides easily form aggregates that are not as
reactive as nanopartides in free form. Furthermore, dispersions comprising nano-
material often have a problem with dusting and it could also be hazardous to handle
the dispersions comprising nanopartides since they are being adsorbed by the skin.
Dried dispersions comprising microfibrillated cellulose often also have problems
with dusting. Heiskanen et al. [34, 35] invented the solution process that in an
efficient and safe way is able to produce a stable dispersion comprising nanopar-
ticles. The invented process for producing dispersion comprises microfibrillated
cellulose and nanoparticles (e.g., bentonite, titanium dioxide, zinc oxide, silver,
copper oxide, iron oxide, silica, calcium carbonate, such as nanoprecipitated cal-
cium carbonate (PCC) and/or carbon nanotubes), wherein the nanoparticles are
added to the slurry and treated by mechanical disintegration. Thus a dispersion
comprising microfibrillated cellulose is formed in which the nanoparticles are
absorbed onto the surface of the microfibrillated cellulose and/or into the micro-
fibrillated cellulose. This invented process possibly to produces a much more stable
dispersion at the same time as the dispersion also has other improved properties,
such as decreased dusting problems. Mechanical disintegration is preferably done in
a pressure homogenizator. It has been shown that by using a pressure homoge-
nizator it is possible to produce microfibrillated cellulose with more open areas and
at the same time disparate the nanoparticles of dispersion in an efficient way.

Other inorganic nanoparticles that have gained interest, especially in paper pro-
duction from wood fibers and to a lesser degree in pulp production, are, e.g., Al2O3

Nanotechnologies for Production of High Performance … 139



ZnO, SiO2, CaCO3, and silanes. These have been applied for pulp production for-
mulation, for paper and board with microfibrillated cellulose, in research for wear
resistance and wet strength, and on paper surface among others [33, 35, 47, 48].

The process for improving the wet strength of a paper product and to a paper
product with improved wet strength was also invented [33]. In accordance with the
invention, pigments of less than 200 nm in size are used as filler in the paper
product.

Direct synthesis of gold nanocatalysts on TEMPO-oxidized pulp paper con-
taining aldehyde groups was investigated by Azetsu et al. [49]. The produced
AuNPs on TEMPO-oxidized paper composites showed catalytic activity toward the
aqueous reduction of 4-NP to 4-AP. Optically transparent nanofibril paper was also
developed as a matrix for solar cells [50], and paper-like AuNPs catalysts composed
of pulp fibers and zinc oxides [51].

Moreover, the benefit was nanoparticle-containing paper sheets in production oil
and grease resistant paper and paper board [52]. This type of paper was produced
via applying a homogeneous aqueous dispersion of fluorochemical surface-modi-
fied nanoparticles to a cellulosic substrate to form a treated cellulosic substrate, and
subsequently drying the treated cellulosic substrate to form an oil repellent cellu-
losic material. Fluoro chemicals that can be used to modify the nanoparticles
include fluoroalkylsilanes, ionic fluorochemicals, or fluorinated polyacrylate
obtained by seeded emulsion polymerization of fluorinated acrylates on the nano-
particles. Paper, paperboard, and cellulose fiber articles that have been modified by
the disclosed processes have improved oil and grease resistance properties. Another
benefit investigated was that nanoparticles prevent the spread of microbial infec-
tions and provide safe paper product. The investigators studied the antibacterial
activities of zinc oxide nanoparticle coated paper and the results showed a signif-
icant decrease in bacteria counts after 24 h [53]. Besides zinc oxide nanoparticles,
silver nanoparticles, which possess strong antibacterial properties have also been
loaded on filter paper for antibacterial purposes [54]. But one major problem for
zinc oxide, silver nanoparticles and other metal-based materials is their toxicity to
healthy cells (and the environment) due to generation of reactive oxygen species
[55, 56]. These materials may result in severe health problems when such coated
paper products are used for food wrapping or clinical applications. To decrease this
drawback, selenium nanoparticles were used to coated paper towels. This approach
of application of nanoparticles leads to increased eradication of bacteria in a wider
range of clinical environments and in the food industry, thus improving human
health [57].

In this subject of utilizing the nanoscale materials in production of precious
application paper products, the previous literature showed both inorganic and
natural fibers—(organic) nanoparticles are used individually or in combinations.
Therefore, in further sections we present some of the literature work on the methods
of production of nanoparticles, and their characteristics.
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2.2 Production Methods of Nanoscale Materials

There are two fundamental approaches to fabricating nanomaterials [58]. The
‘‘bottom-up’’ approach represents the concept of constructing a nanomaterial from
basic building blocks, i.e., atoms or molecules. This approach illustrates the pos-
sibility of creating materials with exactly the properties desired. The second
approach, the ‘‘top-down’’ method, involves restructuring a bulk material in order
to create a nanostructure.

Traditional nanoparticles (NPs) fabricated using bottom-up techniques are lim-
ited to spheres, partly due to the lack of fabrication technology to control the shape.
Bottom-up techniques greatly involving self-assembly and aggregation of NPs
depend on various factors, such as its thermodynamic energy minima and entropy
limitations or factors affecting molecular self-assembly [59]. The energy-minimized
stable structures thus produced tend to be spherical, because spheres have the least
surface per unit volume and, thus, minimize the interfacial energies. The
advancement of techniques involved in nanofabrication has enabled the develop-
ment and production of various nonspherical NPs.

2.2.1 Methods of Production Nanoscale Inorganic Materials

Nano-size inorganic pigment is of potential technological interest especially as a
filler application to reinforce materials in the nanocomposite. They are normally
produced by chemical or mechanical methods. Chemical methods are generally
based on intercalation and exfoliation. The preparation of tailored talc nanoparticles
by mechanical milling has been undergoing investigation. In most cases,
mechanical milling, especially in a high intensity ball milling device such as a
planetary mill, causes delaminating in the initial stages followed by destruction of
the structure and subsequent amorphization associated with reaggregation of fine
particles. The comminuting process and microstructural evolution of talc during
milling are influenced by the type of impulsive stress applied, which can either be
of shock or shear [60]. The impulsive stress caused by the balls mainly depends on
the mill rotational speed. Furthermore, for the milled layer silicate minerals where
shear stress is dominant, highly anisotropic layers with a relatively preserved
structure were obtained, while amorphous fine particles often result from milling
with the shock-type stress [61]. Aside from these, other parameters such as grinding
environment, addition of milling aids, and variation in the grinding media have
been shown to play a role.

The particle size and morphology of nano-talc are relevant to its technological
application since it has been reported that particles with well-preserved crystal
structures and high geometrical anisotropic properties are promising fillers in
polymer nanocomposites. These features can significantly decrease the percolation
threshold and improve the mechanical and thermal properties compared to other
inorganic nanoscale fillers such as calcium carbonate [62]. It is therefore interesting
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to explore the processing routes based on plastic deformation, where an increase in
the surface area is obtained and the crystal structure is preserved. Sonication pro-
cess provides reduction in particle size while preserving the crystal structure;
therefore this process appears more suitable in the production of talc nanosheets. In
addition, talc does not need high stress deformation. This process is also believed to
reduce other deformation mechanisms, which require a high stress level for acti-
vation and can induce larger crystal disordering.

Acid medium sonication reported also a method for preparation of low density
talc nanosheets [63]. This method is carried out to produce talc nanosheets with a
high aspect ratio and a relatively perfect crystal structure, which hasthe potential to
be scaled-up to the industrial level.

Gas phase synthesis through the pyrolysis of organometallic precursors is
reported as the method for industrial synthesis of commercially available nano-
powder of mean size of 6–100 nm. This method runs without vacuum and gives a
relative high productivity of laboratory equipment [64].

Spray techniques are simple, one-step methods suitable for manufacturing of a
broad range of powders with controlled properties for specialty applications. These
methods include but are not limited to spray drying (SD), mainly for producing
pharmaceuticals and food powders. Three types of spray techniques are reported;
Spray pyrolysis (SP) for fabricating nonagglomerated monodispersed fine and
unltrafine ceramic powders; flame spray pyrolysis (FSP) for preparation of ceramic
and complex nanoparticles, and melt atomization (MA), mostly for the production
of metal powders. The other spray methods include spray freeze drying (SFD) and
emulsion combustion method (ECM) [65].

2.2.2 Methods of Production Nanocelluloses (NC)

The word “nanocellulose” generally refers to cellulosic materials with one
dimension in the nanometer range. The production of NC is generally carried out in
two steps. The first stage consists of pretreatment of the raw material to obtain
“purified” individual cellulosic fibers that can be further processed. Depending on
the source of the raw material, different pretreatments are applied. The second stage
(generally called “fibrillation”) concerns the transformation of the individual cel-
lulosic fibers into microfibrils, MFCs or NCCs. The main processes typically used
for this transformation are mechanical treatment [66–68], [69]; [70–72], acid
hydrolysis [73–75] and enzymatic hydrolysis [76–78], which can be used separately
or combined. The steam explosion process is another efficient pretreatment method
for converting lignocellulosic biomass with that of separating nanofibers [79, 80].

The procedures production of CNs consists of the following steps: and also
illustrated in Scheme 1 [79];
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(1) Strong acid hydrolysis of pure cellulosic material under strictly controlled
conditions of temperature, time, agitation, and with control of other conditions
such as nature and concentration of the acid and the acid to cellulose ratio;

(2) Dilution with water to stop reaction and repeated washing with successive
centrifugation;

(3) Extensive dialysis against distilled water to fully remove free acid molecules;
(4) Mechanical treatment, usually sonication, to disperse the nanocrystals as a

uniform stable suspension;
(5) Eventual concentration and drying of the suspension to yield solid NCC.

While, according to Gong et al. [81], the production of two types of nanocel-
lulose from wood was carried out via extraction of α- cellulose followed by
preparation of NC. They summarized these stages in the following schemes
(Scheme 2a, b).

2.3 Characterization Techniques for Nanomaterials

Various techniques for characterization have been used extensively in nanomate-
rials research [82–85]). The commonly used powerful techniques are wide-angle X-
ray diffraction (WAXD), small-angle X-ray scattering (SAXS), scanning electron
microscopy (SEM), and transmission electron microscopy (TEM) [82, 86].

For SEM, it provides images of surface features associated with a sample.
However, there are two other microscopies, scanning probe microscopy (SPM) and
scanning tunneling microscopy (STM), which are indispensable in nanotube (CNT)

Scheme 1 Main steps needed to prepare NC from lignocellulosic biomass
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research [86]. The SPM uses the interaction between a sharp tip and a surface to
obtain an image. In STM, a sharp conducting tip is held sufficiently close to a
surface (typically about 0.5 nm), such that electrons can ‘tunnel’ across the gap
[87]. This method provides surface structural and electronic information at atomic
level. The invention of the STM inspired the development of other ‘scanning probe’
microscopes, such as the atomic force microscope (AFM) [88]. The AFM uses a
sharp tip to scan across the sample.

The WAXD is also the most commonly used to probe the nanomaterial structure
[89, 90], and occasionally to study the kinetics of the polymer melt intercalation
[91]. In layered silicate nanocomposite systems, a fully exfoliated system is char-
acterized by the absence of intensity peaks in WAXD pattern, e.g., in the range
1.5 ≤ 2θ ≤ 10°, which corresponds to a d-spacing of at least 6 nm [92]. Therefore, a
WAXD pattern concerning the mechanism of nanocomposite formation and their
structure are tentative issues for making any conclusion.

On the other hand, TEM allows a qualitative understanding of the internal
structure, spatial distribution of the various phases, and views of the defective

Scheme 2 a Preparation of cellulose from softwood flour, b Preparation of two kinds of
nanocellulose
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structure through direct visualization, in some cases of individual atoms. Therefore,
TEM complements WAXD data [93]. Small-angle X-ray scattering (SAXS) is
typically used to observe structures of the order of 10 in the range of 0° or 0.5°–5°.
The TEM, AFM, and SEM are also required to characterize nanoparticle, carbon
nanofiber dispersion, or distribution. However, X-ray diffraction has found relatively
limited success in CNT research [94].

For thermal characterization and to study the cure behavior (typically for
thermo-set resin systems), the commonly used techniques are differential scanning
calorimeter (DSC), thermogravimetric analysis (TGA), thermomechanical analysis
(TMA), Fourier-transform infrared (FTIR), dynamic modulus analysis (DMA),
rheometer, etc. The next section will discuss the structure, properties, processing,
and manufacturing of different PNCs with relevant applications.

Additional tests are required for the case of nano-organic materials (nanocellu-
lose), e.g., degree of polymerization and strength. It has been reported that the
degree of polymerization (DP) is strongly correlated with the aspect ratio of the
nanofibers, and also with their length to determine the DP of MFC. Generally, use
of a viscosity method with a cupriethylene diamine solution, based on ISO Standard
5351 [95], is made The average degree of polymerization of MFC samples is
calculated from the viscosity using the Mark–Houwink equation.

For example, SEM investigations examined by Ioelovich [38] showed that
particles of nanocellulose (NC) have rod-like shape, 150–200 nm long and 20–
40 nm wide in average. Method of LLS also gave average length about 200 nm for
cellulose nanoparticles. In contrast to NC, particles of nano-chalk have ellipsoidal
shape of average diameter of 100–150 nm. Moreover, he reported some charac-
teristics of the organic and inorganic nanoparticles, as in Table 1.

3 Fluorescence-Active Pyridinecarbonitriles as Security
Marker in Safety Paper Production and Its Nanoparticle
Characteristics

Due to the importance of security markers for preparing safety documents (e.g.,
cultural property, passports, government documents, banknotes, etc.), for protection
from falsifications of original property, and when the basic requirement for secret

Table 1 Characteristics of
nanomaterials

Characteristics N cell N chalk

Particle length, run 150–200 –

Particle width or Diameter 11 m 20-40 100–150

Cry stall inity, % 75–80 90–100

Specific weight, g/cm3 1.55–1.60 2.65–2.70

WRV, % 300–320 18–20

WVS, % 7−9 0.5–0.7
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dyes is the photoluminescence emission which allows the marking signs to be
observed with the help of a special pocket, the objective of this part was to present
our published articles [43–45]; for synthesis the fluorescence-active pyridinecarbo-
nitriles as security marker for safety paper, and the fluorescence behavior of these
heterocyclic compounds in nanparticles were also reported.

3.1 Synthesis of Fluorescence Active Pyridinedicarbonitriles
and Studying Their Application in Functional Paper
(41, 42)

3.1.1 Objective

In out first published article [43] we reported the synthesis of 2-alkoxy-3-pyri-
dinecarbonitrile derivatives of considerable fluorescence properties. This allowed
their application to paper sheets prepared from nonwood fibrous material (bagasse
pulp) affording special type of paper (security paper). In the second published article
[44], our attempt was to improve the fluorescence behavior of a variety of pyridine
derivatives. This was carried out via synthesis heterocyclic compounds possessing
both the aforementioned functional groups, i.e., amino and alkoxy groups oriented o-
and o’-positions of the pyridine nucleus and neighboring to nitrile functions. These
heterocyclic compounds gathering the whole functional moieties are responsible for
fluorescence properties in a sole structure system. Application of representative
fluorescence active prepared heterocyclic compounds to various types of papers was
also considered not only for evaluating the fluorescence properties of the produced
paper but also to study the physical and mechanical properties of treated papers,
attempting to obtain a novel type of safety paper sheets from nonwood fibrous pulps
(sugarcane bagasse waste in blend with cotton linters).

3.1.2 Materials and Methods

Synthesis and Characterization of Fluorescence Materials

The starting compounds 1a, b were prepared according to the previously reported
procedures [43, 94]. In a general procedure, a mixture of equimolar amounts of 1a–c
and malononitrile 2 (10 mmol) in the corresponding alcohol (25 ml) containing
sodium (*21 mmol) was stirred at room temperature (20–25 °C) for the appropriate
time. The separated solid was collected, washed in water, and crystallized from a
suitable solvent affording the corresponding 3a–h (Scheme 3).

Melting points are uncorrected and recorded on an Electrothermal 9100 digital
melting point apparatus. IR spectra (KBr disks) were recorded on a Nexus 670 FT-IR
spectrophotometer. UV spectra were recorded on a JASCO UV/Visible V-570
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spectrophotometer. Fluorescence spectra were recorded on a JASCO spectrofluo-
rometer (Xenon 150 Watt arc lamp; excitation and emission slit band width 5 nm
each), the quantum yield was determined according to Morries et al. [96]. 1H-NMR
spectra were recorded on a Varian MERCURY 300 MHz spectrometer. 13C-NMR
spectra were recorded on a Jeol AS-500 (13C: 125 MHz) spectrometer. Mass spectra
were recorded on a Hewlett Packard model MS 5988 spectrometer (EI, 70 eV).

2-Amino-6-methoxy-4-[4-(4-morpholinyl)phenyl]-3,5-pyridinedicarbonitrile (3b).
Reaction time 24 h, almost colorless crystals from N,N′-dimethylformamide, mp

297–298 °C, yield 51 %. IR: νmax./cm
−1 3433, 3324, 3220 (NH2), 2214 (C≡N),

1656, 1586 (C=N, C=C). 1H-NMR (DMSO-d6): δ 3.25 (t, 4H, morpholinyl 2
NCH2, J = 5.1 Hz), 3.75 (t, 4H, morpholinyl 2 OCH2, J = 5.1 Hz), 3.96 (s, 3H,
OCH3), 7.07 (d, 2H, arom. H, J = 9.0 Hz), 7.41 (d, 2H, arom. H, J = 8.7 Hz), 7.83
(br. s, 2H, NH2). MS: m/z (%) 335 (100). Anal. for C18H17N5O2 (335.36): Calcd., C
64.46, H 5.11, N 20.89; Found: C 64.62, H 5.19, N 21.13 %.

2-Amino-6-ethoxy-4-[4-(1-piperidinyl)phenyl]-3,5-pyridinedicarbonitrile (3c).

R CHC(CN)2 CN

CNCN

NC

R R

N NH2R'O

CNNC
R'O-

R

N NH2R'O

CNNC

CH2(CN)2 (2)

R'OH, Na

(1 )

-2H

(3 )

1a, R = 1-piperidinyl 3a, R = 1-piperidinyl, R' = CH3 

1b, R = 4-morpholinyl 3b, R = 4-morpholinyl, R' = CH3

1c, R = 4-methyl-1-piperazinyl 3c, R = 1-piperidinyl, R' = C2H5 

3d, R = 4-morpholinyl, R' = C2H5 

3e, R = 4-methyl-1-piperazinyl, R' = C2H5 

3f, R = 1-piperidinyl, R' = CH3(CH2)2 

3g, R = 4-morpholinyl, R' = CH3(CH2)2

3h, R = 4-morpholinyl, R' = CH3(CH2)3

Scheme 3 Synthesis route of fluorescence active pyridinedicarbonitriles
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Reaction time 24 h, pale yellow crystals from n-butanol, mp 246–248 °C, yield
46 %. IR: νmax./cm

−1 3431, 3343, 3234 (NH2), 2212 (C≡N), 1640, 1605 (C=N,
C=C). 1H-NMR (CDCl3): δ 1.34 (t, 3H, CH3, J = 7.2 Hz), 1.50–1.64 (m, 6H,
piperidinyl 3 CH2), 3.24 (t, 4H, piperidinyl 2 NCH2, J = 5.7 Hz), 4.37 (q, 2H,
OCH2CH3, J = 7.2 Hz), 5.46 (s, 2H, NH2), 6.93 (d, 2H, arom. H, J = 8.1 Hz), 7.40
(d, 2H, arom. H, J = 9.0 Hz). MS: m/z (%) 347 (100). Anal. for C20H21N5O
(347.41): Calcd., C 69.14, H 6.09, N 20.16; Found: C 68.91, H 5.90, N 20.38 %.

2-Amino-6-ethoxy-4-[4-(4-morpholinyl)phenyl]-3,5-pyridinedicarbonitrile (3d).
Reaction time 24 h, almost colorless crystals from n-butanol, mp 234–236 °C,

yield 40 %. IR: νmax./cm
−1 3492, 3371 (NH2), 2223, 2211 (C≡N), 1617, 1574

(C=N, C=C). 1H-NMR (CDCl3): δ 1.35 (t, 3H, CH3, J = 7.2 Hz), 3.21 (t, 4H,
morpholinyl 2 NCH2, J = 4.8 Hz), 3.80 (t, 4H, morpholinyl 2 OCH2, J = 4.8 Hz),
4.38 (q, 2H, OCH2CH3, J = 7.2 Hz), 5.48 (s, 2H, NH2), 6.94 (d, 2H, arom. H,
J = 8.7 Hz), 7.43 (d, 2H, arom. H, J = 8.7 Hz). MS: m/z (%) 349 (100). Anal. for
C19H19N5O2 (349.38): Calcd., C 65.31, H 5.48, N 20.05; Found: C 65.27, H 5.38,
N 20.23 %.

2-Amino-6-ethoxy-4-[4-(4-methyl-1-piperazinyl)phenyl]-3,5-pyridinedicarbonit-
rile (3e).

Reaction time 24 h, pale yellow crystals from n-butanol, mp 212–214 °C, yield
39 %. IR: νmax./cm

−1 3393 (NH2), 2214 (C≡N), 1655, 1609 (C=N, C=C). 1H-NMR
(CDCl3): δ 1.44 (t, 3H, OCH2CH3, J = 6.9 Hz), 2.41 (s, 3H, NCH3), 2.64 (t, 4H,
piperazinyl 2 NCH2, J = 4.8 Hz), 3.39 (t, 4H, piperazinyl 2 NCH2, J = 4.8 Hz), 4.46
(q, 2H, OCH2CH3, J = 6.9 Hz), 5.61 (s, 2H, NH2), 6.99 (d, 2H, arom. H,
J = 9.0 Hz), 7.50 (d, 2H, arom. H, J = 8.7 Hz). Anal. for C20H22N6O (362.43):
Calcd., C 66.27, H 6.12, N 23.19; Found: C 66.01, H 5.95, N 23.26 %.

2-Amino-4-[4-(1-piperidinyl)phenyl]-6-propoxy-3,5-pyridinedicarbonitrile (3f).
Reaction time 48 h, pale yellow crystals from methanol, mp 227–229 °C, yield

39 %. IR: νmax./cm
−1 3438, 3339, 3230 (NH2), 2214 (C≡N), 1637, 1605 (C=N,

C=C). 1H-NMR (CDCl3): δ 1.05 (t, 3H, CH3, J = 7.2 Hz), 1.65–1.88 (m, 8H,
piperidinyl 3 CH2 + CH3CH2), 3.34 (t, 4H, piperidinyl 2 NCH2, J = 4.8 Hz), 4.36 (t,
2H, OCH2, J = 6.6 Hz), 5.56 (s, 2H, NH2), 7.06 (br. s, 2H, arom. H), 7.50 (d, 2H,
arom. H, J = 8.7 Hz). MS: m/z (%) 361 (100). Anal. for C21H23N5O (361.43):
Calcd., C 69.78, H 6.41, N 19.38; Found: C 69.96, H 6.55, N 19.54 %.

2-Amino-4-[4-(4-morpholinyl)phenyl]-6-propoxy-3,5-pyridinedicarbonitrile (3 g).
Reaction time 24 h, pale yellow crystals from methanol, mp 239–241 °C, yield

36 %. IR: νmax./cm
−1 3466, 3286, 3175 (NH2), 2210 (C≡N), 1625, 1581 (C=N,

C=C). 1H-NMR (CDCl3): δ 1.06 (t, 3H, CH3, J = 7.2 Hz), 1.85 (sextet, 2H,
CH3CH2, J = 7.2 Hz), 3.31 (t, 4H, morpholinyl 2 NCH2, J = 4.8 Hz), 3.90 (t, 4H,
morpholinyl 2 OCH2, J = 4.8 Hz), 4.37 (t, 2H, OCH2, J = 6.6 Hz), 5.59 (s, 2H,
NH2), 7.04 (d, 2H, arom. H, J = 8.7 Hz), 7.53 (d, 2H, arom. H, J = 9.0 Hz). MS: m/z
(%) 363 (100). Anal. for C20H21N5O2 (363.41): Calcd., C 66.10, H 5.83, N 19.27;
Found: C 66.31, H 6.02, N 19.51 %.

2-Amino-6-butoxy-4-[4-(4-morpholinyl)phenyl]-3,5-pyridinedicarbonitrile (3 h).
Reaction time 24 h, yellow crystals from methanol, mp 192–193 °C, yield 34 %.

IR: νmax./cm
−1 3436, 3311, 3210 (NH2), 2210 (C≡N), 1636, 1611 (C=N, C=C).
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1H-NMR (DMSO-d6): δ 0.99 (t, 3H, CH3, J = 7.5 Hz), 1.52 (sextet, 2H, CH3CH2,
J = 7.5 Hz), 1.80 (quintet, 2H, OCH2CH2, J = 6.6 Hz), 3.30 (t, 4H, morpholinyl 2
NCH2, J = 5.1 Hz), 3.89 (t, 4H, morpholinyl 2 OCH2, J = 5.1 Hz), 4.41 (t, 2H,
OCH2, J = 6.6 Hz), 5.58 (s, 2H, NH2), 7.02 (d, 2H, arom. H, J = 9.0 Hz), 7.52 (d,
2H, arom. H, J = 9.0 Hz). MS: m/z (%) 377 (100). Anal. for C21H23N5O2 (377.43):
Calcd., C 66.82, H 6.14, N 18.56; Found: C 67.01, H 6.32, N 18.33 %.

Paper Sheets Formation and Tests

Bleached bagasse pulp (kindly supplied by Edfo Paper Mill-Upper Egypt) and
cotton linters (supplied from Kafr El-Tawar Mill-Egypt) were used as a base furnish
to prepare paper sheets. Both bleached bagasse and cotton linters were separately
beaten to 50 SRo (degree of schopper-Riegler), using a valley beater at 2 % con-
sistency. From both types of pulps, sheets of 100 % cotton linters (CL), 100 %
bleached bagasse pulp (B) and 75 % CL + 25 % B were prepared according to
Tappi Standard method.

The prepared hand-sheets were sprayed with three promising fluorescence
compounds (3c, d, h), dissolved in CHCl3 in 0.1 % (wt/vol), using automatic
atomizer to achieve high degree of homogeneity distribution over one phase of sheet
(0.25 g/m2). The samples were conditioned at 20 °C and 50 % RH (ISO 187 [97]).

Strength properties, e.g., tensile, tear, and burst indices of paper samples were
measured before and after treatment, according to Standard procedure [98]. While
the fluorescence behavior was determined using a JASCO spectrofluorometer and
surface ultraviolet examination was carried out using docucenter(R) 4500, Spectral
Analysis System (Projectina, Swiss).

3.1.3 Results and Discussion

Chemistry of Heterocyclic Compounds

Reaction of arylidenemalononitriles 1a–c with malononitrile (2) in the appropriate
alcohol (namely, methanol, ethanol, n-propanol, n-butanol) containing sufficient
amount of sodium, for production of the needed sodium alkoxide in the reaction
medium, afforded directly the corresponding 6-alkoxy-4-aryl-2-amino-3,5-pyridinedi-
carbonitriles 3a–h. The reaction Scheme 1” was assumed to take place via malono-
nitrile nucleophilic attack at the β-carbon of unsaturated system of 1 under the effect of
used basic conditions. Then, due to alkoxide nucleophilic attack at one of the inter-
mediate nitrile groups, it led to cyclization to the corresponding pyridine nucleus with
subsequent dehydrogenation giving finally 3,5-pyridinedicarbonitriles 3.

Structure of the prepared compounds 3a–h was deduced through spectroscopic
(IR, 1HNMR, MS) and elemental analyses data. The IR spectra of 3 reveal the
presence of amino stretching vibration bands at ν = 3505–3175 cm−1 in addition to
the nitrile stretching bands at 2223–2209 cm−1. 1H NMR spectra exhibit the
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alkoxide group (singlet at δ = 3.96 assignable for the methoxy function in case of
3a, b; triplet and quartet signals at δ = 1.34–1.44, 4.37–4.46 assignable for the
methyl and methylene protons of ethoxy function in case of 3c–e triplet, sextet, and
triplet signals at δ = 1.05–1.06, 1.65–1.88, 4.36–4.37 assignable for methyl and two
methylene protons of propoxy function in case of 3f, g and triplet, sextet, quintet,
and triplet signals at δ = 0.99, 1.52, 1.80, 4.41 assignable for the methyl and three
methylene protons of butoxy function, respectively). Mass spectra of 3b–d, f–
h exhibit the parent ion peaks as base peaks.

Absorption and Fluorescence Properties of the Prepared Compounds

The absorption and fluorescence properties of the prepared 3,5-pyridinedicarbo-
nitriles 3c–h were determined in chloroform [43, 99, 100]. Due to the high insol-
ubility of compounds 3a, b, the study of their absorbance, excitation, and emission
was ignored. From the obtained data (Table 2 and Fig. 1) it is obvious that all the
prepared 3,5-pyridinedicarbonitriles 3c–h exhibit two main excitation bands at
λ = 244.5–276, 327.5–330 nm corresponding to two UV absorption maxima
at λ = 275–277, 327–330 nm. However, only one emission band was observed at
λ = 404.5–443 nm at any of the observed excitation bands.

All the investigated pyridinedicarbonitriles show promising fluorescence prop-
erties with considerable quantum yield. It has been noticed that the substituent
attached to the phenyl group at the 4-position of pyridinecarbonitriles affect greatly
the observed quantum yield (ϕs) values. Morpholinyl residues always associate with
enhanced quantum yield values comparable with piperidinyl and methylpiperazinyl
functions, as exhibited in compounds 3c–e (ϕs = 0.639, 0.826, 0.131, respectively);
also, 3f and 3g (ϕs = 0.568, 0.810, respectively). It has also been noticed that the
type of alkoxy group attached to the 6-position of pyridinedicarbonitriles may affect
the observed quantum yield values. The best results were obtained when the ethoxy
function was used comparable with propoxy residue as exhibited in pairs 3c,
f (ϕs = 0.639, 0.568, respectively) and 3d, g (ϕs = 0.826, 0.810, respectively).

Eventually, the prepared heterocyclics 3d, g and 3h could be recognized as good
candidates for application in the present study due to their remarkable fluorescence
properties.

Evaluation of Papermaking

The fluorescence and mechanical properties of surface treated paper sheets made
from cotton linters and sugarcane bagasse pulp, individual or in blend, using the
above candidate fluorescence compounds (3c, d, h), are shown also in Table 2 and
Fig. 2.

In order to investigate the fluorescence character, we measured the emission
spectra and intensity of the emission band in paper samples using excitation wave-
length λ327–330 nm. The measurement of quantum yield of treated paper sheets
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Fig. 1 Influence of candidate fluorescence compounds on the mechanical properties of paper
sheets produced
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relative to quinine sulfate treated sheet is not possible due to the deterioration effect
of quinine sulfate in sulfuric acid solution on substrates of paper sheets. Table 2
shows that the position of emission bands of paper treated with morpholinyl-con-
taining fluorescence compounds (3d, 3h) were shifted to shorter wavelength
compared to that treated with piperidinyl-containing compound (3c). Substituting
the ethoxide group, in o’-position of pyridine (cpd. 3d), by butoxide (cpd. 3h) leads
to shift the emission band to shorter wavelength. This is ascribed to probable
formation of hydrogen bonds between the lone-pair electron of oxygen in the long
alkyl chain with the hydroxyl groups containing paper pulp. This may affect the
functional moieties responsible for fluorescence properties (6-alkoxy-2-amino-4-
aryl-pyridine functional groups). The presence of butoxide group instead of eth-
oxide may enhance the interaction of fluorescence compounds with pulp fibers and
weaken the fiber–fiber bonding. As can be seen, changing the type of substrate of
paper sheets is accompanied by changing the position of emission band. The rel-
atively long shift and consequent increases in intensity of emission band were
noticed for paper sheet made from bagasse pulp, using cpd 3c.

Fig. 2 Influence of candidate fluorescence compounds on the mechanical propertied of paper
sheets produced
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For the mechanical properties, the histograms in Fig. 2 show that treating the
paper sheets made from cotton linters with investigated fluorescence compounds, in
addition to providing paper samples fluorescence character also improve the

Fig. 3 UV photos of paper sheets treated with candidates Fluorescence compounds
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breaking length and quality number, Qz (refers to the trend of all strength prop-
erties) [101]. However, the reverse trend is observed in case of bagasse pulp
containing paper sheets. As can be seen, there is a good relation between the
fluorescence band intensity and the decrease in strength properties of paper sheets.
Whereas treating with piperidinyl group containing fluorescence compound (3c)
achieves relatively high improvement in strength properties of paper sheets from
cotton linters, or reduces the deterioration effect of applied compounds on paper
sheets from bagasse pulp cotton linter blend. It is interesting to note that this type of
paper sheet is characterized by relatively high strength properties than that made
from conventional cellulosic substrate (cotton-based fibers).

For UV-examination, Fig. 3 shows that fluorescence compounds sprayed on
bagasse paper sheets provide more intense UV radiation than those prepared from
blend of bagasse with cotton linter. It is that fluorescence radiation reflected from
application of fluorescence compounds on surface of paper sheets were in the blue-
violet region. The highest intensity was observed for compound 3d followed by
compound 3h and compound 3c. This observation is related to the quantum yield of
the investigated fluorescence compounds in chloroform solutions, where the
quantum yields (ϕ′s) of compound 3d, h and 3c were 0.826, 0.814 and 0.639,
respectively.

3.2 Preparation and Optical Properties of 2-Amino-6-Ethoxy-
4-[4-(4-Morpholinyl)Phenyl]-3,5-Pyridinedicarbonitrile
Fluorescent Nanoparticles: A Security Marker for Paper
Documents (Mauro et al. 2012) [39]

3.2.1 Objective

The success of our investigated 2-amino-6-ethoxy-4-[4-(4-morpholinyl)phenyl]-
3,5-pyridinedicarbonitrile (AEMP), had high quantum number (ϕs = 0.826/Quinin
sulfate), to be used as a security marker in paper documents (Sect. 3.1, [44]),
motivate us to examine its behavior as fluorescence nanoparticles [45]. This study
depends on the knowledge and studies dealing the nano- and microcrystals of
organic molecules that show size-dependent tunable photoluminescence with broad
excitation spectra, which allows for simultaneous excitation of several particle sizes
at a single wavelength [102]. Therefore, the objective of this section was to present
our published article dealing with the behavior of AEMP as new fluorescence
organic nanoparticles. The advantage of this material besides its high fluorescence
quantum yield also has a long lifetime.
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3.2.2 Experimental Methods

Synthesis of AEMP Molecules and Nanoparticles

AEMP fluorescence organic compound was synthesized via Scheme 1, Cpd. 3d
(R = 4-morpholinyl, 3, R = 4-morpholinyl, R′ = C2H5), which was prepared
according to the previously reported procedure [43, 94]. While AEMP nanoparti-
cles were prepared using the reprecipitation method [103–106], using water as a
nonsolvent. 40, 100, or 200 µl of acetone solutions of AEMP (1 mM) were injected
into 10 ml of de-ionized and 0.2 µm filtered water at room temperature using
suitable pipettes. Some of the samples were prepared by magnetic stirring at 300
rotations per minute (rpm) in water during solution injection. Other samples were
prepared in water under ultrasonic sonication with different times and process
conditions. Water ultrasonic sonication was induced using a 20 kHz, 50 W, Vibra-
Cell ultrasonic processor (Sonics & Materials, Inc., USA) connected to a titanium
horn to radiate the ultrasonic energy to the liquid.

After injection AEMP molecules began to aggregate and dispersions of AEMP
nanoparticles in water were obtained which exhibited an off-white turbidity due to
light scattering of the nanoparticles. Homogeneous uniform dispersion state was
maintained for more than 6 months.

Morphology of AEMP Nanoparticles

The size distribution of the obtained nanoparticles was checked in situ using
Dynamic Light Scattering (DLS) method. DLS measurements were performed
using an ALV-5000 system (ALV, Langen, Germany) equipped with a He–Ne laser
operating at 632.8 nm. The scattering angle was fixed at 90°. The morphology of
the nanoparticles after evaporation of water was observed using a variable pressure
scanning electron microscope SEM-VP EVO 50 XVP (Carl-Zeiss Electron
Microscopy Group) and a Nanosurf Mobile S atomic force microscope (AFM) with
nanometric resolution in tapping mode [107]. The amplitude image referring to the
z-distance variation of cantilever pedestal and the phase image where the contrast
refers to the spatial variation of the phase of vibrating cantilever were recorded
simultaneously on the investigated surface area. While the first is a good replica of
the surface topography, the phase contrast imaging mode can indicate variations in
composition, friction, viscoelasticity, adhesion, or hardness in heterogeneous
samples surface.

Absorption and Photoluminescence Spectra

Optical measurements were carried out using home assembled experimental setups.
Optical absorption of the AEMP nanoparticles dispersed in water was measured in
the 250–600 nm wavelength range using a continuous-wave Deuterium lamp
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monochromatized by a 30 cm focal length monochromator (Acton) as light source.
Due to the fact that AEMP nanoparticles exhibit strong fluorescence, detection was
realized using another 30 cm focal length monochromator (Acton), coupled to a
preamplified UV-enhanced Si photodetector, scanning at the same wavelength of
the light source monochromator. Deuterium lamp was mechanically chopped
allowing lock-in detection. Quartz cuvette with 1 cm optical path length was used to
house the water suspension. All absorption measurements were normalized to water
filled quartz cuvette.

A Xenon flash lamp, monochromatized by a 12.5 cm focal length Oriel
monochromator, was used as the excitation source for emission spectra measure-
ments. The AEMP nanoparticles dispersed in water were housed in a 1 mm-thick
quartz cuvette and a front-surface excitation and collection geometry was used.
Luminescent emission was detected by an Avantes 2048 UV/VIS spectrophotom-
eter synchronized with 5 s flashes, then background subtracted at every flash, and
finally accumulated until a reasonable signal-to-noise ratio was achieved.

3.2.3 Results and Discussion

Production and Morphology of AEMP Nanoparticles

The process conditions used to obtain the AEMP nanoparticles are reported in
Table 3. Four sets of samples were produced to compare nanoparticles produced by
magnetic stirring to those produced using sonication. For the case of using soni-
cation process, several preparation processes were performed, e.g., times (samples
s5–s8), sonication powers (samples s10–s12), and amount of AEMP macromole-
cules solutions (samples s13–s16).

Table 3 Preparation conditions used to obtain the AEMP nanoparticles

Sample
label

Method of
preparation

Amount of AEMP
solution (µl)

Process time
(min)

Intensity

s1 Stirring 100 30 300 rpm

s3 Stirring 40 30 300 rpm

s5 Sonication 100 10 25 W

s6 Sonication 100 30 25 W

s7 Sonication 100 45 25 W

s8 Sonication 100 60 25 W

s10 Sonication 100 30 12.5 W

s4 Sonication 100 30 25 W

s12 Sonication 100 30 37.5 W

s13 Sonication 40 30 12.5 W

s16 Sonication 200 30 12.5 W
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Figure 4 shows number-weighted radii distribution P�N Rhð Þ (not normalized) as
function of the hydrodynamic radius (Rh) of the AEMP nanoparticles dispersed in
water, resulted from DLS measurements using the CONTIN method [108].

In the first experiment (Panel A), it was shown that by decreasing the amount of
AEMP solution used during the reprecipitation process, from 100 to 40 μl, the
distribution peaks at lower radius were from 268 to 156 nm, and the peak amplitude

Fig. 4 Number-weighted
radii distribution P�N Rhð Þ (not
normalized) in function of the
hydrodynamic radius (Rh)
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increases due to decreasing of the nanoparticles volumes [108] while the distri-
bution width is lowered. However, both distributions are characterized by a long tail
of large size, with not negligible values for Rh > 500 nm. This result can be
interpreted as due to particles clustering or due to formation of large single particles.
VP-SEM observations of dried droplets of nanoparticles suspension provide evi-
dence of the second hypothesis (Fig. 5): Large single parallelepiped-shaped
widespread particles, with dimensions up to *1 × 8 and *0.5 × 2 µm were found
for s1 and s3 samples respectively. Schematizing the nanocrystals as rods of length
L and diameter R, Rh can be expressed as R3

h ¼ ð3LR2Þ=4, which gives
Rh * 1.8 µm and 0.72 µm for samples s1 and s3, respectively, which explain the
bigger size population indicated by the P�N Rhð Þ distribution.

In a second experiment (Fig. 3, Panel B), nanoparticles were produced as
function of the sonication time, it is shown the number-weighted radii distribution
P�N Rhð Þ (not normalized) of s5 and s8 AEMP nanoparticles, dispersed in water, as
recovered from DLS measurements as described previously. In this case, even by
using the smallest process time of 10 min, the distribution peaks at 131 nm, a value
smaller than that of the nanoparticles produced using magnetic stirring, such as s1
or s3 samples. In addition, by increasing the process time from 10 to 60 min the
distribution peak position shifts to smaller values down to 109 nm, even if a
broadening toward higher sizes is observed.

In a third experiment (Fig. 4, Panel C), where the effect of the sonication power
was studied (P�N Rhð Þ distribution of the s10, s4, and s12 AEMP nanoparticles), it is
shown that t is the lower sonication power of 12.5 W with distribution is peaked at
75 nm. By increasing the sonication power to 25 W (sample s4) a double peak
distribution is found with maxima at 139 and 62 nm and a decreasing of the number
of produced particles is observed. In case of higher sonication power of 37.5 W, as
used for samples s12, it is still observed a single peak distribution peaked at 62 nm.
Higher sonication powers could be accounted for AEMP macromolecules degra-
dation thus limiting the final number of nanoparticles obtained in the process.
Indeed AFM measurements on s12 sample, (Fig. 6), show particles approximately

Fig. 5 VP-SEM images of dried droplets of s1 (left) and s3 (right) nanoparticles suspension
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ellipsoidal in shape, with size of about 200 nm across and 25 nm in height, which
cover the observed area of 2 × 2 µm homogeneously. The shape of these particles is
quite different from the parallelepiped-shaped ones, as observed in all other sam-
ples. VP-SEM measurements reinforced this conclusion by observation of very few
crystalline objects, while large unshaped structures were observed. Indeed the
volume of these ellipsoidal nanoparticles observed on dried droplets of nanopar-
ticles suspension is equivalent to spherical object of 63 nm in radius in excellent
agreement with peak at 62 nm of the number-weighted radii distribution P�N of the
nanoparticles dispersed in water. This observation leads to the conclusion that the
higher sonication power of 37.5 W has modified the AEMP macromolecules,
perhaps by production of free radicals, therewith inhibiting ordering and leaving
unshaped and probably amorphous aggregates as a final effect. In case of sample s4,
the P*N weaker peak at 62 nm could be also explained by the presence of such
unshaped aggregates in water suspension even at 25 W sonication power and their
presence could also influence the P�N of s8 sample, which was produced by using
25 W for a long sonication time as 60 min.

Following these conclusions and because nanoparticles of smaller sizes were
also obtained at low sonication power conditions, in final experiments it has been
studied the effect of AEMP solution amount at the lower sonication power of
12.5 W. In Fig. 3 (Panel D) it is shown the number-weighted radii distribution
PN(Rh) of the s13 and s16 AEMP nanoparticles dispersed in water. In this case, the
increasing in amount of AEMP solution from 40 to 200 μl shifts the distribution
peak from 75 to 96 nm without significantly increasing the distribution width.

Fig. 6 AFM topographic
image of nanoclusters
observed on dried droplets of
sample s12. Ellipsoidal object
with average dimensions of
200 × 25 nm are found in this
scanning field
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In particular, no relevant differences are observed by changing the amount of
AEMP solution from 100 µl (sample s10) to 200 µl (sample s16).

VP-SEM and AFM topography images of sample s13 (Fig. 7) show well in
evidence the parallelepiped-shaped nanoparticles similar to those already observed in
sample s1 and s3 using VP-SEM (see Fig. 5). In case of sample s13 sizes ranges from
the instrument resolution limit to approximately 1000 × 200 nm. Also, in this case by
schematizing the nanocrystals as rods of length L and diameter R, an upper
Rh * 300 nm value is found in good agreement with the P*N recovered by using LS.

Absorption and Photoluminescence Spectra

UV-Visible absorption spectra of AEMP/acetone solution and nanoparticles sam-
ples s3, s5, and s13 in water suspension are shown in Fig. 8. Data below a
wavelength of 310 nm are not shown due to strong absorption of acetone that
peaked at 280 nm and to absorption of residual acetone present in water, which
peaked at 262 nm [109]. In case of AEMP/acetone solution (4.0 × 10−6 mol L−1),
the absorption spectrum shows one principal peak at 330 nm and a low energy tail
with a shoulder at approximately 350–360 nm. Absorption spectra of AEMP
molecules in chloroform (UV-transparent medium) show the existence of two more
peaks at 238 and 275 nm. These high energy peaks could be attributed to phenyl
ring [102, 110], while the low energy features to the n-∏*, ∏-∏* and eventually n-
∏* transition of pyridine nuclei of AEMP molecules.

In case of s3, s5, and s13 AEMP nanoparticles two absorption peaks are evident
(Fig. 8): one at approximately 350 nm and another at approximately 400 nm. Both
peaks are observed in nanoparticles prepared by simple stirring and by stirring and
sonication. The integrals of the absorption curves are proportional to the value of
the integral

R
P�N Rhð ÞdRh, namely to the overall number of AEMP particles pro-

duced during reprecipitation processes.

Fig. 7 VP-SEM image (right) and AFM topographic image (left) of parallelepiped-shaped AEMP
nanoparticles observed on a dried droplet of sample s13
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The fluorescence excitation spectra of s3 and s13 AEMP nanoparticles and
AEMP monomers in the diluted acetone solution, displayed in Fig. 8, allow us to
shed more light on the energy levels involved in the optical absorption transitions.
In case of AEMP monomers, the excitation spectrum collected at a wavelength of
465 nm confirms the presence of peaks at 330 and 350 nm; however, a new strong
peak at 380 nm is highlighted where the absorption spectrum showed a tail. In this
way the AEMP molecules in solution show a complex ultraviolet absorption with 2
peaks in the high energy side due to phenyl ring, and 3 peaks in the low energy
side. We assign these 3 peaks at 330 nm (3.76 eV), 350 nm (3.54 eV) and 380 nm
(3.26 eV) to, respectively, the n-∏*, ∏-∏* and n-∏* transitions of pyridine nuclei
of AEMP molecules.

In case of nanoparticles of samples s3 and s13, the excitation spectra collected at
wavelength of 485 nm show the same features as the absorption spectra, namely
two peaks at 340 and 400 nm whose positions do not seem to be dependent on
nanoparticle sizes. Interestingly, the intensity ratio between the 400 to 340 nm peak,
I400/340, increases from I400/340 (s13) = 1.11 to I400/340 (s3) = 1.51 as nanoparticles
size increases, while the minimum between peaks remains constant in intensity.

Fig. 8 UV-visible absorption
spectra of AEMP solution in
acetone and AEMP
nanoparticles of samples in
water suspension
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There are significant differences between the luminescence emission spectra of
AEMP molecules solution and AEMP nanoparticles (Fig. 9). All these spectra are
excited at 340 nm (3.65 eV), however, no evident changes in the shape of the
solution and nanoparticles’ emission spectra are observed as the pump energy
changes from 280 to 400 nm (4.43 to 3.1 eV). AEMP solution emission is an
asymmetric peak with maximum at 465 nm and the low energy tail (defined as the
energy at which the intensity is >5 % of the peak intensity) extends to 575 nm
(2.16 eV). This is compared with that of AEMP nanoparticles that show a size-
dependent behavior: in case of sample s3 (maximum of P�N Rhð Þ at Rh ¼ 156 nm) a
broader emission centered at 470 is observed while in case of sample s13
(maximum of P�N Rhð Þ at Rh ¼ 75 nm) appear to be clearly split into two peaks at
430 (2.88 eV) and 490 (2.53 eV) nm.

Fig. 9 Fluorescence
excitation and emission
spectra of AEMP solution in
acetone and s3 and s13
nanoparticles dispersed in
water
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To interpret the absorption and emission data of pyridine nuclei it is possible to
use an energy state diagram as shown in Fig. 9. The ground electronic state of
pyridine nuclei of AEMP molecules is a spin-singlet and is labeled S0. The high
intensity absorption of Fig. 8 is the signature of spin-allowed singlet-singlet tran-
sitions. The high energy absorption n-∏* type at 3.76 eV (330 nm) is assigned to
direct S0 to S2 transition; the intermediate absorption ∏-∏*, type at 3.54 eV
(350 nm) to S0 to S1 transition; while the low energy feature at 3.26 eV (380 nm),
weak in the absorption spectrum but well evident in the excitation spectrum of
monomers, to the charge transfer n-∏* transition from S0 to CT.

In case of AEMP nanoparticles the n-∏*, ∏-∏* and n-∏* transitions of pyri-
dine nuclei of AEMP molecules shift to longer wavelength and, at the same time, a
broadening and an overlapping of absorption peaks, evident even in the excitation
spectra, is observed. Low energy S0-CT transition appears to be the dominant
feature of the absorption spectra and its maximum shifts from 380 in AEMP
solution to 400 nm (energy differences of 0.16 eV). This behavior is in agreement
with previous study of optical properties of organic nanoparticles where it was
observed that CT transition grow significantly in intensity when molecules con-
dense in nanoparticles and its intensity increases with nanoparticles size, as
obtained in our case for I400/340. Concerning S0-S1 and S0-S2 transitions, they
appear to be superimposed and only one maximum at 350 is observed in absorption
spectra (at 340 in excitation spectra). It is observed that absorption peaks’ position
is not dependent on the size of nanoparticles within the range of sizes studied in this
work.

In case of emission spectra, by exciting from 280 (4.43 eV) to 400 nm (3.1 eV)
and by varying the AEMP molecules concentration from 10−3 to
4.0 × 10−6 mol L−1, only one emission peak is always observed for AEMP
monomers in acetone solution. This result, together with the high intensity of the
CT peak in excitation spectrum, allows us to state that the emission of AEMP
monomers in solution can be assigned directly to a transition from the lower energy
excited state CT to the ground state S0. In case of excitation to higher energy levels
S1 and S2, energy transfer to the CT occurs, followed by emission and decay to the
ground S0 state.

Even in case of AEMP nanoparticles emission spectra show the same shape by
exciting from 280 (4.43 eV) to 400 nm (3.1 eV). However, the shape of emission
spectra is dependent on the nanoparticles sizes. In case of s3 sample the shape
shows only one peak red-shifted to 470 nm (energy difference 0.03 eV) with respect
to the value of dilute solution. In addition, emission appears to be broader, and this
could be explained by admitting some anharmonicity in the CT potential induced
upon crystallinization and subsequent exciton delocalization, or additional vibra-
tional modes of AEMP in the solid state. In case of sample s13 a new shoulder at
430 nm appears (2.88 eV). The appearance of this high energy peak as soon as
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nanoparticles dimension decrease has been already observed in case of organic
nanoparticles [7] and it has been assigned to be a transition from S1 to S0.

Moreover, the shape of each nanoparticle emission spectrum in Fig. 10 does
not change as the excitation energy is varied between the energy difference between
S0-S1 (corresponding to excitation directly into S1) and S0-CT (corresponding to
excitation into the CT state). This indicates that, in AEMP nanoparticles, S1 and CT
are in equilibrium at room temperature and the probability of the emission transition
S1-S0 increases with decreasing nanoparticle size.

To explain the size dependence of optical properties of organic nanoparticles,
which differs from the so-called “quantum confinement effect” observed in metallic
or semiconductor nanoparticles less than 10 nm in size, two explanations have been
suggested: (a) the increasing of surface area causes lattice softening, and therefore
the Coulombic interaction energies between molecules become smaller, leading to a
wider band gap; (b) or electric field effect of surrounding media through the surface
of nanoparticles.

Due to the possible application as a security marker of documents, fluorescence
properties of AEMP nanoparticles have been also tested after deposition on solid
substrates. Specific amounts of water suspension of nanoparticles have been cen-
trifuged and the supernatant solution removed to increase the nanoparticles con-
centration by a factor of 10. Droplets of the concentrated water suspensions of
nanoparticles were dried on optical glass or cotton cellulose paper substrates.
Fluorescence spectra of AEMP nanoparticles after deposition on glass and paper
substrates are shown in Fig. 11. While for glass substrate, the photo-luminescence
spectra appear similar to that of AEMP particles in water suspension, on paper
substrate the low energy tail extends more toward lower energy. This effect could
be due to a resonant energy transfer from cellulose to nanoparticles due to the
strong interaction between AEMP and cellulose [43].

Fig. 10 Energy state diagram
for a absorption and
b emission transitions
proposed for AEMP
molecules
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Fig. 11 Fluorescence spectra of AEMP nanoparticles after deposition on glass and paper
substrates
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4 Conclusions and Future Prospective

It is possible to prepare safety paper based on synthesize novel 6-alkoxy-2-amino-
3,5-pyridinedicarbonitriles. These organic fluorescence materials have more than
one functional moiety responsible for fluorescence property. The fluorescence
quantum yield (ϕs) of these active compounds, relative to the fluorescence quantum
yield of quinine sulfate, is reached at *0.83. The successful application of these
fluorescence active compounds in the production of functionalized paper sheets,
from bagasse pulp cotton linter blend is demonstrated. This type of paper sheet is
characterized by relatively high strength properties than that made from conven-
tional cellulosic substrate (cotton-based fibers).

The study also demonstrated the successful production of novel heterocyclic-
based nanoparticles compounds (active azines) by the reprecipitation method. The
preparation of nanoparticles with 2-amino-6-ethoxy-4-[4-(4-morpholinyl)phenyl]-
3,5-pyridinedicarbonitrile (AEMP) component material results in a well-defined,
controllable product. Sonication method has been demonstrated to give smaller
nanoparticles sizes than magnetic stirring process. Studying the optical properties of
this novel organic nanoparticles, especially the fluorescence properties, could help
seriously in developing newly applicable secret dyes used for different types of
safety paper as well as other related fields of applications. Further studies were
performed and in preparation as article dealing with the application of AEMP
nanoparticles for paper substrates. Moreover, the safety performance (unfalsifiable
safety) of the treated paper toward mechanical and chemical erasure was evaluated.
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A Review on Bionanocomposites Based
on Chitosan and Its Derivatives
for Biomedical Applications

Ibrahim M. El-Sherbiny and Nancy M. El-Baz

Abstract Bionanocomposites are emerging nanostructure hybrid materials com-
posed of natural polymers and inorganic solids. Bionanocomposites became a
subject of intensive research owing to their inherent properties such as nontoxicity,
biocompatibility, biodegradability as well as their improved structural and func-
tional properties. Among these bionanocomposites, chitosan-based nanocomposites
have attracted a great deal of attention especially in biomedical field. Globally,
chitosan is the second most bountiful natural polymer following cellulose. Chitosan
is a biocompatible and biodegradable polymer possessing unique structural,
chemical, and biological properties. The last decade has witnessed enormous
multidisciplinary research focused on improving the properties of chitosan and its
derivatives. As a result, several chitosan-based nanocomposites with enhanced
physical and chemical properties have been developed in eco-friendly and
cost-effective manner. This chapter provides an overview on different aspects of
chitosan including its properties and modifications, and focuses on chitosan-based
nanocomposites. Important biomedical applications of chitosan-based nanocom-
posites are also discussed in this chapter including tissue engineering, wound
healing, tissue regeneration, drug delivery, and biosensors.
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1 Introduction

Chitin is the most abundant natural polysaccharides after cellulose. Chitin is very
cheap material and is readily available considering its millions of tons harvested
annually. Chitin, poly-(1-4)-N-acetyl-glucosamine, has three forms known as α, β, γ,
with ordered crystalline microfibrils forming the structure components in the cell
wall of fungi and yeast. Chitin also presents in the exoskeleton of various insects and
arthropods such as crabs and shrimps. Chitosan is the most important derivatives of
chitin; it is linear semi-synthetic polysaccharides, consists of β-(1 → 4) glycosidic
linkages, which are identical to cellulose structure [20]. Chitosan is obtained by
deacetylation of chitin (Fig. 1). Deacetylation process of chitin is commonly per-
formed under alkaline conditions using either sodium/potassium hydroxide solutions
or mixtures of anhydrous hydrazine and hydrazine sulfate. Moreover, deacetylation
of chitin can be performed via enzymatic hydrolysis in the presence of chitin
deacetylase. The structure and properties of chitosan such as molecular weight
(MW), degree of deacetylation (DD), and glucosamine content are varied depending
on the chitin origin and the used deacetylation method [37, 38, 72].

Fig. 1 Deacetylation of chitin into chitosan. Adapted with modification from Ref. [38]
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1.1 Properties of Chitosan

1.1.1 Physicochemical Properties

The commercially available chitosan is classified based on its MW and DD into two
different grades, namely high and low molecular weights. High molecular weight of
chitosan ranged between 190 and 375 kDa with DD > 75 %, while low molecular
weight ranged between 20 and 190 kDa with DD < 75 % [20]. The structure of
chitosan is varied along with changing the proportions of N-acetyl-d-glucosamine,
d-glucosamine residues, and MW. The chitosan structure is of a great importance as
it significantly influences its physicochemical properties. It was well-known that
chitosan of linear unbranched structure exhibits an excellent viscosity. Because the
viscosity of chitosan significantly influences its properties especially the biological
properties and degradation, the effect of different parameters such as MW, DD, and
temperature on viscosity have been extensively explored. It was also found that the
viscosity of chitosan is changed along with changing the deacetylation conditions.
Therefore, the deacetylation conditions should be precisely controlled during the
preparation process. The degradation rate of chitosan is also dependent on DD and
the distribution and arrangement of acetyl groups. It was revealed that degradation
rate of chitosan is found to be inversely proportional with DD. Studies revealed that
high DD chitosan exhibits very low degradation rate, while low DD chitosan
exhibits faster degradation rate [20, 86].

Chitosan comprises three reactive sites; one amino group and two hydroxyl
groups in each glucosidic residue. The amino group of chitosan is very important
because it is pH sensitive, which is responsible for cationic nature of chitosan as
well as governs different physicochemical properties of chitosan such as solubility
and biological properties [92]. As shown in (Fig. 2), the solubility of chitosan is
dependent on the pH-sensitive amino groups, which have pKa of 6.3. At low pH,
amino groups become protonated allowing chitosan to dissolve forming soluble
cationic polysaccharides. Above pH 6, amino group is deprotonated rendering
chitosan insoluble. The soluble/insoluble transition takes place at pKa value around
6–6.5 (Fig. 2) [20, 50, 86]. In addition to pH, the solubility of chitosan is also
dependent on the used deacetylation method, ionic strength, and distribution of
acetyl group along the chain. Recently, water-soluble chitosan was obtained in the
presence of glycerol-2-phosphate. Stable chitosan solution was obtained at pH 7

Fig. 2 Schematic illustration of the solubility of chitosan
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and room temperature, while gel was formed upon heating to around 40 °C. The
sol–gel transition was partially reversible based on the gelation temperature and
experimental conditions. One successful example of chitosan gel has been clinically
used for cartilage repair is chitosan–glycerol phosphate gel, which is exemplified in
the market by BST-CarGel® [86]. The amino groups also provide a reactive site
allowing ease functionalization of chitosan, for example, amino groups facilitates
the adsorption and/or chelation of metal cations. The ease functionalization of
chitosan allows altering and tailoring its properties such as cationic nature and
acidic solubility. For instance, by sulfating the amino group of chitosan, chitosan
became anionic, water soluble, and acquired anticoagulant property [50, 73].

1.1.2 Biological Properties

Chitosan is approved by FDA for wound dressing and dietary applications in Japan,
Italy, and Finland. Indeed, chitosan is being a focus of various research areas owing to
its inherent biological properties. Several studies confirmed that chitosan is a biode-
gradable, biocompatible, and nontoxic polymer [20, 45]. Recent studies also demon-
strated that chitosan itself as well as its derivatives have potent biological properties
such as antibacterial, antifungal, anti-inflammatory, and antitumor [37, 120].

Chitosan biocompatibility, the ability of chitosan to safely interact with living
cells without evoking the immune system was heavily in vitro and in vivo studied
[58]. Several in vitro and in vivo studies revealed that the biocompatibility ranking
of chitosan and its derivatives in descending order was methylpyrrolidinone
chitosan > chitosan lactate > glycol chitosan > chitosan glutamate > chitosan HCl,
respectively. In vitro studies conducted to assess the biocompatibility of meth-
ylpyrrolidinone chitosan and chitosan HCl on fibroblast cells showed that meth-
ylpyrrolidinone chitosan caused 35 % reduction in cell viability, while chitosan HCl
caused 70–80 % reduction in cell viability [86]. It was also found that DD of
chitosan is directly proportional with its biocompatibility, where increasing DD,
increases chitosan’s compatibility owing to the presence of free amino groups
which allow the interaction between the chitosan and cells. The solvent effect on the
biocompatibility of chitosan was also examined by preparing chitosan films using
different acidic solvents such as acetic acid and lactic acid. It was reported that
chitosan prepared in acetic acid caused skin irritation, while chitosan prepared in
lactic acid showed no skin irritation or toxicity [86, 131].

In addition to biocompatibility, chitosan biodegradability, the ability of chitosan
to break down into monomers was also extensively investigated in vitro and
in vivo. Biodegradability is the key property of chitosan because biodegradability
of chitosan determines its metabolic fate; therefore, it should be fully explored and
understood. The biodegradation rate of chitosan is often determined based on the
intended application. For example, in tissue engineering applications, the biodeg-
radation rate should be slow to maintain its structure and mechanical integrity until
the tissue is formed, while in drug delivery applications, the biodegradation rate of
chitosan should be relatively faster, but in a controlled manner to guarantee the
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continuous release of payload drug. Studies demonstrated that the biodegradation
rate of chitosan is inversely proportional with DD. It was reported that high DD
chitosan exhibits very low degradation rate induces negligible inflammatory
response, while low DD chitosan exhibits faster degradation rate induces acute
inflammatory response due to the accumulation of amino saccharides producing
inflammatory response and toxicity [20, 86]. The biodegradation rate of chitosan is
also dependent on its MW. It was revealed that chitosan of MW ranged between
30,000 and 40,000 Da was eliminated by renal clearance [44]. However, above this
MW, chitosan was first degraded either by enzymatic degradation (i.e., lysozyme or
microflora in the colon) or chemical degradation (i.e., acid catalyze degradation in
stomach), prior to renal clearance. Lysozyme is the primary enzyme responsible for
chitosan digestion. The enzymatic degradation is initiated by biofouling, accumu-
lation of proteins and cells on a foreign substance leading to immune system
recognition and subsequent elimination. This is followed by penetration of water
and lysozyme into chitosan structure leading to chitosan swelling. Afterwards,
lysozyme breaks β-(1→ 4) glycosidic linkages of chitosan forming chito-oligomers
and N-acetyl-D-glucosamine residues, which are eventually eliminated by renal
clearance. On the contrary, chemical degradation refers to acidic hydrolysis. In fact,
there are a few clinical data regarding chemical degradation of chitosan in vivo. The
current clinical data revealed that chitosan is accumulated in liver and kidney and its
elimination is mainly dependent on MW [44, 86, 119].

In addition to the unique biocompatibility and biodegradability properties of
chitosan, several studies revealed that chitosan has an extraordinary antibacterial
activity against broad spectrum of bacteria [25, 120]. The antibacterial activity of
chitosan was ascribed to its cationic nature, which allows the interaction between
chitosan and negatively charged lipid and proteins embedded in the bacterial cell
wall. The attraction between opposite charges facilitates chitosan adsorption on
bacterial cell wall resulting in compromising its function followed by diffusion into
cell membrane. Chitosan diffusion into cell membrane leads to the expansion and
disturbance of cell membrane permeability which eventually causes leakage of
cytoplasmic components and bacterial death. Other in vitro studies also were
conducted to verify the antibacterial activity of chitosan and emphasized that
chitosan antibacterial action might also be ascribed to its DNA binding ability. It
was reported that once chitosan enter the nuclei of bacteria, it binds with DNA and
inhibits mRNA synthesis [46].

Recently, clinical studies proved that chitosan demonstrated an anti-inflammatory
activity. Anti-inflammatory is an immune response against foreign bodies such as
pathogen, toxic chemicals, and physical injury. There are two types of inflammation;
acute and chronic inflammation. Acute inflammation is a short-term response
mediated by leukocytes at the damaged region to induce tissue repair, while chronic
inflammation is a long-term pathological response inducing tissue damage by matrix
metalloproteinase (MMPs). Basically, it was well-known that chronic inflammation
is related to various diseases such as hepatitis, arthritis, gastritis, and colitis. The
nuclear factor kappa B (NF-B) plays a main role in regulating genes encoding
proinflammatory κ cytokines, adhesion molecules, and cyclooxygenase-2 (COX-2).
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Nonsteroidal anti-inflammatory drugs (NSAIDs) are the conventional treatment of
many inflammation diseases. However, NSAIDs induces severe gastric, renal, and
hepatic side effects. In vitro and in vivo studies confirmed that chitosan partially
inhibits the secretion of IL-8 and TNF from mast cells, and reduces the inflammatory
response [69]. Besides the anti-inflammatory activity of chitosan, studies demon-
strated chitosan does not induce gastric side effects due to the presence of free amino
groups which can neutralize the gastric acid creating a protective layer over the
stomach and thus allowing the use of chitosan for the treatment of peptic ulcer. In
addition, the use of chitosan in preventing and treating rheumatic arthritis has been
also studied. It was found that chitosan possesses anti-inflammatory activity as well
as can aid in repairing the connective tissue. The main reason behind the repair-
ability of chitosan is the acid hydrolysis, which converts chitosan into glucosamine
monosaccharides, the structural units of proteoglycans present in connective tissue
and cartilage [86, 120].

More recently, chitosan derivative, chitoligosaccharides have received great deal
of attention due to its unique anticancer activity against different cancers. The exact
mechanism behind the antitumor activity of chitoligosaccharides is still unknown.
However, there is a speculated mechanism stated that chitoligosaccharides trigger
lymphocytes factors resulting in elevating T cells differentiation and proliferation.
As a result, the activity of T cells increases and induces further tumor inhibitory
effect. To identify the relation between the chitoligosaccharides’ charge properties
and its antitumor activity, chitoligosaccharides of different charge densities and
types have been studied on three different cancer cell lines: HeLa, Hep3B, and
SW480. The in vitro studies showed that highly charged chitoligosaccharides
significantly reduce the viability of cancer cells regardless of their charge type,
compared to the poor charged chitoligosaccharides [69, 119, 120].

1.2 Chitosan Limitations

Besides the distinctive properties of chitosan, it can be easy processed into different
forms to suit different biomedical applications. For instance, chitosan can be used to
prepare films, fibers, and sponge. Chitosan solution is prepared under acidic con-
ditions and then processed under different conditions such as casting for films,
spinning for fibers, and lyophilized for sponge. Finally, chitosan is precipitated via
immersing in alkaline solution followed by purification and drying [86]. Beyond the
ease preparation and distinctive properties of chitosan, it suffers from many limi-
tations, which rise many safety issues regarding its biomedical use. These limita-
tions include low solubility at physiological pH, 7.4, low thermal stability, low
ductility, poor mechanical properties, and higher swelling degree in aqueous
solutions owing to their pH sensitivity and high hydrophilic nature. The following
section points out different modification approaches developed to overcome
chitosan limitations including development of chitosan derivatives, composites, and
nanocomposites [93].
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2 Modifications of Chitosan

2.1 Chitosan Derivatives

Chitosan derivatives were commonly produced via chemical modification of
chitosan chain either by adding a specific group to its reactive sites, such as amino
group or hydroxyl groups, or by grafting polymer(s) onto its backbone. The
chemical modification techniques (Fig. 3) of chitosan include quaternization,
acylation, thiolation [113,115], and carboxymethylation [67, 93].

Among these different chemical modification techniques, quaternization is
considered the most simple and straightforward technique. Quaternization refers to
a reaction that occurs between chitosan and either methyl iodide or ethyl iodide
under basic conditions. Quaternized chitosan derivatives have many advantages
over other chitosan derivatives including increased aqueous solubility, maintained
solubility over a wide pH range, improved mucoadhesive property, and controlled
cationic character, and pH dependency. Due to the advantages of quaternization,

Fig. 3 Chemical modification techniques of chitosan: (A) thiolation; (B) azylation;
(C) methylation; (D)N-succinylation, (E) copolymerization, and (F) schematic illustration of
TMC synthesis. Available in Ref. [92]
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researcher developed various quaternized chitosan derivatives. The most common
quaternized chitosan derivative is N,N,N-trimethyl chitosan chloride (TMC) [53].
TMC is frequently used for different drug delivery applications owing to its mu-
coadhesive property and solubility. Moreover, TMC was proven to have a potent
antibacterial activity over a wide pH range [82, 93]. TMC was synthesized via two
step reactions (Fig. 3F); the first step involves the reaction of chitosan with methyl
iodide in the presence of sodium hydroxide at 60 °C. The second step includes the
substitution of iodide ion by chloride via an ion exchange process [84]. In an
attempt to develop TMC with enhanced mucoadhesive property, Varkouhi et al.
[53] developed thiol-bearing TMC. The addition of thiol to TMC causes a further
enhancement in the mucoadhesive property due to the presence of thiol group,
which facilitates the formation of disulfide bond with mucin proteins embedded in
cell membrane [53].

Carboxylic acid–chitosan derivative is another derivative of chitosan. By mod-
ifying chitosan with carboxylic acid, it showed an enhanced transfection efficiency
compared to pure chitosan. Despite the enhanced transfection efficiency of car-
boxylic acid-bearing chitosan [113], it was revealed that carboxylic acid–chitosan
derivative exhibits weak DNA-binding ability. To optimize the transfection effi-
ciency of carboxylic acid–chitosan derivative, it was modified with cationic poly-
mer chains. In another study, secondary and tertiary amines were introduced to
carboxylic acid–chitosan forming a carboxylic acid–imidazole–chitosan via one
step synthesis process mediated by 1-ethyl-3-(3-dimethylaminopropyl) carbodiim-
ide (EDC)24. The carboxylic acid–imidazole–chitosan demonstrated higher trans-
fection efficiency than carboxylic acid–chitosan [81, 93].

One of the most important derivatives of chitosan is carboxymethyl chitosan
(CMC). CMC is extensively used in biomedical applications such as tissue engi-
neering, drug delivery, and cosmetic field owing to its unique properties. CMC is
nontoxic, anionic, amphotheric, and water soluble at basic pH. The carboxylation can
be performed either at the amino or hydroxyl groups of the chitosan. Based on the
carboxymethyl substitution position, these derivatives are classified into O-CMC,
N-CMC, and N, O-CMC. N-CMC is obtained upon reacting with glycoxylic acid
followed by reducing with sodium cyanoborohydride (Fig. 4A). O-CMC is obtained
by reacting chitosan with monochloroacetic acid using isopropyl alcohol as a solvent
(Fig. 4B). On the other hand, N, O-CMC is synthesized by carboxymethylation of
chitosan using monochloroacetic acid in alkaline medium (Fig. 4C) [38].

Graft copolymerization is another method used to create chitosan derivatives
with complicated and tailored properties. Grafting in polymer chemistry is defined
as a reaction that involves connecting two or more species of blocks to a macro-
molecule chain as side chains, producing a new polymer composite with different
properties compared to the parent polymer. Different grafting techniques (Fig. 5)
have been developed and used for modifying chitosan such as grafting initiated by
free radicals, radiation-induced grafting, and enzymatic grafting [30, 86, 93, 132].
Chitosan was grafted with acrylic acid as a possible mean to create a hydrophilic
and mucoadhesive chitosan derivative. Polymerization of acrylic acid onto chitosan
was ascribed to the inter- and intramolecular bonding between carboxyl groups of
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poly (acrylic acid) and amino group of chitosan. Shantha et al. [90] successfully
synthesized poly (acrylic acid)-g-chitosan using ceric ion as initiator [90]. Jere et al.
[40] modified chitosan with low MW poly (ethylene imine) (PEI) chains forming
PEI-g-chitosan copolymer. The PEI-g-chitosan copolymer showed superior trans-
fection efficiency compared to pure chitosan. The PEI-g-chitosan copolymer was
synthesized via two steps; the first step includes the reaction of chitosan with

Fig. 4 Schematic illustration showing the synthesis of N-CMC (A), O-CMC (B), and N-CMC
(C) from chitosan. Adapted with modification from Ref. [38]

Fig. 5 Grafting copolymerization
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potassium periodate in an acetate buffer resulting in glucosamine ring opening
forming two aldehyde groups. Second step involves the reaction of the two alde-
hyde groups with the pendant primary amine of PEI oligomers resulting in forming
an imine that was converted into amine after being reduced with NaBH4 [40]. This
reaction was minimized in one step synthesis process by using carbonyldiimidazole
as coupling agent. Noh et al. [53] also grafted poly (L-arginine) (PLR) chains onto
chitosan through forming an amide bond between carboxyl group of PLR and
amino group of chitosan [53].

In an attempt to qualify chitosan for sensors applications, PANI-g-chitosan was
developed using ammonium persulphate as an initiator under acidic conditions. The
grafting of polyaniline (PANI) renders chitosan electrically conductive with good
pH switching properties. The acquired electrically conductive property was found
to be dependent on the pH and the grafting extent. Other studies also demonstrated
that chitosan-g-PANI is an appealing sensing electrode for early diagnosis of breast
cancer owing to its ability to hydride with DNA resulting in a change in the electric
current that is electrochemically detected [53, 78, 92, 121].

PEGylated chitosan is another reasonably well-explored chitosan derivative.
PEG is FDA-approved polymer for pharmaceutical products such as injectable
biotechnology products. The importance of PEG relies on its stealth characteristic,
which prolonged the drug circulation half-life. The stealth effect of PEG is a result
of its hydrophilic nature, which forms a hydration layer preventing biofouling and
thus preventing immune recognition and elimination. The PEG grafting onto
chitosan is carried out on the amino group via grafting techniques. Chitosan is
commonly modified with methoxylated PEGs (mPEGs), which has free hydroxyl
group that binds to amino group of chitosan. The chitosan-g-PEG can be also
obtained using different modified PEG polymers such as α-methoxy-poly (ethylene
glycol)-ω-aldehyde), and α-methoxy-poly (ethylene glycol)-ω-carboxy). The
PEGylated chitosan offers many advantages over other chitosan derivatives espe-
cially in the biomedical applications. These advantages include enhanced bio-
compatibility, prolonged circulation half-life as well as a good solubility over a
wide pH ranges (1–11) depending on the degree of substitution (DS). The in vivo
studies demonstrated that PEGylated chitosan can escape the immune system, renal
clearance, and enzymatic degradation resulting in prolonged drug bioavailability.
Such stealth effect of PEG has gained considerable attention in various drug
delivery applications. Although PEG seems to be advantageous for various phar-
maceutical applications, the nonbiodegradability of PEG rises many safety issues
that should be thoroughly addressed by further toxicological studies [20, 67].

2.2 Chitosan Composites

Over the past two decades, development of polymeric composites has become a
focus of research in terms of the scientific, technological, and commercial values
[105–109]. The physical modification is the simplest way to create novel polymeric
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composites. The physical modification such as polymer blending is performed by
mixing two or more polymers resulting in a formation of composite possessing
combined properties of the used polymers. Polymer blending has become the most
attractive technique for creating different polymer composites because it is a simple,
rapid and cost-effective technique, produces polymer composite with enhanced
chemical, physical, mechanical, morphological, and biological properties. In
addition, blending is able to create a polymer composite with tailored properties to
fulfill requirement of different applications simply by altering the composition of
starting polymers [2]. For example, various chitosan composites obtained by
blending chitosan with one or two hydrophilic polymers such as poly (vinyl
alcohol) (PVA), poly (vinyl pyrrolidone) (PVP), and poly (ethylene oxide) (PEO) to
qualify their use for biomedical applications such as oral drug delivery systems. To
study the interaction between chitosan and other polymers, various characteriza-
tions such as differential scanning calorimetry (DSC), Fourier transform infrared
(FTIR) spectroscopy, thermogravimetric (TGA) analysis, and dynamic mechanical
thermal analysis (DMA) have been proposed. Characteristic studies showed that
chitosan forms miscible blend with PEO and PVP, while with PVA, chitosan only
interacts when its concentration in the blend exceeds 50 % [116].

Park and Kim [69] successfully synthesized and studied the properties and
interaction of PVA/chitosan blending film prepared in different acidic solvents such
as citric acid, acetic acid, lactic acid, and malic acid. The study revealed that the
acidic solvent initiates molecular interactions between the two polymers permitting
the formation of PVA/chitosan blend with intermediate properties of both polymers
including enhanced mechanical and barrier properties [69, 79]. The poly lactic acid
(PLA)/chitosan blend has been also prepared by blend method. The key challenge of
forming such a blend was the incompatibility between hydrophilic chitosan and
hydrophobic PLA [87]. To overcome this issue, Chouwatat et al. [14] prepared a
hydrophobic chitosan via mechanically blending aqueous chitosan with sodium di-
octylsulfosuccinate. As a result, the hydrophobic chitosan can be easily blended with
different hydrophobic polymers such as PLA to form new chitosan composites [14].

2.3 Chitosan-Based Nanocomposites

In the recent years, nanotechnology has become recognized as one of the most
appealing area for technology development [55, 56]. Nanotechnology is a science
of manipulating materials at nanoscale ranging from 1 to 100 nm. Nanomaterials
such as nanoparticles, nanotubes, nanorods, nanofibers, nanosheets, etc., are the
building block of nanotechnology. Nanomaterials exhibit attractive properties
compared to their bulk counterparts owing to their large surface area to volume
ratio. The large surface area of nanomaterials is attributed to the presence of large
number of atoms on the nanomaterials’ surfaces rendering them more reactive and
acquires novel properties [99–101]. Stemming from the nanotechnology revolution,
bionanocomposite comes onto the scenes as an alternative biomaterial possessing
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improved characteristics for biomedical applications [20, 47, 92].
Bionanocomposite defined as a composite made up of natural biopolymers and
inorganic solids with at least one dimension at nanoscale. Bionanocomposite attains
superior properties compared to regular composites due to the vast increase in
surface area to volume ratio [19]. Several synthesis techniques have been used to
develop nanocomposites such as film casting, freeze-drying, layer-by-layer
assembly, and electrospinning [103]. Due to the promising physicochemical and
biological characteristics of bionanocomposites, chitosan-based nanocomposites
have gained considerable attention in various biomedical applications such as tissue
engineering, tissue regeneration, drug delivery, and biosensors [20, 31, 37].

Among different techniques, the most common and simplest technique used to
create chitosan nanocomposite is cross-linking. There are two types of cross-linking;
physical and chemical cross-linking. Both types of cross-linking were utilized to
develop chitosan-based nanocomposite using a suitable cross-linker. The
cross-linker is a compound that can form links between the polymer chains. Physical
cross-linking takes place when polymer chains are linked via ionic or polyelectrolyte
interactions, while chemical cross-linking occurs when polymer chains are
cross-linked via intermolecular covalent linkages [6, 9, 86]. The commonly used
physical cross-linkers are pentasodium tripolyphosphate (TPP) and sodium alginate.
TPP was used to prepare different chitosan micro/nanoparticles and nanocomposites
such as exotoxin–chitosan microparticles and 5-flurouracil–chitosan–g–PNVCL
nanoparticle composites [85, 97]. Sodium alginate is also frequently used as poly-
electrolyte cross-linker for formulating different chitosan nanoparticles and hydrogel
nanocomposites [5]. On the other hand, the commonly used chemical cross-linkers
are glutaraldehyde, genipin, and dextran sulfate. Chitosan is easily cross-linked with
glutaraldehyde due to the presence of aldehyde groups, which bind to the amino
groups of chitosan through formation of Schiff’s base [9]. Several glutaraldehyde
cross-linked chitosan nanocomposites such as polyvinyl pyrrolidone (PVP)-chitosan,
and chitosan–polyvinyl alcohol (PVA) composites were formulated for drug
delivery applications [17, 53]. Moreover, a pH-sensitive PVP/chitosan composite
has been synthesized by employing a glutaraldehyde as a cross-linking agent,
forming semi-interpenetrating polymer network. The pH-sensitive PVP/chitosan
hydrogel was widely used in many biomedical applications such as controlled drug
delivery system and tissue engineering [9, 92]. Despite the ease of preparation of
glutaraldehyde cross-linked chitosan composites and nanocomposites, toxicity issue
of glutaraldehyde is being a great concern that limits its use especially in biomedical
applications [86].

To overcome the toxicity of glutaraldehyde and simultaneously form a stable
cross-linked chitosan, genipin, a natural material, was used instead as a cross-linker
for chitosan-based composites. The cross-linking between genipin and chitosan
results in a formation of blue gel. The interaction of genipin and chitosan was
ascribed to the nucleophilic attack by the chitosan’s amino group on the olefinic
carbon atom of genipin leading to dihydropyran ring opening, followed by the
formation of a secondary amide and a heterocyclic amino linkage, eventually
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forming genipin-cross-linked chitosan [41, 61]. Several forms of genipin-cross-
linked chitosan composites were prepared including genipin cross-linked chitosan
microspheres, O-CMC-alginate hydrogels, and chitosan–alginate beads [6]. Liu and
Kim synthesized novel nanocomposites that consist of genipin-cross-linked
chitosan/PEG/zinc oxide (ZnO)/silver (Ag) nanoparticles. The physiochemical
properties of the nanocomposites were investigated by infrared analysis, X-ray
diffraction and scanning electron microscopy, and was reported that the nano-
composite exhibits a pH-sensitive swelling property and enhanced mechanical
property [54].

In an attempt to obtain chitosan with an ultimate mechanical property and
thermal stability, different nano-sized reinforcements such as carbon nanotubes,
organic and inorganic nanoparticles were incorporated with chitosan [125]. Wang
et al. [117] prepared multiwall carbon nanotubes (MWCNTs)/chitosan nanocom-
posites using a simple solution–evaporation method. The nanocomposites were
fully investigated by field emission scanning electron microscopy (SEM), bright
field transmission electron microscopy (TEM), optical microscopy (OM),
wide-angle X-ray diffraction (XRD), and tensile and nanoindentation tests. The
results revealed that the MWNTs were evenly dispersed in the chitosan matrix. The
tensile and nanoindentation tests demonstrated that the tensile modulus and strength
of the nanocomposites containing 0.8 wt% of MWNTs were significantly enhanced
by 93 and 99 % [117]. Yang et al. [53] also prepared graphene oxide (GO)–chitosan
nanocomposite via self assembly in aqueous media. It was found that GO/chitosan
nanocomposites showed enhanced mechanical and thermal properties [53]. Zuo
et al. [134] also chemically functionalized chitosan with graphene oxide
(GO) forming GO/chitosan nanocomposites (Fig. 6) via amide linkage formed
between the carboxylic groups of GO and the amino groups of chitosan. This
nanocomposite also showed an improved tensile strength by 2.5 folds as well as
exhibited higher glass transition temperature and thermal stability compared to pure
chitosan [134]. Ma et al. [57] developed PVA/GO/chitosan nanocomposite and
studied its structure and physicochemical properties. The mechanical studies
showed that the nanocomposite has tensile strength of 71.21 Mpa. The increase in
the tensile strength was ascribed to the uniform dispersion of GO sheet in the
chitosan matrix as well as the strong interfacial interaction between polymers and
GO [57]. Archana et al. [7] also fabricated nanocomposite made up of poly(N-
vinylpyrrolidone) (PVP)/titanium dioxide (TiO2) nanoparticles/chitosan and studied
its mechanical properties. The mechanical studies showed that the strength of
nanocomposite increased upon the addition of TiO2 nanoparticles. Moreover, the
biocompatibility of PVP/TiO2/chitosan nanocomposite was examined on fibroblast
cells and has shown an excellent biocompatibility toward fibroblasts [7]. Chrissafis
et al. [16] developed silica nanoparticles (SiO2)/chitosan nanocomposites.
The FTIR measurements confirmed that there is an interaction between hydroxyl
group of SiO2 nanoparticles and chitosan. Moreover, it was reported that the
mechanical and thermal properties of nanocomposite increased along with
increasing the content of SiO2 nanoparticles [16].
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3 Biomedical Applications of Chitosan-Based
Nanocomposites

Over the last years, a significant body of research has focused on the development
of safe and efficient biomaterials based on chitosan for various biomedical appli-
cations such as tissue engineering, wound healing, drug delivery, and biosensors.
Researchers heavily investigated potential biomedical applications based on
chitosan in the form of nanocomposite with particular attention to its enhanced
physicochemical and biological properties [20, 50, 74]. This section outlines the
common biomedical applications of chitosan-based nanocomposites with particular
focus on their related biological properties.

3.1 Tissue Engineering

Tissue engineering field has gained much attention of researchers from multiple
disciplines aiming to create an artificial organ/tissue which structurally and

Fig. 6 Schematic illustration describes the synthesis process of GO/chitosan nanocomposite.
Adapted from Ref. [134]

186 I.M. El-Sherbiny and N.M. El-Baz



functionally resembles human body’s organ/tissue [102–104]. In other words, tissue
engineering is aiming to repair, replace, maintain, and improve the function of
damaged organ/tissue. Tissue regeneration encompasses three major components:
active cells, scaffold, and bioreactor. As shown in (Fig. 7a), tissue engineering
process includes (1) seeding cells, (2) supporting and regulating cell growth with
the aid of scaffold, (3) using inducers and signaling molecules, and (4) maintaining
and enhancing cell growth ability and mass transport using bioreactor [52].

For cells to proliferate and organize themselves to form a new tissue, they
require a continuous flow of signals from the surrounding environment to fulfill
specific genetic programs essential for cell growth and tissue formation. The

Fig. 7 a Basic components of tissue engineering and b The information provided to cells by the
extracellular matrix (ECM). Adapted after modification from Ref. [24]
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extracellular matrix (ECM) containing cell surface receptors, is responsible for cell–
cell communications through receiving and responding to the extracellular signals
(Fig. 7b). Consequently, ECM is considered as a key factor in tissue engineering.
Scaffold-based tissue engineering is a promising approach based on using 3D
porous matrix that behaves as a temporary ECM to support cell adhesion and
growth, and finally degrades gradually after the formation of new tissue. ECM is
composed of different molecules such as collagen, elastic fibers, glycosoamino-
glycans (GAG), proteoglycans, and adhesive glycoproteins [80]. Therefore, to form
an ideal tissue engineering scaffold that mimics ECM; the scaffold should fulfill
certain fundamental requirements. First, the scaffold should be made of nontoxic,
biocompatible, biodegradable materials to promote cell adhesion, proliferation,
migration, and differentiation. The biodegradability rate is of a great importance as
it should meet the growth rate of new tissue/organ. Secondly, scaffold should have a
high surface area and porosity with a definite pore size distribution. Third, scaffold
must have a reasonable structural integrity and mechanical properties to avoid pore
collapsing during tissue formation [37, 124].

The nontoxicity, biocompatibility, and biodegradability of chitosan and its
derivatives render them promising biomaterials for tissue engineering scaffold
applications. Chitosan is degraded in vivo by enzymatic, lysozyme, hydrolysis into
biocompatible oligosaccharides of variable length via targeting the chitosan’s
acetylated group. The degradation rate of chitosan plays a significant role in tissue
engineering because it is essential for the scaffold to maintain its structure integrity
and the mechanical strength until the tissue regeneration is completed. Depending
on targeted engineered tissue, chitosan type that exhibits the appropriate degrada-
tion rate should be chosen. It was well-documented that chitosan degradation rate is
inversely proportional to its DD. Therefore, high DD chitosan exhibits slow deg-
radation rate that may last for several months, while low DD chitosan degrades
rapidly. So, in case of long-term tissue engineering process such as tissue engi-
neering of skeletal, high DD chitosan that exhibits slow degradation rate is chosen
to be used as a scaffold [45, 91]. The pore morphology and orientations of
chitosan-based scaffold also play important roles in tissue engineering. It was
reported that the pore morphology and orientations of chitosan-based scaffold
influence its mechanical properties. One study showed that porous chitosan scaffold
exhibits low elastic moduli (0.1–0.5 MPa) in comparison with nonporous chitosan
scaffold (5–7 MPa). The porous scaffold showed a stress–strain curve similar to
composite materials with two distinct regions: a low modulus region at low strains
and a transition to a two and three fold greater modulus at high strains. The tensile
strengths of these porous scaffolds were ranged between 30 and 60 kPa [59].
Chitosan scaffold can be also synthesized in a form of interconnected porous
structures either via lyophilizing chitosan solution or internal bubbling process. The
internal bubbling process is a process where calcium carbonate (CaCO3) is mixed
with chitosan solution forming chitosan-CaCO3 gel with a specific shape by using a
mold [15]. The interconnected porous structure is very promising since many cells
can be seeded, migrated inside, and proliferated. Studies also revealed that the
porosity and pore morphology of a scaffold also influence angiogenesis process,
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a natural process of new blood vessels and capillaries formation from the preexisted
blood vessels, which is essential in aiding and supporting tissue development and
optimization [59]. Taken together, regulating the scaffold porosity and degradation
rate are considered key factors for controlling cellular proliferation rate and orga-
nization within the engineered tissue/organ.

In addition, chitosan possesses mucoadhesive property allowing the formation of
molecular adhesive force between positively charged chitosan and negatively
charged mucosal surfaces via electrostatic interaction. The mucoadhesive property
of chitosan could be ascribed to (1) strong charges, (2) strong hydrogen bonding
group, (3) chain flexibility, and (4) high molecular weight [123]. The cationic
nature of chitosan also permits pH-dependent electrostatic interactions between
chitosan and anionic charged molecules such as GAG and proteoglycans. Both
molecules, GAG and proteoglycans, are of a great significance in tissue engineering
owing to their binding affinity to many cytokines and growth factors such as
heparin and heparin sulfate. Therefore, scaffold composed of GAG–chitosan
complex could serve in retaining and concentrating growth factors secreted by
seeding cells [45]. Nishikawa et al. [64] emphasized that structure of chitosan is
closely similar to GAG structure, which consists of long chain, unbranched,
repeated disaccharide units. The similarity in structure between both chitosan and
GAG plays an important role in modulating cell morphology, differentiation, and
function [64, 65]. The broad spectrum antibacterial activity of chitosan is another
significant property boosting its use in tissue engineering. Aimin et al. [4] showed
that chitosan inhibits osteomyelitis infection experimentally induced by S. aureus in
rabbits [4].

Several chitosan-based nanocomposites scaffold have been developed aiming to
create a scaffold with ideal properties for tissue engineering. Sultana et al. [94] also
prepared three-dimensional (3D) porous scaffold composed of hydroxyapatite
(HA) nanoparticles/chitosan nanocomposites for bone tissue engineering. The
morphology and porosity of the scaffold were characterized by SEM and EDX
spectroscopy. The results revealed that prepared scaffold exhibits high porosity and
has interconnected pores within the micro-range. HA nanoparticles were found to
be homogenously dispersed in the chitosan matrix [94]. Depan et al. [23] also
synthesized a novel scaffold that consists of grafted chitosan-based nanocomposites
for bone tissue engineering. The scaffold was synthesized by grafting chitosan with
propylene oxide to form hydroxypropylated chitosan followed by linking with
ethylene glycol functionalized nanohydroxyapatite forming organic/inorganic net-
work structure. Different properties of the prepared nanoscaffold such as swelling,
mechanical, and physicochemical properties were studied in comparison with pure
chitosan scaffold. Studies revealed that the prepared nanoscaffold exhibits greater
modulus, controlled swelling properties, reduced water absorption, but same water
retention ability like pure chitosan scaffold [23]. Recently, bioactive glass ceramic
(BGC)/chitosan nanoscaffold has been developed and studied for bone engineering
and regeneration. BGC is a group of osteoconductive silicate-based materials used
for bone repair. BGC was first developed by Hench and was used as biomaterial for
bone repair. BCG is currently utilized in orthopedics and dentistry due to its
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potential binding ability to soft and hard tissues. Recently, nano-BGC has been
produced by sol–gel technique and showed an enhanced cell-material interaction
compared to its microphase counterpart [32, 37]. Peter et al. [53] synthesized
macroporous nBGC/chitosan scaffold with pore size ranging from 150 to 500 μm.
In vitro studies conducted on osteoblast-like cells (MG-63) showed that the mac-
roporous nBGC/chitosan scaffold supports cell adhesion, spreading, and prolifer-
ation [71]. More recently, much focus has been on creating bioactive scaffold such
as scaffold incorporating delivery vehicles for growth factors or cells (Fig. 8) [24].
Rajam et al. [77] fabricated dual function collagen/chitosan nanoscaffold incorpo-
rated with chitosan nanoparticles for tissue engineering and drug delivery. The
scaffold has 3D macroporous structure incorporated with chitosan nanoparticles
encapsulating two growth factors; epidermal and fibroblast growth factors. The role
of chitosan nanoparticles is to provide a control release of the growth factors to
promote cellular signaling and growth. Results obtained from in vitro studies
including MTT assay, flow cytometry, and SEM reported that the co-delivery of
both epidermal and fibroblast growth factors greatly enhanced the cellular viability,
activity, and growth [77].

Fig. 8 Bioactive scaffold for tissue engineering. Adapted from Ref. [24]
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Nanofibrous scaffold has also received much attention in tissue engineering
applications because it mimics the fibrous structure of human native ECM and thus
supports cells and allows their growth into the required artificial tissue [10, 37,
105]. Chitosan nanofibers scaffold were mainly produced via electrospinning, a
process of utilizing the electric charge to produce, complex and three dimensional
(3D) fibers either at micro- or nanoscale. Shalumon et al. [88] prepared water
soluble PVA/CMC blend nanofibers scaffold, with concentration of 7 % CMC and
8 % PVA. Afterwards, these nanofibers were converted from water soluble to
insoluble via cross-linking with glutaraldehyde vapors followed by thermal treat-
ment. The prepared nanofibrous scaffold were in vitro tested on human mesen-
chymal stem cells (hMSCs). Results obtained from the in vitro studies showed that
nanofibrous CMC/PVA scaffold allows cell attachment and growth [88]. Thien
et al. [110] developed HA/chitosan nanofibrous scaffold for bone tissue engineer-
ing. Characterization studies demonstrated that Hydroxyapatite (HA)/chitosan
nanofibrous scaffold showed an adequate mechanical strength required for bone
repair and regeneration due to the presence of HA. The biocompatibility of
chitosan/HA nanofibrous scaffold was in vitro investigated on rat osteosarcoma cell
lines (UMR). Biocompatibility test showed that HA nanofibrous/chitosan scaffold
has an excellent biocompatibility and enhanced osteoblasts proliferation and dif-
ferentiation compared to chitosan nanofibers, film and HA/chitosan film. The
enhanced osteoblasts proliferation and differentiation is a result of the presence of
HA, a major bone component, which enhances the osteoblasts proliferation and
mineralization [110].

3.2 Wound Dressing

The skin, the largest organ of the body, with an average surface area of 1.8 m2 and
an average weight of 11 kg, is very complicated organ serving many important
functions such as homeostasis and protection against microbial pathogens, and
chemical damage. Any physical disturbance of the skin structural integrity is
defined as skin wound. Because the skin is responsible for the integral homeostatic
body functions, a complicated wound healing process is launched by the body
aiming at restoring and repairing the integrity and function of injured skin. Wound
healing is a natural biological process occurring via three precisely programmed
phases; inflammation, proliferation, and remodeling [22].

For promoting a proper wound healing, injured skin should be immediately
covered to prevent microorganisms’ invasion and accelerate healing process.
Wound dressing is commonly used for promoting wound healing and treatment.
The aims of wound dressing are (1) bleeding inhibition, (2) wound protection from
the surrounding irritants, and (3) avoid water and electrolyte disturbance. Wound
dressing are categorized into three main classes: biologic, synthetic, and biologic–
synthetic. Biologic dressing such as alloskin and pigskin are frequently used in the
clinic. However, they both suffer from many drawbacks including limited supplies,
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high immunogenicity, poor adhesives, and contamination susceptibility. On the
contrary, synthetic dressing has a long shelf life, low immunogenicity, and negli-
gible risk of contamination. Biologic–synthetic dressing is bilayer consisting of a
combination of both synthetic polymer and biological materials. As illustrated in
(Fig. 9), an ideal wound dressing should fulfill certain requirements; (1) form a
protective barrier against microorganisms (2) maintain moist environment at wound
interface, (3) allow gaseous exchange, (4) get rid of excess exudates, and (5) be
non-toxic, non-allergic, non-adherent, and removable without causing trauma.
Moreover, ideal wound dressing should be made from commercially available
biomaterials possessing antimicrobial and wound healing properties that can be
easily processed [37, 39].

In 1980, first dermal skin membrane was designed and composed of collagen
and glycosoaminoglycans and was in vitro studied on human epidermal keratino-
cytes. The membrane was found to be suitable for epidermal keratinocytes growth
and histologically resembled the skin. In 1981, Yannas and his research group [126]
developed a bilayer artificial skin made up of a silicon membrane and a collagen
sponge layer containing glycosoaminoglycans [126]. Recently, developing novel
wound dressing with accelerating wound repairability using natural biomaterials
such as chitosan became the main concern for many researchers. Chitosan seems as
a promising material for wound dressing applications because it is composed of
glucosamine and N-acetyl glucosamine units linked by β-1,4-glycosidic linkages,
where N-acetyl glucosamine is the main components of skin and is essential for
scar tissue repair. Chitosan has a positive charge surface which effectively induces
and supports cell growth and is capable of promoting healing process at molecular,
cellular, and systemic levels. Moreover, chitosan exhibits many biological prop-
erties suiting wound healing applications including good biocompatibility,

Fig. 9 Schematic illustration for the required properties of wound dressing biomaterial. Adapted
from Ref. [39]
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biodegradability, and nontoxicity as well as possesses a board spectrum of anti-
microbial activity [18, 37, 39].

Several studies have been conducted to assess the host tissue response and
wound healing potential of different chitosan-based scaffolds and implants. Studies
revealed that chitosan-based materials promote a typical healing with formation of
normal granulation tissue along with inducing accelerated angiogenesis, while only
producing a minimal immune response with few or no fibrous encapsulation.
Okamoto et al. [66] reported that chitosan affected all wound healing stages in vivo.
The in vivo studies demonstrated that chitosan induces the proliferation of fibro-
blasts and controls the migration of immune cells such as neutrophils and macro-
phages resulting in enhanced repair process such as fibroplasias and
re-epithelialization. In addition, chitosan showed distinctive hemostatic properties
during the inflammatory phase that are different from the normal clotting cascades
[66]. Kosaka et al. [48] also revealed that the cell-binding and cell-activation
properties of chitosan are the main reasons behind its potential ability in wound
healing applications as well as tissue engineering [48]. Collectively, the chitosan
properties are favorable for promoting rapid dermal regeneration and accelerating
wound healing and hence chitosan can suit different applications ranging from
simple wound covering to complicated artificial skin regeneration [27, 91].

Focusing on the potential chitosan-based wound dressing applications, different
chitosan nanocomposites were proposed and developed aiming to achieve an ideal
wound dressing that provide an optimal protective barrier, accelerate wound repair,
and achieve synergic antimicrobial activity [45]. Archana et al. [7] prepared and
characterized PVP/TiO2/chitosan nanocomposites for wound healing applications.
FTIR and TGA results obtained confirmed the formation of nanocomposite with
enhanced mechanical strength. Results also revealed that the strength of nano-
composite increased upon the addition of TiO2 nanoparticles. In vitro and in vivo
studies were conducted to investigate the biological properties of the prepared
nanocomposites. The in vitro study revealed that the nanocomposite exhibits a
potent antimicrobial activity and excellent biocompatibility toward fibroblasts.
Results obtained from in vivo studies conducted on open excision type wounds in
rat model demonstrated that nanocomposite accelerates wound repair and mediates
a synergic effect including good antimicrobial ability, biocompatibility, wound
appearance, and closure as well as improved swelling properties [7]. Gopal et al.
[29] prepared copper/chitosan nanocomposite (CCNC) for wound healing. Copper
nanoparticles were used in wound healing owing to their ability to modulate cells,
cytokinase, and growth factors. Results obtained from in vivo study conducted on
open excision wound in rats revealed that there was a significant decrease in wound
size in the CCNC-treated rats compared to the control group. The acceleration in
wound healing was ascribed to the ability of CCNC to promote angiogenesis,
fibroblast proliferation, and collagen deposition via upregulation of vascular
endothelial growth factor (VEGF) and transformation of growth factor-beta1 (TGF-
β1) [29].

Aguzzi et al. [3] synthesized silver sulfadiazine loaded on 3D montmorillonite/
chitosan nanocomposite for wound healing. Silver sulfadiazine is a topical
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antimicrobial drug used for the treatment of burns. The silver sulfadiazine-loaded
nanocomposite was prepared by intercalation solution technique and characterized
by XRD, FTIR, and TEM. The characterization studies of nanocomposite con-
firmed that the nanocomposite has 3D structure and chitosan chains were suc-
cessfully adsorbed into montmorillonite interlayer spaces. Moreover,
characterization studies confirmed the silver sulfadiazine loading on the chitosan.
In vitro studies demonstrated that the silver sulfadiazine loaded on 3D
montmorillonite/chitosan nanocomposite showed an excellent biocompatibility, gap
closure properties and antimicrobial activity, especially against P. aeruginosa, that
commonly worsens skin lesions [3]. In another attempt to achieve wound dressing
with superior antimicrobial and wound healing properties, Abdelgawad et al. [1]
fabricated a novel antimicrobial silver (Ag) nanoparticles/PVA/chitosan nano-
composite in form of nanofibers. The Ag nanoparticles/chitosan nanocomposite was
prepared first by reducing silver salt using glucose. Afterwards, the Ag
nanoparticles/chitosan nanocomposite suspension was mixed with PVA solution
and finally the Ag nanoparticles/PVA/chitosan nanofibers were obtained by elec-
trospinning and cross-linked with glutaraldehyde. The antimicrobial activity of
these nanofibers was investigated via viable cell counting. The viable cell counting
revealed that silver (Ag) nanoparticles/PVA/chitosan nanofibers showed a potent
antimicrobial activity against different bacterial species compared to PVA
nanofibers/chitosan indicating the synergic antimicrobial activity is due to the
combined effect of the antibacterial of chitosan and Ag nanoparticles [1].

3.3 Drug Delivery

The vast majorities of conventional drugs suffer from poor pharmacokinetic profiles
such as short half-life and random biodistribution, resulting in lower drug bio-
availability at the diseased site and suboptimal therapeutic effect. Since drug bio-
availability is considered the key factor for achieving an optimum therapeutic effect
as it controls therapy fates whether results in complete treatment or partial treatment
with a high toxicity. Increasing the drug dose seems to be an appealing solution to
increase the drug bioavailability and therapeutic effect, but it is restricted because
the majority of drugs possess a dose-dependent systemic toxicity. Consequently,
there is an urgent need to find a new therapeutic approach, which can deliver a drug
with the optimal therapeutic concentration to the targeted site, while minimizing the
adverse side effects [111].

A century ago, Paul Ehrlich proposed a hypothetical drug called “magic bullet”
aimed at controlling drug release profile and selectively killing diseased cells. Over
the last years, the idea of targeted drugs has been the focus of many scientists.
Though little progress has been achieved in this field, the evolution of nanotech-
nology and molecular biology has paved the way for converting Ehrlich’s hypo-
thetical drug into clinical reality. Targeted drug delivery system, a novel therapeutic
approach has been developed as a result of the integration between nanotechnology
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and molecular biology results. The targeted drug delivery system is composed of
three components: a nanocarrier, a drug, and a targeting moiety. This targeting drug
delivery system is based on using nanocarriers (i.e., lipsomes and nanoparticles) as
drug vehicles, where the drug is either encapsulate inside their core or chemically
conjugate to their surfaces. The targeting moiety, a molecule can recognize and
bind to its complementary receptor overexpressed on targeted cells’ surfaces, is
typically conjugated to nanocarriers’ surfaces to guarantee the delivery of
drug-loaded nanocarriers to their targeted site. The targeted drug delivery system
aims to prolong drug circulation half-life, selectively kill diseased cells, and
enhance the drug pharmacokinetics profiles. The formidable therapeutic advantages
of targeted drug delivery system open up a new hope for fighting different com-
plicated diseases such as cancer [70, 114].

3.3.1 Cancer-Targeted Drug Delivery System

Cancer is one of the leading causes of death worldwide. Cancer is a unique disease
characterized by abnormal cell proliferation, eventually leads to the formation of a
mass of cells known as malignant tumor. Chemotherapy is commonly used for the
treatment of different cancers such as breast cancer, lung cancer, prostate cancer, etc.
Over the past decades, different classes of chemotherapy have been developed aiming
at inhibiting the rapid proliferation of cancer cells. Although chemotherapy showed a
potent anticancer activity, it suffers from many limitations which in some cases limit its
clinical use. The main limitations of chemotherapy are (1) short half-life, (2) nonse-
lective anticancer action, and (3) severe adverse side effects [34, 128].

To overcome these limitations, targeted drug delivery system has emerged as an
alternative to conventional chemotherapy. The targeted drug delivery system has
shown a great potency in targeting cancer cells, prolonging drug half-life, and
controlling drug release. The targeted drug delivery system prolongs chemotherapy
circulation half-life due to the small size of nanocarreirs along with their ability to
shield the drug allowing it to escape the enzymatic degradation as well as renal
filtration. Although drug-loaded nanocarriers can escape enzymatic degradation and
renal filtration, it was found that drug-loaded nanocarriers are eliminated by the
reticuloendothelial system (RES) uptake. Recently, PEGylated nanocarriers,
PEG-coated nanocarriers have been developed and considered as a major break-
through owing to their stealth effect, which allows drug-loaded nanocarriers to
escape renal filtration, enzymatic degradation, and in turn circulates freely in the
blood circulation resulting in elevating drug bioavailability at the targeted site and
increasing its therapeutic efficiency [12, 34].

Besides the prolonged chemotherapy circulation half-life, targeted drug delivery
system offers great possibilities to selectively kill cancer cells. The cancer-targeted
drug delivery system is based on two targeting mechanisms namely, passive and
active targeting mechanism (Fig. 10). On the one hand, the passive mechanism
relies on the enhanced permeability and retention (EPR) effect, a characteristic
property of tumor referring to their leaky blood vessels and poor lymphatic
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drainage. The leaky blood vessels of tumor are ascribed to its rapid and improper
angiogenesis process in order for obtaining the needed supplement to compensate
its rapid growth. As a result, the small and high molecular weight molecules such as
nanocarriers can preferentially pass through these leaky blood vessels and accu-
mulate into the extracellular matrix of tumor. On the other hand, active targeting is
based on another unique property of cancer cells namely, the overexpression of
specific surface receptors. Active targeting is achieved by coupling a targeting
moiety such as antibodies or aptamers over the nanocarriers’ surfaces. Once the
targeting moiety binds to its complementary receptors/proteins overexpressed on
cancer cells’ surfaces, the nanocarriers penetrate cancer cells where drug release
[21, 34, 128, 130].

The choice of nanocarriers is of a great importance because it greatly influences
the pharmacokinetics and pharmacodynamic of the payload chemotherapeutic
agents. Liposomes are the most extensive nanocarriers employed and investigated
in drug delivery applications. However, liposomes showed some drawbacks such as
poor reproducibility, stability, and low drug loading efficiency. Polymeric nano-
particles (NPs) have been alternatively used for drug delivery purposes such as
parental, oral, and colon drug delivery [13, 112]. Polymeric NPs have been
extensively used as drug vehicles owing to their small sizes, large surface area to
volume ratio, and ease of surface modification. Moreover, polymeric nanoparticles
have shown superior properties compared to liposomes such as better reproduc-
ibility, stability, and large drug loading capacity. Among different polymeric
nanoparticles, chitosan NPs have been widely used in drug delivery applications
owing to their unique physicochemical and biological properties such as mucoad-
hesivness, biodegradability, biocompatibility, nontoxicity, improved dissolution

Fig. 10 a Passive targeting mechanism and b active targeting mechanism. Adapted from
Ref. [130]
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rate of poor soluble chemotherapeutic agents, and improved absorption [49]. In an
attempt to find better cancer therapy, several chitosan NPs-based chemotherapeutics
formula have been widely developed and studied in vitro and in vivo on different
cancers. To beneficial from the stealth effect of PEGylated chitosan derivatives,
PEGylated chitosan NPs have been developed and loaded with chemotherapeutics.
Bae et al. [8] designed chitosan-g-PEG/heparin nanocomplexes for studying the
apoptotic death of cancer cells. The nanocomplexes demonstrated an excellent
cellular internalization compared to free heparin alone. It was also observed that
following cellular internalization, heparin releases inducing apoptotic death of
cancer cells through caspase activation [8]. Que et al. [76] also prepared paclitaxel
(PTX) loaded polyethylene glycol monomethylether (m-PEG)-N-octyl-O-sulfate
chitosan micelles and were studied in vitro and in vivo on ovarian cancer cells. The
in vitro and in vivo studies showed that PTX-m-PEG micelles exhibit high targeting
efficiency to the uterus; moreover, they are able to escape the phagocytosis [76]. To
further improve the circulation half-life of chemotherapy, hydrophobically modified
glycochitosan (HCG) NPs, NPs composed of hydrophilic glycol–chitosan shell and
hydrophobic multicores of bile acid analogs were developed [63]. Min et al. [62]
synthesized camptothecin (CPT) lactone loaded on hydrophobically modified
glycochitosan (HCG) NPs and were in vitro tested on breast cancer cell line. The
in vitro study revealed that hydrophobically modified glycochitosan (HCG) NPs
protect the drug from enzymatic degradation, prolong drug circulation half-life, and
preferentially accumulate in the tumor site [62]. Liu et al. [53] also utilized quat-
ernized chitosan derivatives, TMC, and developed trimethylchitosan (CPT-TMC)
NPs encapsulating CPT drug through micro-precipitation and sonication. The
in vitro and in vivo studies performed on melanoma (B16-F10) cell line and mel-
anoma xenografts observed a potent inhibition of cell proliferation and apoptosis
induction in vitro, while in vivo, tumor apoptosis and a significant decrease in cell
proliferation and angiogenesis were reported [53]. Tan et al. [96] developed HER-2
antibody conjugated to small interfering (siRNA)-loaded chitosan/quantum dot NPs
and in vitro tested on HER-2 overexpressing SKBR3 breast cancer cells. The
in vitro test revealed that HER-2-conjugated chitosan/quantum dot NPs specifically
target HER-2 receptors overexpressed over cancer cells mediating cellular inter-
nalization via endocytosis [51, 96].

3.3.2 Oral Drug Delivery System

Oral route of administration is the most convenient route of administration espe-
cially for the treatment of chronic diseases. Oral route of administration has many
advantages including patient convenience and compliance, selective pharmaco-
logical action, painless and low toxicity profile. The major absorption site of oral
administration is the small intestine which offers 100 m2 surface epithelia allowing
systemic drug delivery. Unfortunately, oral route of administration is not suitable
for many drugs such as chemotherapeutics, proteins and peptides drugs due to their
poor stability, short half-life, poor penetration of the intestine membrane,
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immunogenicity, and high susceptibility to enzymatic degradation [111]. In order to
overcome these limitations, several NPs-based oral drug delivery systems have
been precisely formulated aiming at protecting the drug from gastrointestinal
degradation, delivering it to its targeted site, translocating through the intestinal
barrier via paracellular pathway and enhance its absorption. Among different
polymers used in NPs formulation, chitosan seems to be advantageous in oral drug
delivery compared to other polymers because of its ability to open the cellular tight
junctions and hence improving the permeability of drug especially peptide/protein
drugs [11, 68]. Several studies also demonstrated that chitosan NPs have proven to
be promising candidates for oral drug delivery owing to their absorption enhancing,
controlled drug release, and mucoadhesive property.

Indeed, with the increasing demand for developing oral insulin as an alternative
route of administration to subcutaneous injections, chitosan NPs have been heavily
explored for oral insulin delivery. Yin et al. [127] developed trimethyl chitosan–
cysteine NPs for oral delivery of insulin. The prepared NPs possess a combined
mucoadhesion and permeation enhancing the effect of both trimethyl chitosan and
thiolated polymer. The insulin-loaded trimethyl chitosan–cysteine NPs demonstrated
2.1–4.7 fold increases in mucoadhesion compared to insulin-loaded trimethyl
chitosan NPs. The in vivo studies also showed that trimethyl chitosan–cysteine NPs
causes an elevation in insulin transport through rat intestine by 3.3–11.7 and 1.7–2.6
times as well as exhibits an increase in the cellular internalization by 7.5–12.7 times.
The DSC measurements showed that the increase in mucoadhesion of trimethyl
chitosan–cysteine NPs was ascribed to disulfide bond formation between
trimethyl-cysteine and mucin. These findings indicate that the trimethyl chitosan–
cysteine NPs are promising nanocarriers for oral insulin delivery [127]. Qian et al.
[75] also designed novel functionalized graft copolymer NPs composed of chitosan
methyl methacrylate (MMA), N-dimethylaminoethyl methacrylate hydrochloride
(DMAEMC), and N-trimethylaminoethyl methacrylate chloride (TMAEMC) for oral
insulin delivery. The copolymer NPs exhibit up to 100 % drug loading efficiency.
These copolymer NPs also showed an initial burst release of insulin followed by
slowly sustained release for more than 24 h. Moreover, results obtained from in vivo
studies showed that the copolymer NPs enhanced the absorption and bioavailability
of insulin in the GIT [75]. Garrait et al. [28] developed chitosan NPs encapsulated
into alginate microparticles for oral drug delivery applications. Amaranth red was
used as a drug model to investigate the encapsulation efficiency as well as the drug
release kinetics of the prepared NPs under gastric and intestinal conditions. It was
found that the encapsulation efficiency was 21.9 %, and the drug release was less
5 % at gastric pH, while at intestine pH, the drug was completely released. These
results indicate that the prepared chitosan NPs encapsulated into alginate micro-
particles have pH-sensitive property, which allows the selective drug delivery and
releasing at the intestine [28].

In addition to the oral delivery of peptides/protein drug, chitosan NPs showed a
great potential to formulate efficient oral delivery systems for lipophilic drugs and
chemotherapeutics. Jana et al. [36] prepared chitosan/egg albumin stabilized PEG
NPs via interpolymeric complexation for oral delivery of lipophilic drugs such as
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alprazolam. The in vitro drug release showed that the NPs demonstrated a sustained
drug release over 24 h [36]. Huang et al. [35] also developed multifunctional
polyelectrolyte complex NPs (CNPs) composed of hyaluronic acid (HA) grafted
polycaprolactone (PCL) NPs (HA-g-PCL NPs) coated with chitosan. Studies
showed that the chitosan layer remains intact under gastric pH, while degraded
gradually at pH 7.4 followed by the release of core–shell HA-g-PCL NPs. The
in vitro study showed that NPs penetrated the cells via receptor-mediated endo-
cytosis followed by rapid drug release, which was triggered by hyaluronidase-1
enzyme abundant in the cancer cells guaranteeing a selective payloads release
inside cancer cells [35]. Feng et al. [26] designed pH-sensitive chitosan and
o-carboxymethyl chitosan (CMC) nanocomposite in the form of NPs for oral
delivery of doxorubicin (DOX). The stability under stimulated GI tract conditions
and cytotoxicity of the prepared DOX-loaded NPs were studied. It was observed
that the release rate of DOX was higher in neutral pH than acidic pH. The in vivo
studies also demonstrated that NPs enhanced the absorption and bioavailability of
DOX in the small intestine and allowed DOX systemic delivery [26]. Hosseinzadeh
et al. [33] formulated an oral drug delivery system for gemcitabine using pluronic/
chitosan NPs. The prepared pluronic/chitosan NPs were spherical in shape with size
range between 80 and 170 nm. The in vitro study conducted on (HT-29) colon
cancer cell line showed that gemcitabine-loaded NPs possess much higher anti-
cancer action than free gemcitabine [33].

3.4 Biosensors

Research and development in biosensors field have become a focus of many
research groups due to their advantageous properties as diagnostic tools including
miniaturization, portability, and low cost in comparison with other well-established
laboratory techniques. Basically, sensor is a device which detects and responds to a
certain signal/stimulus from the surrounding environment such as heat and light and
then converts it into an analog or digital representative. Sensors specialized for
biological systems are known as biosensors. In other words, biosensors are devices
rely on detecting the biochemical reactions mediated by biological/targeting moiety,
immobilized onto the signal transducer. The biological/targeting moiety is a bio-
logical element such as antibody, enzyme or DNA, which can recognize and bind to
its complementary or targeted element such as receptors or substrates, signaling its
presence, activity, concentration via producing a chemical change, which is
detected by transducer and finally converted into a quantifiable signal. The
advantages of biosensors include adaptability, portability, simplicity, high sensi-
tivity and selectively [92, 98].

Recently, much focus has been on developing multipurpose, long-lived,
implantable, and low-cost biosensors. In order to develop multipurpose biosensors
fulfilling these criteria, researchers were directed toward using polymers, com-
posites and nanocomposites-based biosensors. Chitosan has been extensively used
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for biosensor purposes (Fig. 11) due to its biocompatibility, biodegradability,
inertness, ease of surface modification, hydrophilicity, gel-forming properties,
binding affinity to proteins, and low cost. Chitosan-based nanocomposites have
been used in the development of different biosensors such as amperometric-,
potentiometric- and conductimetric sensors and were tested for diagnosis of dif-
ferent biological elements [92, 98, 133]. Wang et al. [118] synthesized a novel
amperometric tryosinase biosensors based on iron oxide (Fe3O4) NPs/chitosan
nanocomposite for catechol detection. The characterization studies showed that
chitosan exhibited a porous structure and large surface area owing to the presence
of iron oxide NPs which offer a large loading capacity for tryosinase enzyme [118].
Kaushik et al. [42] developed Fe3O4 NPs/chitosan nanocomposite film immobi-
lizing glucose oxidase (GOx) deposited on indium–tin oxide (ITO) glass plate for
glucose detection. It was found that the sensitivity of GOx-Fe3O4 NPs–chitosan
nanocomposite electrode was 9.3 μA/(mg dL cm2) [42]. Kaushik et al. [43] also
synthesized superparamagnetic iron oxide Fe3O4 NPs/chitosan-based nanocom-
posite film immobilizing urease and glutamate dehydrogenase modified onto
indium-tin-oxide (ITO) coated glass plate for urea detection. This study revealed
that Fe3O4 NPs provide larger surface area for immobilization of enzymes,
enhanced electron transfer, and increased shelf life of electrode. It was also revealed
that the biosensor sensitivity was in the range between 5 and 100 mg/dl urea
concentration and detection limit was 0.5 mg/dl [43]. On the other hand, Bansi and
Ajeet (2009) fabricated a new cholesterol biosensor; composed of cerium oxide
NPs/chitosan nanocomposites immobilizing cholesterol oxidase (ChOx) depositing
onto ITO-coated glass plate. This biosensor demonstrated high sensitivity toward
detecting cholesterol in the range of 10–400 mg/dl with detection limit of 5 mg/dl
and response time of 10 s [60]. In another study, nanocomposites composed of

Fig. 11 Schematic illustration of chitosan-based biosensor. Adapted from Ref. [92]
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Prussian blue NPs/multiwall carbon nanotubes/chitosan deposited on glassy carbon
electrode was designed and used for detecting glucose. The Prussian blue
NPs/multiwall carbon nanotubes/chitosan nanocomposite showed a great potential
to amplify the reduction signal of hydrogen peroxide by about 35 folds [129].

To enhance the electrocatalytical activity and sensitivity of chitosan-based bio-
sensors, noble metal NPs have been incorporated within chitosan nanocomposite.
Shan et al. [53] synthesized gold (Au) NPs/graphene/chitosan nanocomposite
deposited on gold electrode for glucose sensing. The studies revealed that the bio-
sensor possesses an extraordinary electrocatalytical activity and sensitivity toward
the hydrogen peroxides and oxygen. This extraordinary electrocatalytical activity
was probably due to the synergic effect of both graphene and AuNPs. It was also
found that the prepared biosensor has good amperometric response to glucose with
linear response in the range between 2 and 10 mM at 0.5 V, high reproducibility and
detection limit of 180 μM [89]. Safavi and Farjami [83] designed Au/platinum (Pt)/
chitosan nanocomposites for cholesterol detection. It was revealed that this new
biosensor has two wide linear responses to cholesterol in concentration ranges of
0.05–6.2 mM and 6.2–11.2 mM. Moreover, the sensitivity of this biosensor was
90.7 μA mM−1 cm−2 with detection limit of 10 μM and response time of 7 s [83].
Sun et al. [95] also developed a novel acetyl cholinesterase (AChE) biosensor for
pesticides detection. The novel AChE biosensors is composed of Au
NPs/O-carboxymethyl chitosan (CMCS) nanocomposites immobilizing acetyl cho-
linesterase (AChE) deposited onto the glassy carbon electrode (GCE). Such AChE
biosensor detects pesticides depend on the inhibition of pesticides (e.g., chlorpyrifos)
on AChE activity. Results demonstrated that the inhibition of chlorpyrifos is directly
proportional to its concentration and limit of detection was 0.07 μg/L. The AChE
biosensor seems to be a promising tool of pesticides detection as it exhibits fast
response, accepted stability, good reproducibility, and low detection limit [95].

4 Conclusion and Future Perspective

Chitosan is a natural polymer derived from chitin and has been widely investigated
in the field of biomedicine owing to its biological properties such as biocompati-
bility, biodegradability, nontoxicity, mucoadhesivness, and antimicrobial activity.
However, chitosan has many drawbacks which limits its biomedical use such as low
aqueous solubility; low thermal stability, poor mechanical properties, and higher
swelling degree in aqueous solutions. Consequently, a great deal of research and
effort has been performed to utilize the abundant functional groups of chitosan to
produce different chitosan-based materials such as chitosan derivatives and com-
posites with enhanced properties. Chitosan derivatives as well as composites were
found to possess good solubility at neutral pH, in addition to high thermal and
mechanical stability. Due to these enhanced properties of chitosan-based materials,
several pharmaceutical companies invest millions of dollars to support research and
development of chitosan-based materials in the biomedical fields.
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Recently, the advent of nanotechnology paved the way for producing nano-
composites possessing superior properties compared to their bulk
counterpart. Recently, several chitosan nanocomposites have been developed and
shown a great potential in biomedical applications such as tissue engineering,
wound healing, drug delivery and biosensors. In tissue engineering, the intrinsic
biological properties of chitosan nanocomposites render them promising scaffolding
biomaterials for different organs/tissues. Chitosan nanocomposites were also
extensively studied in wound healing applications. Chitosan nanocomposites have
demonstrated a considerable wound healing ability owing to their composition,
which resembles the skin and positively charged surface which effectively supports
and promotes cell growth and healing process. In addition, chitosan nanocom-
posites play an important role in the development of different targeted drug delivery
systems. In particular, chitosan nanoparticles, which allow the selective delivery of
payload therapeutics to the diseased cells and provide controlled payloads release.
Furthermore, several chitosan nanocomposites were used in biosensor applications.
Chitosan-based biosensors have shown a potential diagnostic ability toward dif-
ferent biological elements such as glucose, catechol, and thiocholine. Eventually,
chitosan-based nanocomposites seem to be advantageous in the formulation of
novel treatment and diagnosis strategies for complicated medical issues. However,
several chitosan nanocomposite-based biomedical applications are still in infancy
stage and are needed more effort and further research for being clinically
implemented.
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Graphene-Based Polymer
Nanocomposites: Chemistry
and Applications

Mehdi Mogharabi and Mohammad Ali Faramarzi

Abstract Graphene, a monolayer sp2 hybridized carbon atom, received worldwide
attention due to its extraordinary physical, chemical, thermal, and electrical prop-
erties. In recent years, the development of nanoscale dispersion techniques using
graphene particles in a polymer matrix has been crowned a new and interesting
horizon in material science. Graphene-based polymer nanocomposites reveal
superior mechanical and thermal properties compared with the conventional
graphite-based composites or neat polymers which are obtained through very low
filler loadings in the polymer matrix. Graphene derivatives as unique nanofillers are
used in the production of lightweight, low cost, and high-performance polymer
nanocomposites with a wide range of applications, such as fuel cells, supercapac-
itors, solar cells, sensors, and lightweight gasoline tanks. This chapter reviews the
preparation methods of graphene-based polymer nanocomposites, their character-
istics, and their wide range of potential applications in technological fields.

Keywords Graphene � Polymer nanocomposites � Graphene modification �
Preparation and functionalization � Applications � Biocompatibility

1 Introduction

The study of graphene, a monolayer of sp2 hybridized carbon atoms arranged in a
two-dimensional lattice, offers brilliant prospects for potential uses in many diverse
products such as sensors, capacitors, solar cells, liquid crystal displays, and ceramic
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composites [8, 10, 23, 53]. However, using graphene as nanoscale filler in polymer
matrix composites is one of the most promising applications [89, 107]. Polymer
nanocomposites not only demonstrate substantially improved chemical and
mechanical properties at much lower loading of fillers, in contrast to the conven-
tional micron-scale fillers of polymer composites, but also possess lower compo-
nent weight and have simpler processing techniques [20, 76, 77, 138–142].
Different types of polymers, composites, and nanocomposites have been used in a
number of applications [124–128, 143–145]. Moreover, the multifunctional
enhanced properties of polymers and nanocomposites may result in new uses for
polymers [49, 146–150]. Very recently in comparison to the traditional polymer
composites, bio-based materials have been frequently used in a number of appli-
cations [122, 123]. In this direction, the use of natural cellulosic polymers as one of
the components in new functional materials has been extensively explored. Indeed
the composites containing natural fibers and biopolymers demonstrate unique
advantages such as higher strength and better resistance to corrosion [135].
Cellulose, hemicellulose, and lignin are the main components of natural fibers.
While cellulose forms the main structure of the cell, lignin provides the coupling
on the hemicellulose–cellulose network as a protective barrier [143, 146–150].
Natural fibers are obtained from leaves, seeds, and stem of various plants (Fig. 1).

Fig. 1 The sources of cellulose
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Cellulose nanoparticles are produced from two main factors including the bio-
synthesis of crystalline cellulose microfibrils and the extraction process of nano-
particles from the cellulose microfibrils. Surface modification of a cellulosic
polymer is important to raise the physical and chemical properties of fibers to use as
a green composite. The graft copolymerization of methyl methacrylate onto cel-
lulosic biofibers is reported by using potassium persulfate in aqueous medium
[135]. Cellulose-based biocomposites are widely applied in a broad range of
applications such as paper, cosmetic, and electronic industries. The surface modi-
fications of cellulose nanoparticles determine the properties of final composites and
their surface functionalization generally are categorized as adsorption and covalent
attachments [143, 146].

In addition to the use of bio-based materials such as cellulose, soy protein, etc. in
polymer composites/nanocomposites, the use of graphene in the preparation of
advanced materials has got greater attention all around the globe [146–150].
Recently, a lot of research work is being carried out in the field of cellulose and
graphene-based materials for multifunctional applications.

Noncovalent physical attraction and covalent attachment approaches are
employed to prepare graphene polymer nanocomposites [36, 60, 61, 172].
Combining pH-responsive polymers with functionalized graphene sheets is
expected to be applied in graphene-based switching devices and sensors [9, 68, 71,
162, 163]. Interfacial interactions between graphene-based materials and polymers
play an important role in the mechanical performance of the corresponding polymer
nanocomposites. Graphene is produced using such techniques as the microme-
chanical cleavage of graphite and chemical vapor deposition [32]. Due to the
relatively small yield of these two methods, the exfoliation of graphite or its
derivatives, mainly graphite oxide, became an alternative approach to produce
graphene and its chemically modified forms. The advantage of exfoliation is that it
has a high yield production, is cost-effective, and is a scalable process, which makes
it suitable for the production of polymer nanocomposites [37, 100, 131].

This chapter describes a brief history and recent advances in the synthetic
strategies of functionalized graphenes and various characterization methods. It also
discusses the importance of graphene and graphene derivatives as fillers in polymer
nanocomposite matrices, along with their applications.

2 Graphene

Graphene is categorized into three types according to its number of stacked layers:
single-layer, few-layer (2–10 layers), and multilayer (10–100 graphene layers;*3–
30 nm thick), which is also known as thin graphite [101]. While two-dimensional
carbon sheets possess unique properties such as ballistic conductivity, high elas-
ticity, very high mechanical strength, high surface area, and rapid heterogeneous
electron transfer, multilayered graphene nanostructures are equally interesting and
especially worthy of investigation (Fig. 2).
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2.1 Discovery, History, and Chemistry

A discussion of the history of graphene would be incomplete without briefly
mentioning graphite oxide and graphite intercalation compounds. The insertion of a
small molecule species, such as an acid or alkali metal, between carbon lamellae
and the exfoliation of graphite with sulfuric and nitric acids was first reported by
Schafhaeutl [114, 115]. The term “graphene” itself developed in the chemistry of
graphite intercalation compounds, and was primarily employed by Boehm et al.
[13]. In 1999, the tailoring of highly oriented pyrolytic graphite was applied to
obtain graphene up to several microns in size [79, 81]. Novoselov et al. [95]
characterized thin flakes of graphene only a few atoms thick, obtained when a
highly oriented pyrolytic graphite surface was pressed against a silicon wafer
surface. However, studies have since demonstrated that exfoliation of graphite in
liquid media can produce few-layer or even monolayer graphene [19, 31].

Graphene nanoribbons may have zigzag or armchair configuration, which
express different electrical properties (Fig. 3) [93]. It was shown that zigzagging
ribbons possess localized edge states with energies close to the Fermi level, where
the electrons are strongly localized near the zigzag edge [40]. While the detailed
reactivity of graphene sheets—in terms of size, shape, and possibility for stoichi-
ometric control—are currently not well understood, single-layer graphene sheets are
found to be more reactive than two or more layers of graphene. Also, the reactivity

Fig. 2 Various characterization methods of graphene
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of its edges is at least two times higher than the reactivity of the bulk single
graphene sheet [78, 117]. The chemical functionalization of graphene is one way to
control its electronic properties. The hydrogenation of graphene involves the
change of electronic structure from sp2 to sp3 and results in a conversion from a
metallic graphene to an insulator [33, 108].

The chemical modification of graphene oxide has become a promising route to
achieve mass production of chemically modified graphene platelets. Graphene
oxide contains a range of reactive oxygen functional groups, which nominate it for
use in wide range applications through chemical functionalization [30, 41]. The
precise chemical structure of graphene oxide, which depends on particular synthesis
method and the degree of oxidation, is still subject to controversial debate.
According to the widely accepted Lerf–Klinowski model, graphene oxide platelets
have chemically reactive oxygen functionality groups, such as carboxylic acid, at
their edges, and epoxy and hydroxyl groups on the basal planes [67]. Both poly-
mers and small molecules can be covalently attached to the highly reactive oxygen
functionalities, or noncovalently attached on the graphitic surfaces of chemically
modified graphenes, for potential use in polymer composites.

Fig. 3 The schematic
illustration of the skeleton
framework of an armchair
ribbon (a) and a zigzag ribbon
(b). Carbons of the edge sites
are shown by solid circles on
each side
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2.2 Synthesis and Characterization Methods

During the last decade, numerous studies have investigated the most effective
methods to produce high-quality single-layer graphene sheets, but large-scale
procedures remain as a serious challenge. The synthesis of graphene can be clas-
sified into three main approaches: exfoliation, chemical vapor deposition, and
chemicals-based techniques.

2.2.1 Exfoliation

Although the van der Waals attraction between the parallel layers in bulk graphite is
weak enough to let them slide over each other in the direction perpendicular to the
c-axis, the attraction is strong enough to make complete exfoliation into separate
layers difficult. The production of graphene using the scotch tape technique inspired
new efforts to produce two-dimensional materials via exfoliation [17]. The van der
Waals attraction between adjacent layers decreases by expanding the distance
between layers via chemical intercalation and oxidation. Inserted functional groups
such as epoxide and hydroxyl to the graphitic layers raise the distance between
graphite layers from 3.4 to 7.0 Å, facilitating the exfoliation process. Moreover,
exfoliated graphene can also be obtained from graphite intercalation compounds
such as alkali metal atoms or acid molecules.

Graphite oxide, derived from oxidation of graphite, is an excellent precursor to
prepare single sheets. The most important mechanical approaches to exfoliating
stacked materials involve stirring, shaking, and ultrasonication. Graphite oxide can
be exfoliated in water by sonication due to the presence of polar functional groups
and the increased distance between layers [19]. Furthermore, direct exfoliation of
graphite oxide in certain organic solvents occurs without additional functionaliza-
tion or intercalation with moderate sonication in dimethylformamide (DMF),
n-methylpyrrolidone (NMP), tetrahydrofuran (THF), and ethylene glycol [97].
Although the mechanical exfoliation of graphite is similar to the exfoliation of
graphite oxide, its lack of expanding groups such as epoxide and hydroxyl makes
direct exfoliation of graphite significantly more difficult than from graphite oxide.
Exfoliation of graphite in water is extremely challenging because of the hydro-
phobic nature of the sheets; one solution is to use surfactants to help exfoliate the
sheets and keep them suspended [43].

Single-layer graphene can also be prepared by much faster thermal exfoliation
techniques, which produce graphene in gaseous media, avoiding the use of liquids.
Gases produced from the decomposition of functional groups attached to the gra-
phitic layers during the heating process build the pressure between adjacent gra-
phitic layers, which disrupt the van der Waals interlayer attractions [177]. Future
work concentrating on controlling the number of layers and minimizing impurity
levels must still develop an exfoliation process that can function at an industrial
scale of production.
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2.2.2 Chemical Vapor Deposition

Chemical vapor deposition (CVD) onto transition metal substrates such as copper,
nickel, palladium, ruthenium, and iridium is known as the most promising, inex-
pensive, and readily accessible approach for the deposition of high quality graph-
ene. Nickel was the first metal catalyst applied to produce graphene, but avoiding
multilayer growth is very difficult [59, 116]. In general, during the CVD process,
polycrystalline nickel films are exposed to the gas mixture containing hydrogen and
methane at 900–1000 °C. Carbon atoms, derived from the thermal decomposition
of methane, dissolve into the nickel film to form a solid solution. The material cools
down in argon gas, which decreases its solubility; this leads to the diffusion of
carbon atoms from the solid solution to precipitate on the nickel surface, forming
graphene films [179, 181].

Copper has also been used to catalyze the growth of several carbon allotropes,
including graphite, diamond, carbon nanotubes, and most recently graphene. The
growth mechanism of graphene on copper is related to the surface because of the
peculiar interactions between copper and carbon atoms. Due to the very low sol-
ubility of carbon in the copper bulk, the mobility of carbon is considered a purely
surface-based process. Lia et al. [69] provide evidence demonstrating that the
growth mechanism of graphene on copper is surface related using isotopic labeling
of methane precursor gas. They introduced 12CH4 and 13CH4 to the growth in a
specific sequence and measured the distribution of 12C and 13C graphene domains.
Raman spectroscopy analysis showed a random mix of the carbon isotopes in the
graphene film that was produced using nickel as a catalyst. In contrast, Raman
analysis of graphene produced using a copper catalyst reflected the dosing sequence
of two types of methane precursor. Production of graphene via chemical vapor
deposition growth on copper foil using methane as a carbon source is strongly
affected by hydrogen; the hydrogen acts as an activator of the surface-bound carbon
that is necessary for monolayer growth and also controls the size and morphology
of the graphene domains [155, 180].

Plasma-enhanced chemical vapor deposition (PECVD) can achieve deposition at
low pressure and low temperature by using reactive species generated in the plasma
[134]. PECVD technique has also shown favorable flexibility on any substrate, and
is thus a promising method for the production of graphene. However, PECVD
needs improvement to achieve better control over the thickness of the graphene
layers and ensure its suitability for large-scale production.

2.2.3 Miscellaneous Methods

Carbon nanotubes are usually considered as rolled graphene sheets. One successful
method of converting carbon nanotubes to graphene nanoribbons is the recently
reported longitudinal unzipping using a mixture of concentrated sulfuric acid and
potassium permanganate. The greatest challenge in producing graphene nanorib-
bons from carbon nanotubes is to develop ways of cleaving the ribbon
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longitudinally without rapid etching along its circumference [160]. In addition, the
over-oxidation of edges during this treatment may create defect sites, which hamper
the electronic properties of graphene by diminishing electron mobility and con-
ductivity [119]. The unzipping mechanism is based on the oxidation of alkenes by
permanganate in acid and manganate ester formation, followed by further oxidation
to form dione (Fig. 4) [64].

Epitaxial growth on electrically insulating surfaces such as silicon carbide is also
applied to produce graphenes [98]. Thermal treatment of silicon carbide at about
1300 °C under vacuum condition results in the elimination of the silicon atoms
while the carbon-enriched surface undergoes reorganization. However, control of
the sublimation leads to the formation of very thin graphene coatings over the
whole surface of the silicon carbide wafers [130]. This growth method encourages
numerous hopes to incorporate graphene easily in the mainstream electronics
industry.

2.3 Surface-Modified Graphenes

The surface modification of pristine graphene sheets with organic functional groups
has been developed to raise the dispersibility of graphene in organic solvents that is
usually achieved by attaching certain organic groups. The dispersion of graphene
sheets in organic solvents is an effective move toward the production of nano-
composite materials containing graphene [42]. In addition, organic functional
groups such as chromophores offer new properties that could have various appli-
cations such as photodetectors and electro-optics [62]. Covalent functionalization of
pristine graphene typically is carried out via two general routes: (1) the formation of
covalent bonds between dienophiles or free radicals and C=C bonds of pristine
graphene, and (2) the formation of covalent bonds between organic functional
groups and the oxygen groups of graphene oxide [66, 175].

Highly reactive free radicals produced from heating diazonium salt can attack
the sp2 carbon atoms of graphene and form covalent bonds [99]. The conductivity
of a graphene sheet decreases during chemical functionalization with diazonium
salts due to the aromatic system’s disruption by the transformation of carbon atoms

Fig. 4 The proposed chemical mechanism of nanotube unzipping
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from sp2 to sp3 hybridization [129]. The ratio between carbon atoms with sp2 and
sp3 hybridization, as an indication of the degree of oxidation or covalent func-
tionalization reaction, is estimated using Raman spectroscopy as the ID/IG ratio,
where ID and IG are the intensities of peaks corresponding to the number of sp3 and
sp2 carbon atoms at 1350 and 1580 cm−1, respectively [39].

Moreover, dienophiles also react with sp2 carbons of graphene to afford a variety
of organic derivatives with interesting applications in polymer composites.
Graphene is known as a Diels–Alder substrate due to its ability to function as either
diene or dienophile (Fig. 5) [113]. The covalent functionalization of graphene via
Diels–Alder reactions is an efficient approach to reverse engineering the conduc-
tivity of graphene for electronic and optical applications [112]. As a result of the
scope of Diels–Alder chemistry and the dual nature of graphene’s reactivity, di-
enophiles and dienes with a wide range of chemicals can be employed to provide
modified graphene [26]. The electron-rich nature of graphene results in the func-
tionalization of graphene carbon networks based on electrophilic substitution
reactions. The acylation of graphene via the Friedel–Crafts reaction has been
successfully performed on a mild reaction condition with 4-aminobenzoic acid in
the presence of PPA/P2O5 [24, 25].

2.4 Biofunctionalization of Graphene-Based Nanomaterials

The aromatic surface of graphene makes it a suitable substrate for adsorption of
certain biomolecules such as single-stranded DNA, which can interact strongly with
the surface of graphene. There is also a growing interest in employing graphene-
based materials in biosensors, single-bacterium sensors, DNA transistors, and
sensitive immunosensors for cancer biomarkers. Sequence-specific detection of
very small amounts of DNA is used in a broad range of applications such as clinical
diagnostics and forensics [2, 109]. Mohanty and Berry [91] demonstrated a
graphene-based biodevice for DNA detection and bacterial (e.g., Bacillus cereus)
assay. The water-soluble graphene oxide was also used as a platform for the
selective and sensitive detection of various concentrations of human thrombin [80].
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H2NC

NC CN

CN

NC CN
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MeO
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Fig. 5 Chemical structure of graphene as diene and dienophile
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As well, the interactions of functionalized graphene oxide with bioactive proteins
such as enzymes and its potential in enzyme engineering are interesting topics of
research. Jin et al. [55] investigated the interactions between serine proteases and
functionalized graphene oxide with various amine-terminated polyethylene glycols.
Trypsin, chymotrypsin, and proteinase K, chemicals with important biomedical and
industrial applications, were analyzed; results showed that functionalized graphene
oxide selectively improves trypsin activity and thermal stability, while demon-
strating insignificant effect on chymotrypsin and proteinase K.

2.5 Porous Graphene

Porous carbons are the most frequently applied porous materials due to their high
surface areas, hydrophobic nature, and low cost to manufacture. Porous graphene is
a graphene sheet that is missing carbon atoms from plane, resulting in some holes
[181]. Fabrication of porous graphene by self-assembly of a hexaiodo-substituted
molecular building block on a silver surface has been reported; the resulting porous
graphene demonstrated a regular pore size with one missing hexagon per unit cell
passivated by hydrogens (Fig. 6) [12]. Porous graphene displays remarkable fea-
tures such as a low mass density, large specific surface area, preferred gas per-
meability, and higher specific capacitance. This type of graphene has been proposed
for various applications such as energy storage units in lithium batteries, superca-
pacitors, and gas separation membranes. Porous graphene has also been reported as
an efficient sorbent with the ability to remove oil and organic liquid pollution from
water [11].

The high electron density of its aromatic rings repels any atoms or molecules that
try to pass through the graphitic plane. Therefore, porous graphene has been
extensively studied for use as a membrane for gas separation because the holes in
the graphene plane results in the gas’ permeability [47]. Porous graphene nano-
sheets synthesized via the etching of graphene sheets by MnO2 are used as electrode

Fig. 6 Chemical structure of
porous graphene
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in supercapacitors. Research shows that porous graphene exhibits a higher specific
capacitance at 500 mVs−1 than pure graphene nanosheets [34]. Moreover, porous
graphene nanosheets demonstrate better capacitive performances at high rates
because their mesopore structure facilitates the access of electrolytes to electrode
material, leading to a shorter ion diffusion pathway through the pores than the active
carbon electrodes [183].

3 Graphene–Polymer Nanocomposites

In past few decades, research related to polymer nanocomposites has been devel-
oped due to progress in creating advanced materials with a wide range of potential
applications. A polymer nanocomposite is a combination of a polymer matrix with
a large range of organic or inorganic filler materials which have at least one
dimension of nanometer range [65]. Polymer nanocomposites based on fullerene,
carbon black, carbon nanofiber, carbon nanotubes, and layered silicates have been
exploited to improve the mechanical, thermal, electrical, and gas barrier properties
of polymers [88]. The discovery of graphene with its unique extraordinary physical
properties and capacity for dispersion in various polymer matrices created new
horizons of polymer nanocomposites.

3.1 Preparation of Polymer Nanocomposites

Several methods such as in situ polymerization, melt processing, and solvent
processing mixing were used to disperse graphene homogeneously and also to
provide the strong interactions between the polymer matrix and its fillers. In situ
polymerization begins with the dispersion of graphene or modified graphene into
the monomer matrix, followed by a polymerization process in the presence of a
suitable initiator [29, 164, 165]. In situ polymerization is an easy approach to
prepare polyimide films containing functionalized graphene sheets, which demon-
strated the improvements in both electrical conductivity and mechanical properties
[85]. Graphene/carbon nanotube/polystyrene hybrid nanocomposites prepared by
water-based in situ microemulsion polymerization were used as filler in a host
polystyrene matrix to form composite films; the process improves the mechanical
and thermal properties compared with the neat polymer [96].

Melt mixing is based on a molten state system in which graphene or modified
graphene is mixed with the polymer matrix [1]. Several studies have reported the
use of graphene as dispersed filler into a polymer matrix without applying any
surfactants or solvents [6, 84]. Solution-based approaches generally involve mixing
colloidal suspensions of graphene oxide platelets or other chemically modified
graphene materials with the preferred polymer solution via simple stirring. The
resulting suspension is then precipitated to obtain polymer chains that contain
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graphene. Solution mixing has been broadly reported to incorporate fillers derived
from graphene oxide into a wide range of polymers including polyacrylamide,
polycarbonate, polyimides, and poly(methyl methacrylate) [7, 118]. The production
of aqueous graphene oxide platelet suspensions via sonication is so simple that the
solution mixing technique has become particularly appealing for the synthesis of
nanocomposites containing water-soluble polymers such as poly(vinyl alcohol) and
poly(allylamine) [182]. The dispersion of platelets in the polymer matrix via
solution mixing depends significantly on the level of exfoliation of the platelets.
However, this approach offers a potentially simple route to disperse single-layer
chemically modified graphenes into a polymer matrix.

3.2 Polymer Matrices

While polymer nanocomposites based on a wide range of nanofillers, such as
carbon nanotubes and nanofibers, have been investigated extensively, more
research on graphene-based polymer nanocomposites is still needed. This section
discusses the effectiveness of graphene as a nanofiller in various polymeric matrices
such as epoxy, polyaniline, polystyrene, polyurethane, and polycarbonate (Table 1).

3.2.1 Epoxy

While epoxy resins are broadly used as adhesives, coatings, and composite
matrices, their applications are limited by the fragile nature of polymer. Extensive
studies have been conducted to improve epoxy resins using rubbers, thermoplastics,
and inorganic particles [21]. Martin-Gallego et al. [86] reported the preparation of
functionalized graphene sheets/epoxy coatings cured via cationic photopolymer-
ization. Results clearly demonstrated a significant increase on the mechanical
performance of the hybrid films, probably due to interaction between the graphene
platelets and the polymeric chains, consequently increasing Tg values and tough-
ness. Recently, Shokrieh et al. [120] investigated the effects of graphene nano-
platelets and graphene nanosheets on the fracture toughness and tensile properties
of epoxy resin. It was found that the graphene nanoplatelets have greater impact on
both fracture toughness and tensile strength of nanocomposites than graphene
nanosheets. Optimal improvement was observed in critical stress intensity factor
and Young’s modulus for 0.5 wt% graphene nanoplatelet epoxy with an average
increase compared with neat epoxy of about 39 and 15 %, respectively [120]. The
glass transition temperature of neat epoxy increased from 94.7 to 108.6 °C with
2.5 wt% modified graphene, which had been produced through grafting 4,4′-
methylene diphenyl diisocyanate into graphene platelets [176]. The filler percola-
tion network of multiwalled carbon nanotubes grown by chemical vapor deposition
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was compared with thermally reduced functionalized graphene sheets in an epoxy
resin; it was found that functionalized graphene did not raise the system’s viscosity
as much as carbon nanotubes [87]. The tensile tests performed on the cured samples
showed significant improvements in the elastic moduli and final strength of the
polymer composites, particularly in the case of nanocomposites containing func-
tionalized graphene sheets.

3.2.2 Polystyrene

Polystyrene is a widely used general polymer due to its unique properties such as
low density, good chemical resistance, high performance–price ratio, and conve-
nience of processing. However, its high flammability and severe dripping during
combustion greatly restrict the application of polystyrene in buildings, transporta-
tion, and electrical instruments. Conventional flame retardant additives containing
halogen elements are currently being replaced by phosphorus and nitrogen-based
compounds. In addition, carbon nanoadditives such as expanded graphite, carbon
nanotubes, graphite oxide, and graphene are extensively exploited into various
polymer matrices to improve their flame retardant properties [46]. Polystyrene/
modified graphene oxide nanocomposites were effectively prepared via an in situ
miniemulsion polymerization process.

The obtained nanocomposites demonstrate superior anticorrosion properties
compared to pure polystyrene. The results show that the efficiency of corrosion
protection increases from 37.90 to 99.53 %with the incorporation of 2 wt%modified
graphene oxide in the polystyrene polymer matrix. Its mechanical properties and
thermal stability also impressively improved compared to pure polymer. The
incorporation of 2 wt% modified graphene oxide in the polymer matrix increased the
storage modulus from 1808.76 to 2802.36 MPa, and thermal decomposition tem-
perature improved from approximately 73–372 °C [174]. An effective dispersion
strategy was developed to prepare the well-defined magnetic Fe3O4@graphene
oxide/polystyrene nanocomposite by one-pot in situ radical bulk polymerization of
styrene in the presence of the Fe3O4 nanoparticles and surface-modified graphene
oxide [75]. The immobilization of Fe3O4 nanoparticles on graphene oxide sheets not
only avoids the magnetic aggregation of the magnetic nanoparticles in polymer
matrices, but oleic acid molecules also adsorb onto the surfaces of the Fe3O4

nanoparticles on the graphene oxide nanosheets, efficiently improving the disper-
sibility of the nanosheets in styrene, which produces the well-dispersed tricompo-
nent nanocomposite. He et al. [48] showed that the dielectric permittivity of
polystyrene composite containing graphene nanosheets is 42 times higher than that
of a pure polymer system. The AC electrical conductivity at 1000 Hz also increased
from 3.6 × 10−10 S/m for pure polystyrene to 2.82 × 10−4 S/m for the composite
containing graphene [48].
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3.2.3 Polyaniline

Due to their unique morphology and structure, conductive polymers are suitable for
various technological applications such as sensors, light-emitting diodes, and solar
cells. Polyaniline, with its desirable electrical, electrochemical, and optical prop-
erties, is one of the most promising conducting polymers. The electrical properties
of polyaniline can reversibly be controlled by changing the oxidation level of the
main chain and protonation of the imine nitrogen atoms [28, 38]. Various nanof-
illers are added in a polyaniline matrix to synthesize nanocomposites with superior
electrical, mechanical, and thermal properties. Because of their unique properties,
graphene, graphene oxide, and chemically modified graphenes are now more
widely applied than conventional nanofillers in the production of conductive
polymer nanocomposites [158]. Stoller et al. [133] found that chemically modified
graphene showed large capacitances for aqueous and organic electrolytes of 135
and 99 F g−1, respectively. Recently, Imran et al. [52] developed a systematic
approach to disperse graphene oxide during the emulsion polymerization of poly-
aniline to produce nanocomposites with improved electrical conductivities. The
polymerization process was performed in the presence of dodecyl benzene sulfonic
acid, which acts as both an emulsifier and protonating agent. The electrical con-
ductivities of the nanocomposites containing graphene were considerably enhanced
compared with those of the pure polyaniline samples. Polyaniline/graphene nano-
composites with porous structure and microspherical morphology are produced
using porous graphene microspheres as the substrates for the growth of polyaniline
nanowire arrays via an in situ polymerization process [18]. A specific capacitance
of 338 F g−1 obtained at a scan rate of 20 mV s−1, and a high capacity retention rate
of 87.4 % after 10,000 cycles at a current density of 3 A g−1 suggest that the
polyaniline/graphene composite can be used in high-performance supercapacitors
[18]. The graphene/polymer composites are ideally proper for portable and wear-
able electronics due to their flexibility, and also because they can retain these
properties even under harsh mechanical stress [102, 161].

3.2.4 Poly(Vinyl Alcohol)

Nanocomposites which are used as nanoscale fillers possess the potential to raise
the performance of conventional composites. Maximal mechanical enhancement is
achieved when the nanofiller is dispersed homogeneously in the matrix and strong
interactions at the interface arise between the filler and the matrix [111]. Liang et al.
[72] prepared the first poly(vinyl alcohol) nanocomposite using graphene oxide as a
mechanical reinforcement material. Significant enhancement of the mechanical
properties was obtained at fairly low concentrations of graphene oxide: the addition
of only 0.7 wt% graphene oxide results in a 62 % improvement of Young’s
modulus and a 76 % increase in tensile strength. Layer-aligned poly(vinyl alcohol)/
graphene nanocomposites in the form of films were formed by reducing the graphite
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oxide in the polymer matrix via a simple solution mixing process [169].
The modulus and tensile stress of poly(vinyl alcohol)/graphene (3.5 wt%) nano-
composite were 16 and 32 % higher, respectively, than those of pure polymer.
Wang et al. [156, 157] successfully synthesized high-performance poly(vinyl
alcohol)/graphene nanocomposites by incorporating graphene oxide into a poly-
meric aqueous solution, which was subsequently reduced to form graphene sheets
containing polymer nanocomposite. They showed that the addition of graphene
nanofiller decreases the hydrophilicity of poly(vinyl alcohol) films and significantly
improves the water resistance of the polymer matrix. Morimune et al. [92] reported
the excellent barrier properties of poly(vinyl alcohol)/graphene oxide nanocom-
posites against water, which is comparable with the conventional high barrier
polymer such as poly(vinylidene chloride).

3.3 Polyurethane

Thermoplastic polyurethanes are known as unique polymeric materials with a wide
range of physical and chemical properties which are utilized in various applications
due to their wide range of commercially available monomeric materials [70].
Functionalized graphene sheets can be finely dispersed on the nanoscale in a
thermoplastic polyurethane matrix simply by solution mixing. The addition of 2 wt
% modified graphene effectively improved the conductivity of the polymer nano-
composite compared with pristine thermoplastic polyurethane [94]. Dispersion of
graphene oxide into thermoplastic polyurethane via melt compounding, solvent
mixing, and in situ polymerization was compared, and results showed that solvent-
based processes were more effective than melt processing and in situ polymeriza-
tion in obtaining well-distributed graphene oxide throughout the matrix [60, 61].

Yousefi et al. [171] produced polyurethane-based composite films containing
highly aligned graphene sheets through an environmentally benign process,
resulting in excellent electrical conductivity with an extremely low percolation
threshold of 0.078 vol%. Liao et al. [74] reported the first polymer nanocomposites
with 3 wt% aqueous reduced graphene and thermoplastic polyurethane. It was
reported that incorporating functionalized graphene nanoplatelets synthesized via a
diazotization reaction and a coupling reaction between GNP and 4-aminophenethyl
alcohol is an effective way to fabricate high-performance polyurethane nanocom-
posites [168]. The modulus of the polyurethane/functionalized graphene nano-
composites at 2 wt% graphene nanoplatelets loading was not only ten times greater
than that of the pristine polymer sample, but the breaking stress and shape recovery
also remarkably improved.
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3.4 Poly(Vinylidene Fluoride)

Poly(vinylidene fluoride) is widely used to prepare conducting composites for self-
regulated heaters, over current protectors, antistatic shielding, and conducting
electrodes for lithium batteries. Its variation of electrical conductivity with tem-
perature enables conductive nanocomposites to be employed as temperature sensors
and capacitor [136, 137]. Adding exfoliated graphite, expanded graphite, graphene,
and functionalized graphene sheets in poly(vinylidene fluoride) matrix to prepare
conductive nanocomposites, which has potential applications for electronics
industries, has been investigated extensively in recent years [5]. A nanocomposite
of poly(vinylidene fluoride) was prepared with graphene sheets, and the results of
differential scanning calorimetry and X-ray diffraction show that adding graphene
to the polymer matrix promotes an α-phase to β-phase transformation of the
polymer crystal. However, the nanocomposites show significant increases in ther-
mal stability and dynamic mechanical properties compared with neat poly(vinyli-
dene fluoride) [173].

In recent years, enormous effort has been concentrated on improving the energy
harvesting ability of piezoelectric materials. Wu et al. [164, 165] added reduced
graphene oxide to poly(vinylidene fluoride) to produce piezoelectric nanocomposite
films. Their results showed significant enhancement in the piezoelectricity of the
fabricated poly(vinylidene fluoride)/reduced graphene oxide nanocomposite at an
optimally reduced graphene oxide content of 0.05 wt%. In addition, compared to
pristine polymer, the open-circuit voltage, the density of harvested power of
alternating current, and direct current of the poly(vinylidene fluoride)/reduced
graphene oxide nanocomposite films increased by 105, 153, and 233 %, respec-
tively, implying a potentially wide range of applications [164, 165]. Han et al. [45]
demonstrated that with the presence of reduced graphene nanosheets in the poly
(vinylidene fluoride) nanocomposite, the polymer structure not only tends to
transform from α-phase to β-phase, but the resulting β-phase fractions are signifi-
cantly influenced by the reduced graphene content.

4 Biocompatibility Graphene-Based Materials

There has in recent years been a surge of interest in research on graphene-based
material with various potential biomedical applications such as biosensing, bioi-
maging, drug delivery, cancer therapy, and antibacterial materials [22, 83, 156, 157,
159]. However, concern has been raised regarding the biocompatibility of graph-
ene-based nanomaterials and their effects on environment and human health [90].
One of the most important characteristics of graphene materials is their high surface
area, which can act as a potent sorbent for a variety of small molecule solutes in
physiological fluids. Adsorption on the surface of graphene derivatives is preferred
for molecules with partial hydrophobicity, low solubility, and molecules with
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conjugated π-bonds that allow π–π interactions [110]. Hu et al. [50] first explored
the antibacterial properties of graphene oxide. They found that graphene oxide at a
concentration of 85 μg mL−1 significantly suppresses the growth of E. coli after 2 h
incubation at 37 °C, with an inhibition rate of over 90 %. In addition, graphene
oxide may adsorb metal ions such as Mn+2 and Cu+2 via complexation or chelation
on oxygen functional groups [106, 152].

Functionalized graphenes demonstrate several unique modes of interaction with
DNA and RNA that include preferential adsorption of single-stranded over double-
stranded forms, steric protection of adsorbed nucleotides from attack by nuclease
enzymes and DNA intercalation by graphene-derived materials [82]. The toxicity of
functionalized graphene or graphene oxide sheets to various cell lines was inves-
tigated in monolayer cultures of lung epithelial cells, fibroblasts, and neuronal cells.
Zhang et al. [178] compared the toxicity of various types of carbon nanomaterials
such as carbon nanotubes and graphene oxide to HeLa cells. Results showed that
although graphene oxide possesses the lowest cell uptake ratio compared to carbon
nanotubes, both of them exhibited a dose-dependent toxicity. The generation of
reactive oxygen species to induce oxidative stress was considered a mechanism
which leads to the toxicity of graphene-based materials [44, 121]. However, further
investigations are essential to better understand their toxicity pathways, empha-
sizing especially the study of cellular interactions of materials containing graphene
with cell membrane lipids on a molecular level.

5 Preparation and Characterization of Graphene Oxide

Single-layer transferable graphene nanosheets were first obtained by mechanical
exfoliation of bulk graphite or chemical vapor deposition. The main obstacle to
achieve individual or few-layer graphene is overcoming the enormous interlayer
van der Waals forces. The most common approach to graphite exfoliation is the use
of strong oxidizing agents to yield graphene oxide. Brodie [14] reported the syn-
thesis of graphene oxide by adding a portion of potassium chlorate to slurry of
graphite in fuming nitric acid. This protocol was later improved by Staudenmaier
[132] by using the concentrated sulfuric acid as well as fuming nitric acid and then
adding the chlorate which effectively led to formation of highly oxidized graphene
oxide in a single reaction vessel. Hummers and Offeman [51] reported the most
common method for oxidizing graphite by treating the starting material with
KMnO4 and NaNO3 in the concentrated H2SO4. The following procedure describes
the Hummer method for preparation of graphene oxide.

5 g graphite (purity degree 99.5 %, *30 µm) was mixed with 115 mL con-
centrated H2SO4 and 2.5 g NaNO3; and stirred in ice bath for half an hour. Then,
15 g KMnO4 was slowly added into the mixture within 1 h while the temperature of
the mixture not exceeding 5 °C. The mixture was heated to 35 °C and kept stirring
for 2 h. The temperature was adjusted to a constant 98 °C for 60 min while 230 mL
distilled water was drop-wise added to the mixture. Finally, the oxidation reaction
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was terminated by adding 700 mL distilled water and 50 mL of 30 % H2O2

solution. The resultant solid product was repeatedly washed with 5 % HCl aqueous
solution and then with distilled water and dried at 60 °C under vacuum for 12 h.

The Fourier transform infrared spectra of graphene oxide indicates the structure
of graphene oxide showing apparent adsorption bands for the alkoxy (1000–
1245 cm−1), epoxy (1184–1297 cm−1), aromatic C=C (1590–1620 cm−1), carboxyl
(1720–1740 cm−1), and hydroxyl (3590–3650 cm−1) groups (Fig. 7). Besides,
scanning electronic microscopy (SEM) provides high-resolution images of graphene
and atomic force microscopy (AFM) in tapping mode can directly determine the
thickness of graphene layers. Raman spectroscopy indicates D peaks *1590 cm−1

and G peaks *1350 cm−1 which confirm the lattice distortions.

6 Potential Applications of Graphene-Based Polymer
Nanocomposites

Graphenematerials play a key role in the production of polymer nanocomposites with
novel functionalities such as enhanced optical, electrical, thermal, or barrier prop-
erties which may be applied for prospective applications, including supercapacitors,
transparent conducting electrodes, gas barrier membranes, and biosensors [10].

Fig. 7 IR spectra of reduced
graphene oxide and graphene
oxide
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Efficient dispersion of graphene components through a polymer matrix without
aggregation is crucial to improve the functional performance of the nanocomposite.
Therefore, efforts to use reduced graphene oxide or surface functionalized graphene
with various functional groups are required to improve dispersibility [15, 73].

Graphene nanosheets dispersed in Nafion solution were applied in combination
with in situ plated bismuth film electrodes to produce an improved electrochemical
sensing platform that can determine Pb2+ and Cd2+ via differential pulse anodic
stripping voltammetry. The prepared Nafion–graphene composite film demon-
strated enhanced sensitivity for detecting metal ions [69]. Al-Mashat et al. [4]
reported the synthesis of a graphene/polyaniline nanocomposite and its application
in the development of a sensitive hydrogen gas sensor. Moreover, several studies
discuss the production of multicomponent polymer nanocomposites from silica and
other oxide particles coated with graphene oxide for the detection of dopamine
[177]. Enhanced electrochemical electrodes for peroxide and glucose detection
[103], methanol-sensitive nanocomposites with improved characteristics from
polyaniline–graphene oxides [63], amplified colorimetric sensors for target DNA
detection [166] have also been reported.

Nanocomposites containing graphene are also exploited for gas barrier and gas
separation applications. Yang et al. [170] deposited single layers of graphene oxide
with branched polyethylenimine to investigate the oxygen barrier properties of
obtained polymer nanocomposites. The addition of only 0.001 wt% of graphene
oxide in a polyimide matrix resulted in a nanocomposite that exhibits not only the
enhanced resistance to moisture but also retains enhanced mechanical strength,
superior visible light transmission, and excellent dimensional stability [151].
Surface-functionalized graphene oxide with bis(triethoxysilylpropyl)tetrasulfide is
used as a multifunctional nanofiller for natural rubber and the obtained composite
showed improved mechanical and gas barrier properties at a significantly low
concentration of filler [181]. Responsive graphene/polymer nanocomposites have
also been described with various external stimuli such as light, electrical field, and
temperature [154].

Polymer–inorganic nanofiller composite electrolytes show remarkably improved
thermal, mechanical, and ionic conductivity properties compared to solid state
polymer electrolytes. Highly effective and advanced graphene–polyethylene oxide
composite electrolytes were applied as solid state electrolytes for the production of
dye-synthetized solar cells [3].

7 Conclusions and Outlook

Although the production, properties, and potential applications of graphene poly-
mer nanocomposites remain in an early stage of development, the growing interest
and huge potential of this field have become obvious. The preparation and transfer
of high quality graphene in a cost-effective manner is still a challenge, although new
research strategies constitute promising steps forward. In recent years, a combined
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experimental and theoretical effort has provided considerable progress in under-
standing and controlling the functionalization of graphene surfaces. Moreover, the
full exploitation of graphene-filled nanocomposites will be determined by the level
of graphene dispersion and the cost-effective manufacturing of the final material.
The structural and functional performances of graphene/polymer nanocomposites
are strongly affected by the level of dispersion. Several studies have already
demonstrated the potential of developing strong interfacial bonding between
chemically modified graphene and the polymer matrix, but further investigations
are still crucial to understand the effects of the graphene/polymer interactions in
matrix conformations.
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Natural Nano-based Polymers
for Packaging Applications

Behjat Tajeddin

Abstract Natural nanoscale materials can be used in many applications like
packaging industry. The main reason is to provide packaging which would protect
the food from dust, gases, light, pathogens, and moisture. These materials are
mainly safe, inert, cheap to produce, easy to dispose, and reuse. In addition, the
characteristics of these nanocomposites such as mechanical, electrical, thermal,
optical, and electrochemical properties will differ markedly from that of the com-
ponent materials. One of the most practical uses of nanocomposites in the food
packaging is adding the nanosized components to the traditional packaging mate-
rials such as metal, glass, paper, various synthetic plastics like PE, PP, PS, PVC.
Also, the use of nanofiller materials in the biofilm preparation has been subjected in
the many recent studies. Therefore, this chapter is an attempt to introduce various
bionanocomposites to readers and provide a general overview of these natural
nanopolymer applications in the food packaging industry as well as some practical
examples. In effect, nanopackaging materials were developed by clay minerals, e.g.,
montmorriolonite, in 1986 and are still being grown using many different natural
polymers. However, natural nanopolymer applications in the packaging industry
can be organized around the main topics, to introduce nanocomposite
organic/inorganic materials and to introduce some good examples to produce films,
coatings, etc. Detailed discussions about each of these topics are also considered in
this chapter.
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1 Introduction

It has been a long time since synthetic polymers such as polyethylene, polypro-
pylene, polystyrene, polyethylene terephthalate, and polyvinyl chloride are being
used as packaging materials. The reasons for this are the availability of abundant
raw materials, low cost, good mechanical properties, and suitable barrier charac-
teristics against oxygen, carbon dioxide, and aromatic compounds [106, 107]. The
main problem of these synthetic packing materials is their long degradation time,
which causes environmental pollution. In addition, the contamination of food by the
migration of plastic packaging monomers is the other problem which reduces food
safety and ends to the changes in its flavor [31]. Therefore, in order to meet
environmental and economic issues in the plastics industry, it is important to reduce
the environmental effluence of synthetic materials production by decreasing the
environmental impact in every stage of their life cycle [108–112]. Thus, composites
where the reinforcing or filler phase and/or the matrix are based on renewable
resources (natural fibers/natural polymers) have currently been the subject of many
researches for a number of applications [94–98]. For example, Poly vinyl chloride
(PVC), as a hard thermoplastic, is widely used due to it being inexpensive, durable,
and flexible in the applications such as in building materials pipe and plumbing.
Mixing PVC with natural fibers is an interesting alternative. During the mixing with
PVC, some natural fibers may act as reinforcing materials while other natural fibers
only act as filler [129].

In general, the natural fiber-reinforced polymer composites are renewable,
cheap, completely or partially recyclable, and biodegradable compared to their
traditional synthetic counterparts [91–93]. These composites are having low density
and cost as well as satisfactory mechanical properties make them attractive due to
easy availability and renewability of raw materials. Natural fibers have been proven
alternative to synthetic fiber in transportation such as automobiles, railway coaches,
and aerospace [20, 113–117]. In fact, raw natural fiber-reinforced composites are
the subject of numerous scientific and research projects, as well as many com-
mercial programs. Other applications include military, building, packaging, con-
sumer products, and construction industries for ceiling paneling, partition boards
are subjected to use the natural fibers [20, 119]. Some properties of natural and
synthetic fibers [127] are shown in Table 1.

Table 1 Selected properties of natural and synthetic fibers [127]

Fiber Density
(g/cm3)

Tensile
strength (Mpa)

Specific tensile
strength (Mpa)

Elastic
modulus (Gpa)

Specific elastic
modulus (GPa)

Cotton 1.5–1.6 400 250–267 5.5–12.6 3.5–8.1

Kenaf 1.45 930 641 53 36.5

Sisal 1.5 511–635 341–423 9.4–22 6.3–14.7

E-glass 2.5 2,000–3,500 800–1,400 70 28

Carbon 1.4 4,000 2,857 230–240 164–171
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The chemical content of natural fibers is very important in the composite for-
mulation. Table 2 shows the chemical composition of some common natural
vegetable fibers, as an example [49] which can be used in the biocomposites
structure. The viability of the effective utilization of lignin (one of the three major
components found in the cell walls of natural lignocellulosic materials) as an
instance of potential sustainable green reinforcement in multifunctional polymer
composites for advanced applications is discussed by Thakur et al. [120]. Natural
cellulose fibers-based materials are the other example of natural fibers that are
finding their applications in a number of fields ranging from automotive to bio-
medical. Natural cellulose fibers have been frequently used as the reinforcement
component in polymers to add the specific properties in the final product. A variety
of cellulose fibers-based polymer composite materials have been developed using
various synthetic strategies [118]. Natural fibers can be used as packaging material
especially to produce the packaging containers.

Different types of techniques have been frequently used to modify the multi-
functional properties of natural cellulosic polymers [113–117]. On the other hand,
natural polymers are widely used due to their properly characteristics to prepare
biopolymers in some applications such as packaging industry. Mixing synthetic
polymers with natural polymers is an interesting alternative as well as natural fibers.
However, the hard works on the biocomposites and biopolymers have generated
environment-friendly applications for many uses like packaging. Such ideas have led
to the development of biodegradable packaging materials such as biocomposites,
edible or inedible films, coatings, etc. In general, polysaccharides and protein-based
materials or their blends are the worldwide interest examples of natural polymers or
biopolymers [26, 41, 88, 123, 125, 132]. These polymers can be commonly used for
preparation offilm or coating forms in the food packaging area. Natural polymers and
their some examples are mostly shown in Fig. 1 [3, 27, 104].

Table 2 Chemical
composition of some common
natural vegetable fibers [49]

Type of fiber Cellulose (%) Lignin (%)

Cotton 85–90 0.7–1.6

Seed flax 43–47 21–23

Hemp 57–77 9–13

Abaca 56–63 7–9

Sisal 47–62 7–9

Bamboo 26–43 21–23

Kenaf 44–57 15–19

Jute 45–63 21–26

Papyrus 38–44 16–19

Sugarcane bagasse 32–37 18–26

Cereal straw 31–45 16–19

Corn straw 32–35 16–27

Wheat straw 33–39 16–23

Rice straw 28–36 12–16
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Several biopolymers have been exploited to develop materials for eco-friendly
food packaging. However, the use of biopolymers has been limited because of their
usually poor mechanical and barrier properties, which may be improved by adding
reinforcing compounds (fillers), forming composites. Most reinforced materials
present poor matrix–filler interactions, which tend to improve with decreasing filler
dimensions. The use of fillers with at least one nanoscale dimension produces
nanocomposites, a new class of composites [14]. Using natural fillers or natural
reinforced materials with at least one nanoscale dimension creates nanobiocom-
posites. Therefore, nanobiocomposite application, as a novel issue and a new
window in the packaging area is discussed mainly in this chapter.

To start, SCENIHR [83] defines nanocomposites, nanomaterials, nanocrystalline
materials, and nanostructures as entities, the majority having one or more dimen-
sions of the order of 100 nm or less. Based on their definition, nanocomposite is a
multiphase material with the majority of the dispersed phase components in
nanoscale; nanomaterial is any form of a material that is composed of discrete
functional parts; nanocrystalline material is a material that is comprised of many
crystals; and finally, nanostructure is any structure that is composed of discrete
functional parts, either internally or at the surface.

Dispersing of the nano reinforcement into the matrix during processing leads to a
lot of new properties [62, 63, 108]. The fillers in the food packaging applications
may be in the different form of nanomaterials [48]. In general, depending on how
many dimensions of the dispersed particles are in the nanometer range, nano-
composites can be classified as below [2, 48, 83, 90]:

1. Nanosheet, a discrete entity which has one dimension in the 100 nm level or
less, and two long dimensions. Other things such as nanofilm, nanoplate,
nanolayer, and very thin coatings comply with this definition, but may differ
from each other by other characteristics (e.g., sheet is usually free and a layer is
usually supported; there may be considerable differences in flexibility). The
polymer-layered crystal nanocomposites is the other name for this family of
composites. These materials are almost totally obtained by the intercalation
of the polymer (or a monomer subsequently polymerized) inside the collection

Natural 
Polymers

PolysaccharidsPolynucleotidesProteins Gums Resins

Zein, Gelatin, Gluten, 
Whey, Soya bean

DNA, RNA Cellulose, Chitin, 
Starch

Latex,Chicle,  
Spruce,Mastic, 
Shellac

Lacquer

Fig. 1 A classification of natural polymers and some examples of them [3, 27, 104]
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of layered host crystals. There are many of both synthetic and natural crystalline
fillers that are able to intercalate a polymer in the specific conditions.

2. Nanorod. This is a discrete entity which has two dimensions that are of the order
of 100 nm or less, and one long dimension. Other entities such as nanofiber,
nanowire, nanowhisker comply with this definition, but may differ from each
other by other characteristics (e.g., rotational symmetry, flexibility). In general, a
nanorod or nanofiber can be characterized by the aspect ratio, which is the ratio
between length and diameter of the structure.

3. Nanotube. This is a discrete hollow entity which has two dimensions in the
100 nm level or less, and one long dimension. In fact, nanotubes are the
nanometer-diameter cylinder forms. Nanotubes create an elongated structure.
Carbon nanotubes and cellulose whiskers are examples of nanotubes which are
considerably studied as reinforcing nanofiller materials. Although, nanotubes
are said as an example of one-dimensional nanocomposites by Ajayan [1].

4. Nanoparticle or nanoparticulate matter. This is a discrete entity which has three
dimensions with the 100 nm scale or less. Nanoparticles are typically defined as
solids less than 100 nm in all three dimensions, such as spherical silica nano-
particles obtained by in situ sol–gel methods or by polymerization promoted
directly from their surface. Azeredo [14] overviewed the main kinds of nano-
particles used in the food packaging systems and their effects and applications.

Haldorai et al. [47] reported that the nanoscale dimensions of particles such as
metal oxides, carbon materials, semiconductor metallic nanocrystals, and clays can
be incorporated to the polymers. Nanocomposites are currently being used in a
number of fields and new applications are continuously being developed including
thin-film capacitors, electrolytes for batteries, biomaterials, and a variety of devices
in solar and fuel cells. The synthesis of polymeric composites usually involves
solution chemistry, and because of this, a large amount of organic solvents may use.

In recent years, the use of nanomaterials has been considered in production of
biodegradable packaging materials. Films of nanomaterials and biopolymers or the
so-called nanocomposite biopolymers show better functional properties compared
to other synthetic or biosynthetic films, particularly in their mechanical strength and
the reduction of permeability to water vapor. The cause of the improved properties
in nanocomposites is the interfacial interaction between the matrix and the
nanomaterials; this interaction occurs more in nanocomposites than in conventional
composites [28]. In general, nanobiocomposites are a class of biopolymer films that
contain the following two main parts: biodegradable polymer, which acts as the
matrix, and nanopolymers as the filler or reinforcement that must also be biode-
gradable [8]. Nanoparticles have proportionally larger surface area than their
microscale counterparts, which favors the filler–matrix interactions and the per-
formance of the resulting material. Besides nanoreinforcements, nanoparticles can
have other functions when added to a polymer, such as antimicrobial activity,
enzyme immobilization, biosensing, etc. [14].
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2 Natural Nanocomposite Materials and Food Packaging

Rapid developments in nanotechnology have come to public attention as potentially
one of the most significant technological advances for the food packaging industry
contain a polymer plus a nano‐additive in recent years. On the other hand, natural
biopolymers have been paid more attention as alternatives to the petroleum-derived
plastics for packaging films production. Mostly nanoclay particulates are used,
although other composites containing nanoparticles, nanotubes, or nanofibers are
also being developed. Biobased nanocomposites (PLA‐clay, cellulose nanofibers)
and metal (oxide)‐polymer composites are also being developed. Therefore, dif-
ferent biopolymers with novel characteristics were proposed to the market and
could be used in producing edible films. The thin films with thickness <50 μm [100]
containing nanomaterials has created more novelty in the film properties. For
example, the film containing nanoadditives like antimicrobial agents is a type of
active packaging which is mainly designed to control microbial and chemical
spoilage of food.

In general, the main role of nanopackaging is its small size that resulted in large
surface area, and greater functionality per equivalent mass. Food packaging is the
largest area of application of nanotechnology within the food sector, and clay
particles at the nanoscale are the most common applications in food packaging.
They are less expensive to produce than other nanomaterials because full-scale
facilities already exist and basic materials are available from natural sources [90].

The nanoparticles are used in the food packaging in order to protect the food
from dust, gases (O2, CO2), light, pathogens, and moisture. This packaging method
is more safe, inert, inexpensive to produce, and easy to dispose. Traditional
packaging materials such as metal, glass, paper, plastics (PP, PE, PS, PVC), or
multilayers of polymers, are amended with nanosized components. The majority of
nanopackaging contains nanoplatelets of clay minerals, where montmorriolonite
can be mentioned as an example [54]. Among nanotechnical applications, nano-
composite food packaging, which combines the nanomaterials and conventional
packaging, is at the front of applications in nanotechnologies, leading the whole
industrial chain based on nanotechnologies with high-speed development [48].
Current usage of nanotechnology in the food packaging area includes nanoclays,
cellulosic nanomaterials, nanoemulsions, electrospun nanofibers and nanocapsules,
carbon based nanomaterials, nanoparticles of metal and metal oxides, and nano-
particle containing carriers. These nanomaterials are used as an efficient gas, UV
light, and vapor barrier, to enhance mechanical and thermal properties, to reduce
migration issues, and to provide controlled release, and active or bioactive func-
tionalities to packaging. The high surface-to-volume ratio of many nanoscale
structures which favors this improved performance of packaging materials, also
becomes ideal for applications that involve chemical reactions, drug delivery,
controlled and immediate release of substances in active functional food packaging
technologies and energy storage in, for instance, intelligent food packaging [61].
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Several applications of nanomaterials in food packaging and food safety
including polymer/clay nanocomposites as high-barrier packaging materials, silver
nanoparticles as potent antimicrobial agents, and nanosensors and
nanomaterial-based assays for the detection of food relevant analytes (gases, small
organic molecules, and food-borne pathogens) were reviewed by Duncan [32].
These applications were chosen because they do not involve direct addition of
nanoparticles to consumed foods, and thus are more likely to be marketed to the
public in the short term.

The main biodegradable polymers (natural and synthetic) are presented as a
possible alternative to conventional plastics. These polymers may be adequate for
food packaging applications, although there are some drawbacks such as their poor
mechanical or barrier properties. One of the most promising ways to improve the
functionality of biodegradable polymers is the incorporation of nanomaterials [55].
Rhim and Ng [78] reviewed the preparation of natural polymer-based films and
their nanocomposites, and their potential use in packaging applications. The bio-
based materials that are usually considered in the food packaging may be classified
into four families that many of them can be used with nanoscale structure:

1. Polymers directly extracted from biomass, such as the polysaccharides like
chitosan, starch, carrageenan, and cellulose; proteins such as gluten, soy, and
zein; and various lipids.

2. Biomass-derived monomers which use classical chemical synthetic routes to
obtain the final biodegradable and/or renewable polymers, including thermo-
plastics and thermosets. In regard to thermoplastics, this is the case of polylactic
acid (PLA) and the nonbiodegradable sugarcane ethanol-derived
biopolyethylene.

3. Polymers produced by natural or genetically modified microorganisms such as
polyhydroxyalcanoates (PHA) and polypeptides.

4. Mixtures of biobased- and petroleum-based monomers, such as polycaprolac-
tones (PCL), polyvinylalcohol (PVOH) and its copolymers with ethylene
(EVOH), and some biopolyesters.

Sanchez-Garcia et al. [81] presented the properties of nanobiocomposites of
solvent cast polyhydroxybutyrate-co-valerate (PHBV) and polycaprolactone
(PCL) containing carbon nanofiber or carbon nanotubes as a function of filler
content. They found that carbon nanotubes and nanofibers can be used to enhance
the conductivity, thermal, mechanical, and gas barrier properties of thermoplastic
biopolyesters.

Han et al. [48] reported that in the area of food packaging, the nanocomposite,
which combines the traditional food packaging materials with the nanomaterials
(NMs), has been subjected to high-speed development in the food packaging
market with its excellent mechanical performance and good antibacterial and
stronger resistant properties. The manufacturing methods and skills in combining
NMs into packaging materials, such as polymers, paper and paperboard, glass and
ceramic, and the surface of metals, are well developed. According to laboratory
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research, market-oriented applications, and development trends, three main cate-
gories of nanotechnology are used in food packaging applications:

1. Nanoparticles (NPs)-reinforced packaging. The high surface area enables NPs to
dramatically improve the mechanical performance, such as flexibility, reduced
gaseous permeation, stability of temperature and humidity, and ultraviolet light
and flame resistance, of packaging materials with a relatively low mass content
(*5 %, w/w). The matrix material properties are significantly affected in the
vicinity of the reinforcement [84]. Apart from improving mechanical properties,
the application of NPs can bring extra functions, such as an antibacterial
property, to food packaging. Silver (Ag) NPs used in packaging or food contact
materials can prolong foodstuff shelf life by restraining the growth of bacteria.
For example, the NPs-polymer composites can form coatings on the surface of
tableware and kitchenware to inhibit the growth of microorganisms.
Engineered or manufactured NPs, nanosized particles occur naturally in many
foodstuffs. For example, food proteins are globular structures between 10 and
100 nm (e.g., casein micelles in dairy products range from 300 to 400 nm) and
most polysaccharides and lipids are linear polymers of 2 nm thickness. Fat
globules can be considered as natural NPs as well, ranging in size from 100 nm
to 20 μm, whereas fat globule membranes have a thickness of 4–25 nm. The
homogenization of fat globules can be considered as a sort of “nanotechnology
process” decreasing the average diameter and increasing the number and surface
area of the fat globules [52]. The main challenge faced by nanocomposite
materials is a good nanofiller–matrix interaction for reinforcing purposes.
Nanocomposites usually contain 1–7 wt% nanofillers in the food biopackaging.
It has been observed that the matrix–filler interactions significantly improve
when reducing the size of the reinforcing agent [61].

2. Active and intelligent packaging. The active and intelligent food packaging
category is a novel type of packaging compared with traditional methods. In
active and intelligent food packaging, the “active” refers to the packaging which
has the ability to remove undesirable tastes and flavor, and improve the color or
smell of the packed food. “Intelligent” food packaging seems to have an
extensive application than “active” packaging. In general, the “intelligent”
aspect of food packaging refers to the concept of monitoring information about
the quality of the packed food. Huyghebaert et al. [52] stated a number of
applications that include smart packaging, nanosensors for pathogen detection
or registration of storage conditions, nanoformulations of agrochemicals,
nanoencapsulation/nanodelivery of food ingredients, etc.

3. Biodegradable nanocomposites food packaging. The biodegradable nanocom-
posite food packaging category involves new types of biodegradable materials,
which in general can be made of polylactic acid (PLA) and montmorillonite
(MMT). The naturally existing nanolayered structure limits the permeation of
gases, and provides substantial improvements in gas barrier properties of the
nanocomposite. Such improvements have led to the development of PLA-MMT
nanocomposites for potential use in a variety of food packaging applications,
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such as processed meats, cheese, confectionery, cereals, as well as
boil-in-the-bag foods. Busolo et al. [22] studied the PLA biocomposites,
obtained by solvent casting, containing a silver-based antimicrobial layered
silicate additive for use in active food packaging applications. The silver-based
nanoclay showed strong antimicrobial activity against gram-negative
Salmonella spp. Despite the fact that no exfoliation of the silver-based nano-
clay in PLA was observed, as suggested by TEM and wide angle X-ray scat-
tering (WAXS) experiments, the additive dispersed nicely throughout the PLA
matrix to a nanoscale, yielding nanobiocomposites. The films were highly
transparent with enhanced water barrier and strong biocidal properties.

Avella et al. [10] prepared a biodegradable starch/clay nanocomposite films, to
be used for food packaging, were obtained by homogeneously dispersing mont-
morillonite nanoparticles in different starch-based materials via polymer melt pro-
cessing techniques. The results show, in the case of starch/clay material, a good
intercalation of the polymeric phase into clay interlayer galleries, together with an
increase of mechanical parameters, such as modulus and tensile strength.

Totally, the natural nanobiobased polymers applications in the packaging
industry can be organized around the main topics, nanocomposite organic/inorganic
materials. In fact, they can be entirely inorganic, entirely organic, or a mixture of
inorganic and organic materials. Even where the final material may be entirely one
class of material, multiple classes of materials may have been involved in the
synthetic process, which may or may not remain in the final structure [21].

2.1 Inorganic Nanocomposite Materials

Inorganic layered materials exist in great variety. They possess well defined,
ordered intralamellar space potentially accessible by foreign species. Inorganic
materials play an important role in the creation of the nanostructured and nano-
composite materials so commonly found in nature. Materials scientists, chemists,
and packaging specialists have made considerable efforts to create synthetic
nanobiocomposites using inorganic materials. Considerable efforts have led to use
many natural inorganic materials to create new packaging materials with different
properties. The inorganic components can be three-dimensional framework systems
(embedded networks) such as zeolites, two-dimensional layered materials (nano-
scale coatings) like clays, metal oxides, metal phosphates, chalcogenides,
one-dimensional and zero-dimensional materials (embedded clusters) such as
molybdenum selenide (Mo3Se3−)n chains and clusters [1].

Among all potential nanocomposite precursors, those based on clay and layered
silicates are more widely investigated probably because the starting clay materials
are easily available and because their intercalation chemistry has been studied for a
long time. Owing to the nanometer-size particles obtained by dispersion, these
nanocomposites exhibit markedly improved mechanical, thermal, optical, and
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physicochemical properties when compared with the pure polymer or conventional
(microscale) composites. Improvements can include, for example, increased
strength and heat resistance, decreased gas permeability, and flammability [2].

Furthermore, inorganic materials are mostly utilized in the structure of magnetic
nanoparticles. Magnetic nanoparticles are an important class of nanoparticle which
can be manipulated using magnetic field. These are a class of functional materials,
possessing unique magnetic properties due to their reduced size (below 100 nm)
with potential for use in devices with reduced dimensions. Such particles com-
monly consist of magnetic elements such as iron, nickel, cobalt and their chemical
compounds [128]. The synthesis of iron oxide magnetic nanoparticles via a reverse
micelle system and modification of their surface through an organosilane agent was
discussed by Osaka et al. [73]. Faraji and Fadavi [39] reported that magnetic iron
oxide nanoparticles have been used in many fields, because of their unique prop-
erties such as large specific surface area and convenient separation in magnetic
fields. These nanoparticles have high potential application in food science and
technology such as enzyme immobilization, protein purification, and food analysis.
However, there has been impulse for development of inorganic nanoparticles with
structures that show novel physical, chemical, and biological properties [126]. For
example, the potential benefits of nanosilver materials have been accepted in many
applications due to the strong antimicrobial activity of silver against bacteria,
viruses, and fungi [29, 79].

Braun [21] stated that bacteria in general are responsible for a vast amount of
mineral deposition and in fact can contribute greatly to mineral deposits on the
bottom of lakes and other aquatic environments. Mineral formation in the vicinity
of bacteria is generally driven by a biologically induced change in the pH or ionic
strength around individual bacteria. This change in the local environment reduces
the solubility of certain mineral compounds, leading to precipitation of minerals.

2.1.1 Nanoclay

As cited in Alexandre and Dubois [2], Kojima and coworkers [59] studied the
improvement of mechanical and the other properties of Nylon/clay nanocomposites
first.

Lagaron [61] reported that the extensive research work has been performed in
the study of nanocomposites for food packaging applications, since Toyota
researchers in the late 1980s found that mechanical, thermal, and barrier properties
of nylon–nanoclay composite material improved dramatically by reinforcing with
less than 5 % of nanoclay. The nanoclay has a natural nanolayer structure that
provides a barrier to permeation of gases (in 2–5 % conc.). It is commonly used in
montmorillonite, derived from volcanic ash/rocks [90].

Montmorillonite, hectorite, and saponite types of clay are the most commonly
used layered silicates [56]. Smectite clay is another type of clay [101].

Alexandre and Dubois [2] reported that there are four main strategies to prepare
polymer-layered silicate nanocomposites. The whole range of polymer matrices is
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covered, i.e., thermoplastics, thermosets, and elastomers. The four methods are
stated below:

1. Exfoliation–adsorption: the layered silicate is exfoliated into single layers using
a solvent in which the polymer (or a prepolymer in case of insoluble polymers
such as polyimide) is soluble;

2. In situ intercalative polymerization: the layered silicate is swollen within the
liquid monomer (or a monomer solution) so as the polymer formation can occur
in between the intercalated sheets;

3. Melt intercalation: the layered silicate is mixed with the polymer matrix in the
molten state;

4. Template synthesis: the silicates are formed in situ in an aqueous solution
containing the polymer and the silicate building blocks have been widely used
for the synthesis of double-layer hydroxide-based nanocomposites but is far less
developed for layered silicates.

Dadashi et al. [28] examined the physical, mechanical, and structural properties
of poly(lactic acid) (PLA)-based films containing nanoclay and microcrystalline
cellulose (MCC, 3, 5 and 7 %) prepared by solvent (chloroform) casting method for
packaging and other applications. Physical properties including thickness, trans-
parency, and color did not change significantly with addition of nanoparticles to the
polymer matrix. XRD patterns showed that pure PLA has a semicrystalline struc-
ture and addition of nanoclay into this polymer would produce more regular
structure that results in improved crystallization. Because of the nature and particle
size of the MCC, it did not interact sufficiently with the polymer. Tensile strength,
elastic modulus, and elongation at break of neat PLA were 27.44 MPa, 1.84 GPa,
and 24.53 % which with the addition of 7 % of nanoclay, was changed to 40.34,
2.62, and 10.36, respectively. As the results of XRD, MCC were indicated, there
was no significant effect on the mechanical properties, AFM images were used to
evaluate the surface morphology and roughness of PLA films. Neat PLA had
smoother surfaces and a lower roughness parameter.

The effect of two types of polyethylene–clay nanocomposite films with thick-
nesses of 45 and 50 μm on the staling and the shelf life of sliced bread was studied
by Keshavarzian et al. [57]. They packed the sliced bread in the polyethylene
(control) and the nanocomposite films and stored them at 25 °C for 10 days. The
results showed that water retention was higher for samples packed in nanocom-
posite film. The melting enthalpy of ice measured by DSC was lower, but the
melting enthalpy of starch was higher for the control, indicating that nanocomposite
packaging delayed the staling of the bread samples. The growth of mold was high
in all samples. Although, the nanocomposite film retarded staling of sliced bread, it
did not control mold growth because of the higher moisture content inside this type
of packaging. The addition of antimicrobial agents to the nanocomposite film is
required to take advantage of the increased preservation of freshness from this type
of packaging.
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2.1.2 Nanosilver

There is a special attention on the effects of silver nanoparticles and its antimi-
crobial impact, due to development of microbial resistance against chemical anti-
microbial agents. The antimicrobial effect of silver additives is mostly used in a
variety of injection-molded plastic products, textiles, coating-based applications
such as food preparation areas, etc. [40, 42]. Silver-based antimicrobial additives
consist of silver ions integrated into inert matrices consisting of ceramic, glass, or
zeolite, in general. Other silver additives based on silver salts or metallic silver may
be readily incorporated into thermoplastic polymers, such as polyethylene, poly-
propylene, polystyrene, or nylon [6]. Some important advantages of silver-based
antimicrobials are their excellent thermal stability and their health and environ-
mental safety [60]. However, application of the silver is sternly controlled by
various national laws and control agencies, as well as the use of all biocide
products.

Exposure of microorganisms to silver nanoparticles was shown to result in
strong antimicrobial activity. In addition to the increased surface area and associ-
ated increased potential for the release of Ag+, when dispersed in liquid suspen-
sions, silver nanoparticles may accumulate in the bacterial cytoplasmic membrane,
causing a significant increase in permeability and cell death [99]. Asadi Asadabadi
et al. [11] studied the antibacterial effects of different concentrations of silver
nanoparticles on Staphylococcus aureus and Escherichia coli. They produced the
silver nanoparticles by chemical reduction. Manitol Salt Agar and Eosin Methylene
Blue media were used as specific media for S. aureus and E. coli, respectively, and
Mueller-Hinton medium was used to examine the antimicrobial properties of the
cultures. Kind of bacterium, duration of microbial contact with nanosilver (1, 12,
24, 48 h), and the concentration of nanoparticles (5, 10, 25, 50 ppm) were the
qualitative factors in their research. The results showed that all three factors have
significant impacts on the microbial growth, but kind of bacterium and nanoparticle
concentration showed more significant influence. In low concentration of nanosil-
ver, E. coli showed more resistance to presence of nanoparticle in comparison with
S. aureus. The minimum inhibitory concentration of silver nanoparticles for S.
aureus and E. coli was 5 and 10 ppm. A concentration of 50 ppm of silver
nanoparticles completely eliminated both bacteria.

Kumar and Münstedt [60] studied the effect of crystallinity on the silver ion
release in the polyamide/silver composites by means of DSC. They reported that the
bactericidal efficiency of polymer containing silver is based on the release of silver
ions (Ag+) in an aqueous medium. Egger et al. [34] used in vitro tests to display the
antimicrobial activity of a silver–silica nanocomposite compared to the activities of
conventional materials, such as silver nitrate (AgNO3; 63.5 % Ag) and silver zeolite
(38 % Ag bound to type A zeolite). A silver–silica-containing polystyrene material
was produced using an industrial flame spray pyrolysis process. This process
involves combustion of a flammable solvent containing homogeneously dissolved
compounds as the source of components for the synthesis of the material. The
scanning transmission electron micrograph results showed that the nanocomposite
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consists of silver nanoparticles embedded in a matrix of amorphous silicon dioxide
(SiO2). The SiO2 fine structure consists of aggregate matrix particles with an
average diameter of approximately 1 μm. Silver metal particles are located on the
surface of the silica and are also embedded within the matrix and each silica particle
contains many small silver metal particles with a typical diameter between 1 and
10 nm. The specific surface area of the nanocomposite powder, as measured by
nitrogen adsorption, is typically about 250 m2/g, a value which is consistent with
the open structure of the silica aggregate. To examine the antimicrobial properties
of a typical application product, silver-containing polystyrene plates were manu-
factured from commercially available polystyrene polymer (clear, unfilled) using a
thermoplastic injection-molding process. They concluded that the pure silver par-
ticles exhibits very good antimicrobial activity against a wide range of microor-
ganisms due to releasing of silver ions, which represent the active antimicrobial
principle.

Due to the quality changing of fruits and vegetables as living tissues after
harvesting, Zandi et al. [131] studied the effect of nanocomposite-based packaging
on the postharvest quality of strawberry fruit during storage. Two factors, including
conventional polymer packaging (control) and nanocomposite in four types
(nanosilver based on PE, nanosilver based on PP containing, nanosilicate based on
PE, nanosilicate based on PP) and time of storage in four levels (0, 3, 7 and 10 days
after storage) were investigated. The results showed that fruits stored in nanosilver
and nanosilicate based on PE and PP containers generally emitted lower levels of
weight loss compounds than those stored in conventional polymer.

Emamifar et al. [36] studied the potential of zinc oxide (ZnO-) and Ag-filled
LDPE (low-density polyethylene) nanoparticle packaging to preserve the maximum
nutritional value, freshness, and shelf life of orange juice. Nanocomposite LDPE
films containing Ag and ZnO nanoparticles were prepared by melt mixing in a
twin-screw extruder and were then filled with fresh orange juice and stored at 4 °C.
The results of different tests showed that microbial growth significantly decreased
due to using the nanocomposite packaging up to 28 days of storage (p < 0.05).
Reduced degradation of ascorbic acid and development of brown pigments were
also observed (p < 0.05) in the orange juice packaged in nanocomposite packages
containing 0.25 % of nano-ZnO. Moreover, odor, taste, and overall sensory attri-
butes ranked highest for the orange juice packed after 28 days of storage (p < 0.05).
Packages containing nanosilver increased the shelf life of fresh orange juice to
28 days at 4 °C.

2.1.3 Other Examples

Researchers from the University of Leeds, UK, discovered the antimicrobial
properties of nano-zinc oxide (ZnO) and magnesium oxide (MgO). Compared with
Ag nanoparticles (NPs), the ZnO and MgO NPs are expected to provide not only
more affordable and safe food packaging solutions in the future, but also a greater
ability to inhibit the growth of microorganisms [48].
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Ethylene plays an effective role in the loss of apple quality. Sardabi et al. [82]
studied the effect of ethylene reduction on improving the quality of Golden and Red
Delicious apples during cold storage by active packaging. They used
1-methylcyclopropene (1-MCP, 0 and 1 ppm) and 0 and 10 g of potassium
permanganate-coated zeolite nanoparticles (ethylene absorber sachets) in their
packaging design. Fruit quality important parameters were evaluated before storage
and on a monthly basis during the storage period (0.5 °C and 90 % RH for up to
5 months). They concluded that the application of 1-MCP combined with ethylene
absorber sachets had the best effect on the quality characteristics of both apple
species. Red Delicious apples were firmer and fresher in appearance, indicating that
this variety has better storability.

Many species of grass precipitate SiO2 nanoparticles within their cellular
structures. Due to some internal structure in their cells, the silica nanoparticles
generated within the cells can be found in sheet-like, globular, or rod-like mor-
phologies, with characteristic dimensions ranging from a few nanometers to tens of
nanometers. The reason for the silica deposition may simply be a way for the plant
to sequester silica, which it continuously takes in as dissolved silicic acid and other
silica-containing soluble species. If the plant could not sequester silica, it would
build up and potentially limit growth [21].

Nanotitanium nitride with the mechanical strength and as a processing aid is
reported by Simoneau [90]. In addition, Nanoaluminium (as coating) is used in
flexible packaging, improving the properties of foil surface, high barrier properties
for gases (CO2 and oxygen), UV screening effect, antiadhesive coating, color
coatings, coatings reducing heat reflection. Antiadhesive coating or black coating of
baking foil which does not reflect heat in an oven is an example of nanoaluminium
application.

2.2 Organic Nanocomposite Materials

In general, lipid cellular membranes, ion channels, proteins, DNA, actin, spider silk,
etc. are a few examples of nanoscale materials in biology. In all these structures, the
characteristic dimension, at least in 1D, and often in 3D, is about a few nanometers.
One completely organic nanocomposite with outstanding properties is spider silk;
which makes up the spokes of a spider web. It is five times tougher than steel by
weight and can stretch 30–40 % without breaking, while the elastic modulus of silk
is significantly less than that of steel [21]. Although this particular nanocomposite is
quite fascinating, it was just mentioned as an example of the organic nanocom-
posites and unfortunately does not yet have any applications in the food packaging
industry. Compared with the synthetic polymers, natural polymers like proteins and
polysaccharides are renewable, biocompatible, and biodegradable. Abundant
polysaccharide polymers in nature such as cellulose, chitin, starch are increasingly
being used for the preparation of nanocomposites.
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Wang et al. [124] assessed the organic film-forming potential of six types of
proteins (0–16 %), as well as six types of polysaccharides (0–4 %) at heating
temperatures (60–80 °C). Sodium caseinate (SC), whey protein isolate (WPI),
gelatine (G), carboxymethyl cellulose (CMC), sodium alginate (SA) and potato
starch (PS) biopolymer films were evaluated. Optimal film-forming conditions were
achieved using SC and G (4 and 8 %), WPI (8 and 12 %), PS, CMC (2 and 3 %), or
SA (1 and 1.5 %) solutions heated to 80 °C in combination with 50 % (w/w)
glycerol.

2.2.1 Polysaccharides

Polysaccharides such as cellulose, starch, chitin or chitosan, etc. are high molecular
weight carbohydrates which can be derived from many sources. They can be used
in the preparation of edible films and coatings. In recent years, the nanoscale of
polysaccharide materials like cellulose and chitosan is used in the food packaging
applications.

Nanocellulose

Cellulose is the most abundant biomass on the earth and its use in the preparation of
biobased nanomaterials has gained a growing interest during the recent years. This
interest can be illustrated by how the number of scientific publications on the
cellulose nanomaterial research has grown very rapidly. The research topics have
been published in the extraction of cellulose nanofibers and nanocrystals from
different raw material sources, their chemical modification, characterization of their
properties, their use as an additive or a reinforcement in different polymers, com-
posite preparation, as well as their ability to self-assemble. Nanocelluloses, both
fibers and crystals, have been shown to have promising and interesting properties,
and the abundance of cellulosic waste residues has encouraged their utilization as a
main raw material source. Cellulose nanofibrils have more advantages such as fine
diameter, large aspect ratio, biocompatibility, high strength and modulus as well as
other favorable physical properties associated with the highly crystalline extended
chain conformation [19]. In addition, cellulose nanoparticles have high biode-
gradability rates and are less expensive than other nanofillers [30].

Dehnad et al. [30] prepared chitosan (powder form with a molecular weight of
600–800 kDa)-nanocellulose (20–50 nm in diameter) and absolute glycerol nano-
composites. The performance of the nanocomposite films on improving the shelf
life of ground meat was studied. Results showed that increasing the nanocellulose
level from 0 to 2 % (w/w chitosan) decreased the melting point and glass transition
temperature of the nanocellulose. Chitosan–nanocellulose nanocomposites pro-
vided antimicrobial effects against gram-positive and gram-negative bacteria
throughout the contact area. The application of chitosan–nanocellulose nanocom-
posites to ground meat decreased the lactic acid bacteria population of the product
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up to three logarithmic cycles over the control sample. They recommended that the
chitosan–nanocellulose nanocomposite with high thermal stability and antimicro-
bial properties is suitable as packaging material for products that undergo high
spoilage rates and short shelf life, such as meat products.

Nanochitosan

Chitosan with (C6H11NO5)n formula, is a natural polymer that is mainly found in
the living organisms including exoskeleton and the inner structure of invertebrates
residents as well as the crustaceans like shrimp and crab shell, insects, and some
fungi [33, 77]. Chitosan is a natural antimicrobial compound against bacteria, yeast,
and fungi [30].

Among different nanoparticles, chitosan nanoparticles are more significant [76].
Due to suitable mechanical, thermal, nontoxic, and antimicrobial characteristics,
and natural compatibility with living organisms, chitosan nanoparticles have con-
siderable potential as a nanobiopolymer packaging material [44, 65]. Chitosan has
also reached a prominent position as carrier-forming material [15]. Grehna [44]
reviewed a detailed description of methods used to produce chitosan nanocarriers.

Study results of Martínez-Camacho et al. [66] suggested that it is feasible to
elaborate antifungal shrimp chitosan films, with good thermal stability and
acceptable mechanical properties for food packaging. According to FTIR spectro-
scopic analysis of chitosan films, the fungistatic activity can be related to the
hydrogen bonds’ formation between the amino groups of chitosan with the
hydroxyl groups from polymer or sorbitol.

Moradi et al. [70] studied the antimicrobial, antioxidant, and color properties of
chitosan film incorporated with essential oil of Zataria multiflora Boiss (ZEO). In
this experimental research, chitosan films containing 0, 0.5, 1, and 2 % ZEO, were
obtained by casting method and subsequently, total phenol, antioxidant, color, and
antimicrobial characteristics of films on Listeria monocytogenes were studied. The
results indicated that an active film from chitosan could be achieved by incorpo-
rating ZEO. Addition of ZEO improves functional and antibacterial characteristics
of chitosan film.

Yien Ing et al. [130] investigated the antifungal activity of chitosan nanoparticles
and correlation with their physical properties. Antimicrobial effect of chitosan
nanoparticles on Streptococcus mutans biofilms was studied by Paz et al. [75].
Since strawberries are highly sensitive to fungal agents and have a short shelf life,
Eshghi et al. [37] used nanoemulsion chitosan instead of chemical fungicides to
extend shelf life of strawberry fruit. Thus, they assessed the efficiency of an edible
coating based on chitosan nanoemulsion in delaying perishability, quality preser-
vation, and increasing the shelf life of strawberries. Strawberries were coated with
50–100 ± 10 nm particle sizes of nanoemulsion containing 0.5 % chitosan as an
antimicrobial substance, and stored at a temperature of 4 °C ± 1 with 70 % RH.
Qualitative tests were assessed at 4 day intervals. As compared to uncoated sam-
ples, the results showed that coating strawberries had the positive effects on their
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quality parameters. The treated samples were firmer, and their weight loss, respi-
ration rate, and percent damage were lower. Also, anthocyanins and ascorbic acid
content were better preserved in the coated strawberries than in the uncoated
sample. Changes in acidity and soluble solids were not considerable. They con-
cluded that the coating strawberries with a nanoemulsion containing chitosan
increased the shelf life of fruit from 8 to 20 days (2.5 times as long).

2.2.2 Proteins

Protein-based films (manufactured using casein, whey, collagen, egg white, gelatin,
fish derived protein, etc.) have attracted enormous interest due to their biodegrad-
ability and good barrier properties. Soy protein isolated (SPI), corn, and wheat
protein also are candidates for producing edible films. Furthermore, whey and zein
protein are byproducts of the food industries and have good film-making properties
[3, 43]. However, protein-based nanostructure formation is discussed very well by
Angellier-Coussy et al. [3] and Braun [21].

Chang et al. [23] studied the effects of layered silicate structure on mechanical
properties and structures of protein-based bionanocomposites. They filled a non-
conventional protein source of pea protein isolate (PPI) with montmorillonite
(MMT) and rectorite (REC) by solution intercalation, respectively. The reinforced
PPI-based nanocomposites were then produced by hot press. The structure and
interaction in the nanocomposites were investigated by FTIR, XRD, DSC, DMA,
and pH and Zeta potential tests whereas the reinforcing effect was verified by tensile
test. Furthermore, the origin of enhancing mechanical performances and the effects
of layered silicate structure were explored. Although the MMT with lower negative
charge surface and smaller apparent size of crude particles was easier to be exfo-
liated completely, the exfoliated REC nanoplatelets with more negative charge
could form stronger electrostatic interaction with positive-charge-rich domains of
PPI molecules, and hence produced the highest strength in two series of nano-
composites. In this case, the newly formed hydrogen bonds and electrostatic
interaction on the surface of silicate lamellas guaranteed the transferring of the
stress to rigid layered silicates. The cooperative effect of newly formed physical
interaction between layered silicates and PPI molecules as well as the spatial
occupancy of intercalated agglomerates of layered silicates destroyed the original
microphase structure of PPI matrix and cleaved the entanglements among PPI
molecules. The elongation and strength properties did not enhance.

Zein

Maize zeins are the main storage proteins of maize (Zea mays) seeds and account
for 50 % or more of total endospermic proteins. The zein proteins are hydrophobic
and insoluble in water even with low salt concentrations and thus ethanol at high
concentrations (60–95 %) is required to maintain their molecular conformations.
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Parris and Coffin [74] produced transparent unplasticized zein films, using two
types of solvent, ethanol, and acetone. Their work results showed that tensile
properties in films prepared with acetone (TS = 14.4 MPa) were stronger but less
flexible than those prepared in ethanol (TS = 10.9 MPa). Incorporation of plasticizer
(glycerol/poly(propylene glycol) ratio of 1/3) into zein films resulted in an almost
doubling in water vapor permeability values.

Ghanbarzadeh and Oromiehi [43] studied the barrier, mechanical properties, and
AFM analysis of biodegradable biocomposite single and laminated films based on
whey protein and zein. Glycerol and olive oil were used as plasticizer. They
reported that one of the important factors, which may cause the zein used in the
preparation of films, is high tensile strength (TS) compared to other protein-based
films. The laminated films exhibited higher ultimate tensile strength (UTS) than the
single whey protein films (260 and 200 % in the whey–zein–glycerol and whey–
zein–olive oil films, respectively). The UTS of the whey protein films increased two
and three fold after lamination. The laminated films showed higher barrier prop-
erties than the single whey protein films (180 % in the whey protein–zein–glycerol
films and 200 % in the whey protein–zein–olive oil films in comparison to single
whey protein films) and lower than the single zein films.

Argüello-García et al. [7] investigated the effect of zein and film formulation on
mechanical and structural properties of native (FNS), and oxidized with 2.5 %
(FOSA) and 3.5 % (FOSB) banana starch. The oxidized starch showed differences
from native starch due to the oxidation process, showing a decrease in lipids,
proteins, and amylose. The increase of the sodium hypochlorite increased the
content of carbonyl and carboxyl groups in the ranges 0.015–0.028 % and 0.022–
0.031 %, respectively. The film obtained from FOSB displayed the highest TS
(5.05 MPa) and satisfactory elongation value (27.1 %). The zein addition caused a
decrease in these mechanical properties, as well as a significant decrease in water
vapor permeability (WVP). However, films from FOSA and FOSB showed higher
permeability than that of the native starch. The addition of glycerol and the level of
oxidation increased the films moisture. Micrographs showed that, during the oxi-
dation process, impurities were largely eliminated from the starch granule, noting
more homogeneous structures both in granules and films.

AFM was used to investigate the nanostructure of zein from maize (Zea mays)
by Guoa et al. [45]. In aqueous ethanol solution zein exists as small globules with
diameters between 150 and 550 nm.

Gelatin

Gelatin is a protein that is commercially obtained from skins and bones of cattle and
pigs following slaughter. There are some works on the gelatin as a biopolymer
material. For example, Khoshnoudinia and Sedaghat [58] investigated the effect of
gelatin coating, containing ascorbic acid (AA:1 % w/v) and propyl gallate
(PG:100 ppm), on the instrumental and sensory properties of roasted pistachio
(hardness and color). Pistachio nuts are packed and stored at 35 and 5 °C.
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The results indicated that there are strong relationships between the instrumental and
sensory hardness values, but sensory and instrumental color values had a weak cor-
relation with each other. According to Wang et al. [124] in the screening of numerous
food ingredients to establish the film-forming ability, gelatin was one of the bio-
polymer materials assessed which demonstrated desirable film-forming properties.

2.2.3 Lipids

Lipids are not polymers. However, they are natural macromolecules that mainly use
as nanocarrier systems to stabilize the bioactive materials against a range of envi-
ronmental and chemical changes in the encapsulation technologies or in the active
packaging. Research and development on nanocarrier lipid systems, for example,
using antimicrobials for the protection and preservation of foodstuffs in active
packaging methods has remained relatively unexplored.

Various types of encapsulation methods are employed in the food industry
through nanoparticles, nanospheres, nanoemulsions, nanocochleates, nanolipo-
somes, etc. Liposomes are found in the natural lipids. Nanoliposomes, or nano-
metric versions of liposomes, are lipid vesicles that are under intensive research and
development by the different industries like food industries as nanocarrier systems
for the protection and delivery of bioactive agents. Nanoliposomes are colloidal
structures formed by the input of energy to a right combination of constituent
molecules (mainly phospholipids) in an aqueous solution [71, 72, 87]. In fact, the
encapsulation of nutraceutical compounds in lipid-based carrier systems, such as
nanoliposomes, is an effective method in preserving their native properties
throughout their shelf life. Liposomes are widely used in food industries because of
their benefits, which include possible large-scale production using natural ingre-
dients, nontoxic, entrapment and release of water-soluble, lipid-soluble, amphi-
philic materials, and biodegradability [17, 69].

Mohammadi et al. [68] recommended the application of liposomes as a nano-
carrier of ripening accelerated cheese enzyme in cheese production and ripening.
Mohammadi et al. [69] studied vitamin D3 nanoliposomes and characterized them
using DCS and SEM. Nanoliposomes containing vitamin D3 were prepared using
different quantities of phosphatidylcholine (PC) and cholesterol (60–0, 50–10, 40–
20, 30–30 mg) equivalents (8–0, 7–3, 5–5, 4–8 mM) using thin-film hydration and
sonication. The physicochemical properties of the liposomes results showed that
particle size was 78–89 nm and size distribution (span) was 0.77–0.84 nm. In all
treatments, the encapsulation efficiency of vitamin D3 was >90 %. The DSC
thermogram of the vitamin-loaded liposome showed the disappearance of the
melting endothermic peak of vitamin D3 and a major endothermic peak at 227 °C,
indicating that vitamin D3 complex formed with the bilayers and was completely
encapsulated by the lipid matrix of the nanoliposomes. The lower melting tem-
perature of proliposome over bulk lecithin can be attributed to its small particle size.
SEM analysis showed that the surface morphology of all freeze-dried liposome
samples had a porous structure.
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It is said that there is an inverse relationship between the consumption of
omega-3 polyunsaturated fatty acids (PUFA) and risk of cardiovascular disease
(CVD), thus Hadian et al. [46] suggested that liposomal nanocarriers can increase
stability and improve bioavailability of omega-3 PUFAs.

2.3 Hybrid Inorganic/Organic Nanocomposite Materials

Nanocomposites including organic polymers and inorganic materials show a sig-
nificant improvement in stiffness, toughness, impact resistance, and hardness when
compared with the pure polymer.

Intralamellar space potential of inorganic layered materials enables them to act
as matrices or hosts for polymers, yielding interesting hybrid nanocomposite
materials. Lamellar nanocomposites can be divided into two distinct classes,
intercalated and exfoliated. In the former, the polymer chains alternate with the
inorganic layers in a fixed compositional ratio and have a well-defined number of
polymer layers in the intralamellar space. In exfoliated nanocomposites the number
of polymer chains between the layers is almost continuously variable.

However, organic/inorganic nanocomposites have become a well-known area of
current research and development in the field of nanotechnology. Since the
remarkable properties of conventional composites are mainly due to interface
interactions, these hybrid materials may be provided a wide range of good prop-
erties. The general class of organic/inorganic nanocomposites may also be of rel-
evance to issues of bioceramics and biomineralization in which in situ growth and
polymerization of biopolymer and inorganic matrix are occurring. In addition,
lamellar nanocomposites represent an extreme case of a composite in which
interface interactions between the two phases are maximized. Haldorai et al. [47]
overviewed on the synthesis of polymer–inorganic filler nanocomposites in
supercritical carbon dioxide (scCO2) as an alternative to the conventional
processing.

Magnetic nanoparticles modified with organic molecules have been widely used
for biotechnological and biomedical applications, because their properties can be
magnetically controlled by applying an external magnetic field [73].

Although, clay is an inorganic material, Alexandre and Dubois [2] reported that
the modified clay (or organoclay) is organophilic, its surface energy is lowered and
is more compatible with organic polymers. Tiwari et al. [121] reported the synthesis
and characterization of an organo-montmorillonite. They modified sodium
Montmorillonite (NaMMT) via cation exchange reaction using three different
organic cations. Basal spacings, interlamellar structure, and thermal stability of
these organo-montmorillonite (OMMT) clays are characterized using wide angle
X-ray diffraction (WAXRD) and thermogravimetric analysis (TGA) techniques.
Increase in the basal spacing due to organic modification is in good agreement with
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simple theoretical calculations based on van der Waals volume of the cationic
ammonium ions. TGA characterization and analysis showed that the amount of
organic modifier in the OMMTs is in good agreement with theoretically calculated
stoichiometric content expected for almost complete exchange of Na + ions by
organic cations. The OMMTs illustrated stepwise decomposition corresponding to
initial weight loss from residual water desorption, followed by decomposition of the
organic surfactant and the dehydroxylation of structural water of the montmoril-
lonite layers.

There are two extremes of the mechanism for formation of inorganic/organic
nanocomposites when the organic matrix forms first, followed by mineralization,
and when the organic and inorganic materials coassemble into the nanostructured
composite. There do not appear to be any examples in which the inorganic structure
forms first, followed by organic structure formation [21]. Most biological com-
posites appear to form through the first route, a process whereby an organic
structure first forms, followed by the biologically directed nucleation and growth of
a mineral phase. However, it is also clear that the organic matrix restructures and
reorganizes continuously as the mineral deposits, which resembles the second
mechanism. With both mechanisms, the organic material is generally composed of
an amazing diversity of macromolecules, including proteins and other biopolymers.
Considerable effort has been made to understand the mechanism of formation of
these composite materials, a process that requires an understanding of both the
structure and function of the organic matrix and the interactions between the
organic matrix and the inorganic precursors and product [21].

The simplest examples of biological nanocomposites are those in which the
mineral phase is simply deposited onto or within an organic structure. The next
level of complexity is shown by examples in which the structure of the mineral
phase is clearly determined by the organic matrix. The greatest complexity is where
the mineral is intimately associated with the organic phase to create a structure with
properties that are superior to those of either the mineral or organic phase. In the
first and second examples, the organic phase forms first, but in the third, the organic
and inorganic phases almost certainly coassemble into the final structure [21].

Sanchez et al. [80] believed that organic–inorganic hybrid materials do not
represent only a creative alternative to design new materials and compounds for
academic research, but their improved or unusual features allow the development of
innovative industrial applications. Most of the hybrid materials processes are based
on:

(a) the copolymerization of functional organosilanes, macromonomers, and metal
alkoxides,

(b) the encapsulation of organic components within sol–gel derived silica or
metallic oxides,

(c) the organic functionalization of nanofillers, nanoclays, or other compounds
with lamellar structures, etc.
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Chang et al. [24] studied the fabrication and characterization of Sb2O3
1/car-

boxymethyl cellulose sodium and the properties of plasticized starch composite
films. They prepared the Sb2O3 nanoparticles using CMC as the stabilizing agent.
The nanocomposite was fabricated with Sb2O3/CMC nanoparticles as the filler in a
glycerol plasticized starch (GPS) matrix. Characterization of Sb2O3/CMC nanopar-
ticles revealed that Sb2O3 (about 84 wt%) was encapsulated by CMC (about 16 wt%)
with the size of about 30–50 nm. Because there was good interaction between the
Sb2O3/CMC filler and the GPS matrix, Sb2O3/CMC nanoparticles could be uni-
formly dispersed in the GPS matrix at a low filler loading level, resulting in obvious
improvement in tensile strength and UV absorbance, and in the resistance of water
vapor permeability. However, introduction of the nanoparticles into the matrix,
decreased the elongation at break and the thermal stability of the nanocomposites.

Chitosan and nanoparticle silver are both materials with demonstrated antimi-
crobial properties, therefore, Huang et al. [51] investigated the synergistic combi-
nation of chitosan acetate with nanoparticle silver. They suggested that a dressing
combining chitosan acetate with silver leads to improved antimicrobial efficacy
against fatal burn infections.

Chang et al. [25] used polysaccharides as stabilizers for the synthesis of mag-
netic nanoparticles. They prepared individually the superparamagnetic Fe3O4

nanoparticles with soluble starch, carboxymethyl cellulose sodium (CMC), and
agar as stabilizers. Since polysaccharides present the dynamic supramolecular
associations facilitated by inter- and intramolecular hydrogen bonding, they can act
as templates for the growth of nanosized Fe3O4. The resulting
polysaccharide-Fe3O4 was characterized by FTIR spectroscopy, TGA, TEM, XRD,
and magnetic properties. TEM revealed that Fe3O4 was encapsulated by polysac-
charides. The particle size of starch-Fe3O4 (SF) was obviously smaller than those
from CMC-Fe3O4 (CF) and agar-Fe3O4 (AF). TG analysis was used to calculate the
Fe3O4 contents of SF, CF, and AF—62.7, 47.8, and 57.4 %, respectively. The
saturation magnetization (20.43 emu/g) of AF was much lower than that of SF
(36.16 emu/g) and CF (35.75 emu/g). The polysaccharide-Fe3O4 exhibited an
extremely small hysteresis loop and low coercivity.

3 Quality Control or Assessments of Prepared
Nanobiocomposites

In polymer/fiber composites in the food packaging system, all testing and assess-
ment methods for nanobiomaterials should consider environmental degradation and
accumulation, environmental toxicology, and food safety.

1Antimony trioxide (Sb2O3) is the inorganic compound with melting point of 656 °C, and boiling
point of 1,425 °C. It is the most important commercial compound of antimony. It is found in nature
as minerals, valentinite and senarmontite.
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The study results of scientists and researchers on nanocomposites have revealed
clearly the property advantages that nanomaterial additives can provide in com-
parison to both their conventional filler counterparts and base polymer. In food
packaging, appropriately adding nanomaterials to a polymer matrix can enhance its
performance, by simply capitalizing on the nature and properties of the nanoscale
filler [38]. Understanding the effect of structure on the properties of nanobiocom-
posites is the key to obtain their design rules. To this end, it should be employed a
vast number of structural and compositional characterization techniques. In fact, the
large amount of reinforcement surface area of nanomaterials means that a relatively
small amount of nanoscale reinforcement can have an observable effect on the
macroscale properties of the nanocomposites. For example, adding some nanom-
aterials may improve the thermal conductivity, some of them may result in optical
properties, heat resistance, or mechanical properties. However, it is necessary to
assessment of prepared nanopackaging materials by various tests, depending on the
nanopackaging production aims, production method, specific application, and the
other factors. On the other hand, due to some disadvantages associated with
nanoparticle incorporation like toughness and impact performance properties
develop a better understanding of formulation/structure/property relationships
leading to better results.

However, both natural fibers/natural polymers and biocomposites/nanocom-
posites should be characterized by some different tests. For example, fibers char-
acterize by density, energy dispersive X-ray (EDX), X-ray diffraction (XRD),
Fourier transform infrared spectroscopy (FTIR), and scanning electron microscopy
(SEM), where as composites characterize by density, melt flow index (MFI),
mechanical tests (tensile, flexural, and impact), thermogravimetric analysis (TGA),
differential scanning calorimetry (DSC), field emission electron microscopy
(FE-SEM), water uptake analysis, and so on [53]. Some of the important tests such
as morphological characterization techniques and surface appearance; fundamental
aspects; mechanical properties (e.g., strength, modulus, and dimensional stability);
thermal stability and heat distortion temperature; permeability to gases, water, etc.;
flammability (flame retardancy and reduced smoke emissions); optical transparency
(optical clarity), chemical resistance; degradability of biodegradable nanocompos-
ites, etc. are mentioned in the following paragraphs.

3.1 Film Thickness

If the final product is in the film form, the film thicknesses should be measured. It
measures at several different points using a digital micrometer, and the average
value of these determinations calculates as a film thickness, in normal. This average
value may be used in other tests like to calculate the cross-sectional area of the
samples (the area is equal to the thickness multiplied by the width of each sample)
in mechanical tests.
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3.2 Mechanical Properties

The mechanical properties include many tests such as the tensile strength (TS) and
percent of elongation at break (%E), etc. Stress–strain mechanical properties of the
films evaluate using a universal testing machine, equipped with a certain load cell,
according to the conditions set by ASTM 882-09 method [12]. At least five
specimens, with a size of 600 × 10 mm, were cut from films. Before character-
ization, all film samples were conditioned at 25 °C and 57 % RH (a saturated NaBr
solution) relative saturation humidity (RH) for 72 h. The tensile strength calculates
by dividing the applied force needed to break a sample, by the cross-sectional area.
Percent elongation at break expresses as percentage of change of the original length
of a specimen between grips at break. The %E in the films is also a very important
characteristic, since it provides a flexibility index and shows the film capacity to
absorb large amounts of energy before breaking.

In general, the mechanical performance of nanocomposites depends on many
factors that are the keys of the interaction between nanofillers and matrix. Some of
these factors are below [50]:

1. The adhesion and compatibility between the polymer matrix and nanofillers,
2. Degree of dispersion,
3. Nanofillers efficiency in the stress tolerance,
4. The filler volume (weight) fraction,
5. The filler geometry (aspect ratio); aspect ratio is defined as the ratio of the

filler’s longitudinal length to its transverse length,
6. Orientation of fillers,
7. Degree of the matrix crystalline.

In mechanical terms, nanocomposites differ from conventional composite
materials due to the exceptionally high surface-to-volume ratio of the reinforcing
phase and/or its exceptionally high aspect ratio [84].

3.3 Water Vapor Permeability (WVP)

The WVP evaluates using the modified ASTM E96-95 desiccant method, also
known as “the test cell” [13].

3.4 Barrier Properties

The serious work on the barrier performance of nanobiocomposites is necessary.
The requirement for a packaging system is to maintain the freshness and safety of
food. The excellent gaseous barrier properties exhibited by nanocomposite polymer
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systems will result in their substantial use as packaging materials. For example,
incorporation of relatively small quantities of nanoclay materials improves the
gaseous barrier property of nanocomposites.

3.5 Electron Microscopy

The morphology of film samples can be observed with scanning electron micros-
copy (SEM) instrument after coating by gold under vacuum conditions. There are
different types of electron microscopy, for example, transmission electron micros-
copy (TEM) is used to characterize the nanocomposite morphology [2]. High
resolution transmission electron microscopy (HRTEM) is also an imaging mode of
the TEM that allows for direct imaging of the atomic structure of the sample.
HRTEM is a powerful tool to study properties of materials on the atomic scale, such
as nanoparticles. The contrast formation in HRTEM can only be explained by the
wave nature of electrons. In HRTEM a virtually planar electron wave transmits a
thin specimen (thickness <20 nm), in most cases a crystal [122]. In general,
scanning and transmission electron microscopy are two of the few techniques that
allow direct visualization of nanomaterials due to their high resolution.
Conventional sample preparation techniques coupled to SEM and TEM imaging
and (semi)automatic, threshold-based detection of NP in electron micrographs
allow the detection of the primary subunits of nanomaterials and measure the
physical characteristics of NP on a per particle basis. These include the size (dis-
tribution), shape, aggregation state, and the surface morphology of nanomaterials.
Different methods for TEM imaging and image analysis in two and three dimen-
sions were examined by Schneider et al. [85]. As an example, Fig. 2 shows SEM
micrographs for an apricot (variety 58-Shahroud) coated with chitosan nanoemul-
sion with two particle sizes of 21.8 and 43.1 nm.

Fig. 2 SEM micrographs for
an apricot (variety
58-Shahroud) coated with
chitosan nanoemulsion. Two
particle sizes, 21.8 and
43.1 nm can be seen here
[103]
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3.6 Nuclear Magnetic Resonance (NMR) Spectroscopy

NMR spectroscopy is a powerful and theoretically complex analytical technique
used to determine a compound’s unique structure. It identifies the carbon–hydrogen
framework of an organic compound. Of all the spectroscopic methods, NMR is the
only one for which a complete analysis and interpretation of the entire spectrum is
normally expected. Although larger amounts of sample are needed than for mass
spectroscopy, NMR is nondestructive, and with modern instruments good data may
be obtained from samples weighing less than a milligram. Using NMR and other
instrumental methods including infrared and mass spectrometry, scientists are able
to determine the entire structure of a molecule. In this method, experiments are
performing on the nuclei of atoms, not the electrons [64, 86].

3.7 Fourier Transform Infrared (FTIR) Spectroscopic
Analysis

FTIR spectroscopy is one of the most important tools used to analyze food pack-
aging films due to its sensitivity, relatively low cost, and speed [5]. Its applications
are not limited to analyzing the properties of petrochemical-based plastics, but can
also be used for biodegradable packaging films manufactured from polysaccharides
or protein sources. Few researchers have investigated the use of FTIR as an ana-
lytical tool for determining biodegradable film properties [124].

Figure 3, as an example, shows the spectra of the two prepared films by Asgari
et al. [9]. In their work, the nanocomposite LDPE with carbon nanotube films was
prepared by solution casting in boiling xylene.

Fig. 3 FTIR spectra of nanocomposite LDPE with carbon nanotube films, the right; FTIR spectra
of pure PE, the left [9]
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3.8 Atomic Force Microscopy (AFM)

AFM can be used to nondestructively characterize the three-dimensional structure
of food materials in the nanometer to 100 mm range, allowing the study of single
molecules as well as complex composite structures. AFM may be conducted in
ambient or fluid environments and requires minimal sample preparation. Studies in
solution allow imaging of a specimen in its hydrated state under a controlled
environment [45].

This technique allows measuring NPs in the Z-direction with a resolution in the
order of one nanometre and hence optimally complements electron microscopy
with the best resolution in the X- and Y-directions. The deflections of a cantilever
with a sharp tip (mechanical probe) are measured when scanning a surface con-
taining NPs. AFM can be operated in a number of modes, depending on the
application. These can be divided into static (also called contact) modes and a
variety of dynamic (or noncontact) modes where the cantilever is vibrated. As a
result, the topography (Z-direction) of a sample is represented in function of its X-
and Y-coordinates. In specific configurations, electric potentials can also be scanned
using conducting cantilevers [85].

3.9 X-Ray Diffraction (XRD)

XRD is used to identify intercalated structures in nanocomposites [2]. In fact, due to
the easiness and the availability of XRD, it is most commonly used to probe the
nanocomposite structure, especially for general polymer/clay nanocomposites.
However, the XRD can only detect the periodically stacked MMT layers; disor-
dered (bunched together but not parallely stacked) or exfoliated layers are not
detected. In general, in natural clay-filled polymers with favorable thermodynamics
for nanocomposite formation, the structure is characterized by a coexistence of
exfoliated, intercalated, and disordered layers. Figure 4 shows an example of XRD
pattern for CMC/PVA/Nanoclay films.

3.10 Flame Retardancy

Montmorillonite-based fillers, for instance, promote the flame retardancy of poly-
mers, across a wide range of different chemistries.

3.11 Optical Microscopy

Although this technique lacks the resolution to identify individual nanomaterials, it
is widely applied to assess suspensions for the presence of large aggregates of
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nanoparticles. When the optical signal of an NP can be amplified (e.g., when the
particles are autofluorescent or can be fluorescence labeled), optical microscopy can
be a valuable tool to examine the distribution of NPs in cells and tissues [85].

3.12 Thermal Stability

A polymer may be completely amorphous in the solid state, semicrystalline, or
perfectly crystalline. Amorphous polymers are characterized by a glass transition
temperature, Tg and crystalline polymers are characterized by a melting transition
temperature, Tm. When the polymer is cooled below the Tg temperature, it becomes
hard and brittle, like glass. Some polymers are used above their glass transition
temperatures, and some are used below [16, 18, 27]. However, there are some
equipments and methods to determine the thermal properties of composites such as
dynamic mechanical analysis (DMA), thermomechanical analysis (TMA), etc.
Thermo gravimetric analysis (TGA) and differential scanning calorimetry (DSC) are
the major techniques in thermal analysis. The objectives of calorimetric and gravi-
metric analysis of polymers are determination of two important thermal transitions
observed in polymers, glass transition (Tg) and melting (Tm). Both Tg and Tm are
important parameters, which serve to characterize a given polymer [102].

3.12.1 Thermo Gravimetric Analysis (TGA)

TGA is used to measure the mass or change in mass of a sample as a function of
temperature or time or both. Changes of mass occur during sublimation, evaporation,
decomposition, and chemical reaction, magnetic or electrical transformations [35].

Fig. 4 XRD pattern of a CMC/PVA/nanoclay thin films [105]
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TG curves show the component of samples (filler, matrix, plasticizer, etc.), due
to their chemical characteristics and molecular structure. So, it is good to recognize
the component in the composites. In TG, the change of a specimen mass is mea-
sured either absolutely in milligrams or relatively as a percentage of the starting
mass, and plotted against temperature or time. Plastics may change mass in one or
more steps. As shown in the Fig. 5, multistep TG curves often do not have a section
of curve over which the mass remains constant. In such cases, mi, the midpoint
between mB1 and mA2, is determined.

Figure 6 is an example of a two-step change of mass. Aside the TG curve, it
contains derivative thermogravimetry (DTG) curve, which can be used to establish
mi, the smallest value on the curve between the two steps. The peak maximum TP on
the DTG curve represents the inflection point of the TG curve and thus the tem-
perature of maximum rate of change of mass. This value is often used in practice for
comparison purposes because evaluation is simple and reproducible [35].

3.12.2 Differential Scanning Calorimetric (DSC)

DSC is a well-established technique in which a sample is either heated or cooled
while its temperature is monitored. Simultaneously, a reference sample located
within the same chamber is also monitored. The temperature difference between the
two samples is recorded and plotted. Any difference between the two specimens is a
result of heat generation or absorption within the specimen because of

Fig. 5 TG curve example [35]; TA onset temperature/time, TB end temperature/time, TC midpoint
temperature/time, ms starting mass, mf final mass, mi midpoint between mB1 and mA2
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polymerization or a phase change. Thus, this technique is used for monitoring the
polymerization process, as well as determining the extent of crystallization of a
sample [67]. On the other hand, calorimetry is a technique for determining the
quantity of heat that is either absorbed or released by a substance undergoing a
physical or a chemical change. Such a change alters the internal energy (enthalpy,
ΔH) of the substance. Processes that increase ΔH such as melting, evaporation, or
glass transition are said to be endothermic while those that lower ΔH such as
crystallization, progressive curing, decomposition are called Exothermic [35].
Figure 7 shows a schematic diagram of a DSC curve.

Fig. 6 An example of a two-step change of mass [35]; ML1, ML2 loss of mass and TP1, TP2, Peak
temperature on the DTG curve

Fig. 7 Schematic diagram of a DSC curve [35]
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3.13 Microbiology

The antimicrobial activity determines by using the different standard methods such
as the Japanese industrial standard test (JIS Z 2801:2000), [4]. In this method,
briefly, the test samples were placed in petri dishes and inoculated with 0.4 ml of a
bacterial culture containing 105–106 CFU/ml. The inoculum was covered with a
polyester film (X-131 transparent copier film; Folex Imaging), and the petri dishes
were incubated at 37 °C for 24 h in a humid chamber to prevent desiccation. After
the incubation period 20 ml of extraction solution (0.1 % [vol/vol] Tween 20,
145 mM sodium chloride, 20.5 mM sodium phosphate; pH 7.4) was added to the
petri dishes and shaken for 2 min. Subsequently, serial dilutions of the extraction
solution were spread on agar plates in triplicate and incubated at 37 °C overnight.
Colonies were counted visually, and the numbers of CFU per sample were deter-
mined. The activity value was calculated from the mean value for the individual
samples by subtraction of the log value determined for the test sample from the log
value determined for the control.

3.14 Migration

Although nanotechnology or NPs have the potential to bring significant benefits to
both the industry and consumers, they may also introduce potential risks for human
health and the environment. Due to their small size, surface reactivity, and trans-
location possibility across biological membranes as well as potential interactions of
NPs with the surrounding matrix and unexpected effects resulting from this specific
data for risk assessment purposes are required [52]. The transfer of constituents of
the food contact materials into the food is called migration. The main risk of
consumer exposure to NPs from food packaging is likely to be through potential
migration of NPs into food and drink. However, migration experimental data are
not currently available, despite the fact that a number of food packaging types
containing NPs are already available and in commercial use in some countries [48].
To ensure the protection of the health of the consumer and to avoid adulteration of
the foodstuff, two types of migration limits have been established in the area of
plastic materials [10]:

1. An overall migration limit (OML) of 60 mg (of substances)/kg (of foodstuff or
food simulants) that applies to all substances that can migrate from the food
contact material to the foodstuff,

2. A specific migration limit (SML) which applies to individual authorized sub-
stances and is fixed on the basis of the toxicological evaluation of the substance.

Simon et al. [89] presented a physicochemical perspective on the potential
migration of engineered nanoparticles (ENPs) from packaging to food based
on evaluation of the average distance traveled by ENPs in the polymer matrix.
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The study has taken into account physicochemical properties of both ENPs and
packaging polymers. From the properties, some general characteristics underpin-
ning ENP migration can be predicted. The results indicate that any detectable
migration of ENPs from packaging to food will take place in the case of very small
ENPs with a radius in the order of 1 nm, from polymer matrices that have a
relatively low dynamic viscosity, and that do not interact with the ENPs. These
conditions are likely to be met in the case of nanocomposites of silver with poly-
olefins (LDPE, HDPE, PP). It can also be predicted that there will not be any
appreciable migration in the case of bigger ENPs that are bound in polymer
matrices with a relatively high dynamic viscosity such as polystyrene and poly-
ethylene terephthalate. They concluded that only nanoparticles of 1 nm may diffuse
from packaging material to food, bigger particles did not migrate. A study by
Avella et al. [10] showed that there is no increase in mineral (Fe and Mg) content of
the vegetables when the vegetables (lettuce and spinach) were in contact with
starch/clay nanocomposite films.

Silver migration from the PLA containing a silver-based layered silicate films to
a slightly acidified water medium, considered an aggressive food simulant, was
measured by stripping voltammetry. Silver migration accelerated after 6 days of
exposure. Nevertheless, the study suggests that migration levels of silver, within the
specific migration levels referenced by the European Food Safety Agency (EFSA),
exhibit antimicrobial activity, supporting the potential application of this biocidal
additive in active food packaging applications to improve food quality and
safety [22].

3.15 Statistical Analysis

In general, it is necessary using of a statistical method for analyzing the obtained
data. For example, one-way, two-way, or N-way analysis of variance at a signifi-
cance level of α = 0.05 or α = 0.01 usually apply to the data. In case of significance,
the Tukey or the other multiple comparison methods can be concerned. Nowadays,
there are many statistical softwares that can be also used.

4 Conclusions and Future Perspective

In the last decades there has been a significant increase in the amount of plastics
being used in various sectors, particularly in food packaging applications. Plastics
technology have enormous advantages, such as thermosealability, flexibility in
thermal and mechanical properties, and they permit integrated processes, lightness,
and a low price. Although technology has vast potential, it presents huge challenges
too. The chief limitation of polymers being their inherent permissiveness to the
transport of low molecular weight components, which leads to issues such as
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food oxidation by penetration of oxygen, migration of toxic elements from the
plastic, and scalping of food components on the packaging with the consequent
losses in food quality and safety attributes. In addition, the substantial increase in
the use of plastics has also raised a number of environmental concerns from a waste
management point of view. As a result, there has been a strong research interest,
pushed by authorities at national and international levels, and a concomitant
industrial growing activity in the development and use of biodegradable and/or
biobased materials. Inherent shortcomings of natural polymer-based packaging
materials such as low mechanical properties and low water resistance can be
recovered by applying a nanocomposite technology. Polymer nanocomposites
exhibit markedly improved packaging properties due to their nanometer-size dis-
persion. These improvements include increased modulus and strength, decreased
gas permeability, and increased water resistance. Additionally, biologically active
ingredients can be added to impart the desired functional properties to the resulting
packaging materials. Consequently, natural biopolymer-based nanocomposite
packaging materials with biofunctional properties have an enormous potential for
application in the active food packaging industry. However, in order to extend the
degree of utilization of nanobiopolymers, future research has to focus on the pro-
duction of nanomaterials based on proteins, polysaccharides, lipids, and/or their
mixing with/without the other synthetic or natural polymers/natural fibers in the
packaging industry specially in active packaging.
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Bionanocomposites for Magnetic Removal
of Water Pollutants

F.L. Sousa, A.L. Daniel-da-Silva, N.J.O. Silva and T. Trindade

Abstract Magnetic separation in water remediation processes is of great interest in
current environmental technologies. An important aspect in this field has been the
development of efficient sorbents for water purification units, namely by exploiting
other functionalities that might originate more sustainable technologies. This
chapter describes the state-of-art on the chemical preparation of magnetic sorbents
comprising inorganic particles and biopolymer matrices. Fundamental aspects
related to nanoparticle synthesis of iron oxides and nanomagnetism will be first
addressed. The use of these particles in biopolymers matrices such as polysac-
charides will be then reviewed as an innovative strategy aiming at production of
eco-friendly sorbents for magnetic separation.

Keywords Biopolymers � Magnetic nanoparticles � Bionanocomposites �
Magnetic separation

1 Introduction

Water is the most essential resource for life. The population growth and fast
development of industrialization and intensive agricultural activities has increased
the demand for treated water. Contamination of surface and ground waters by effluent
discharges has become a critical environmental issue and attracted global concern
over the past years [3, 71, 96]. Heavy metal ions, dyes, phosphates and nitrates,
radioactive species, and pharmaceuticals are examples of water contaminants [3].
These contaminants can compromise the integrity of ecological cycles and have an
impact on human health through drinking water and by integration in the food
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chain, causing serious health and environmental effects, which may include carcin-
ogenicity, reproductive impairment, developmental and immune system changes,
and endocrine disruption [3, 91].

Consequently, water treatment has been a subject of paramount importance that
nowadays requires more sustainable technologies. In order to provide long-term
high quality water or to enable water recycling, there has been research in alter-
native remediation processes, for example, involving chemically modified nano-
meter sized adsorbents, ion exchangers, or systems that can also be of interest for
bioapplications [3, 71, 96]. Various materials have been used for these purposes
such as activated carbon, clays, siliceous materials, zeolites, and biopolymers
[1, 9, 32, 74, 92] among others. However, in some cases the applications have been
limited by the associated costs, regeneration, and limited cycles of application,
among other factors. Alternatively, the use of low-cost and eco-friendly sorbents
composed of natural polymers has gained significant interest over the recent years
owing to their unique intrinsic properties such as biodegradability, easy availability,
flexibility, easy processing, and impressive physico-mechanical properties [92-88].
These biopolymers are renewable materials, environmentally friendly, generally
nontoxic, biodegradable, and combine excellent functional properties [24]. The
combination of magnetic nanoparticles (MNPs) and biopolymers can lead to bio-
nanocomposites responsive to external magnetic stimuli [17]. Although magnetic
properties have been extensively exploited in magnetically driven drug transport for
target delivery, they can also be relevant for magnetic separation of water pollutants
[96, 18, 67]. Other properties of magnetic bionanocomposites are equally important
for their successful application as sorbents in water treatment. Among these, spe-
cific surface area, particle size, pore diameter, morphology, and chemical surface
functionalization are particularly relevant [71]. High adsorption capacities are
associated to sorbents with effective high specific surface areas and the required
functional groups for interaction with target contaminants [3].

This chapter provides an overview of the literature disclosed in the past decade
in the field of magnetic biocomposites for water treatment applications. Emphasis is
given to the most common methodologies for preparation of magnetic composites
of polysaccharides and to studies devoted to the above-mentioned applications.
Some general concepts on the magnetic properties of magnetic nanoparticles
(MNPs) are summarized, considering the specific properties required for magnetic
separation.

2 Magnetic Polysaccharide Composites

A magnetic bionanocomposite is defined here as a material comprising magnetic
nanoparticles dispersed in a biopolymer matrix. The performance of such materials
in the context of sustainable nanotechnologies has attracted global interest in recent
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years, leading to extensive research into their synthesis and subsequent applica-
tions. In particular, polysaccharides have been commonly used for coating MNPs,
including chitosan, dextran, alginate, agarose, carrageenan, gum Arabic, cellulose
derivatives, and starch. Table 1 lists polysaccharides commonly used to prepare
magnetic biocomposites in the context of environmental applications and the
respective structural formulae are shown in Fig. 1. Nanoparticles coated with such
biopolymers generally possess high adsorption capacities, rapid adsorption rates,
even when present in low amounts and at short equilibrium times, and in certain
conditions can be reusable [24].

2.1 Preparation Techniques of Magnetic Bionanocomposites

Herein we draw our attention to preparative routes for production of magnetic
bionanocomposites composed of biopolymers and magnetic nanoparticles. This
section starts to outline some chemical methods of iron oxide MNPs that are often
used as fillers in composite materials envisaging water treatment procedures. The
preparative routes for magnetic bionanocomposites are then reviewed, by distin-
guishing preparative methods that are based in blends of the components from those
in which the MNPs are produced in situ.

2.1.1 Inorganic Nanoparticles

Among the most used MNPs, magnetite (Fe3O4) and maghemite (γ-Fe2O3) have
sparked great interest in water treatment research [96, 39, 84]. These iron oxides
show biocompatibility, low toxicity, size tuned magnetic behavior, and possibility
to up-scale synthesis [71, 18, 36]. Several synthetic methods are available for
preparation of iron oxide nanoparticles with appropriate size and distribution, these
include: co-precipitation of Fe(II) and Fe(III) salts, hydrolysis and thermolysis of
iron containing precursors, chemical reactions in microemulsions, hydrothermal

Table 1 Polysaccharides commonly used in the preparation of bionanocomposites

Polymer Source Ionic character Functional groups

Agarose Marine red algae Neutral OH

Alginate Brown algae Anionic OH, COO–

Carrageenan Red seaweeds Anionic OH, OSO3
–

Chitosan Shelfish and fungi cell wall Cationic OH, NH3
+

Dextran Produced by lactic acid bacteria Neutral OH

Gum arabic Acacia tree Anionic OH, COO–

Gum kondagogu Cochlospermum gossypium tree Anionic OH, COO–

Starch Green plants Neutral OH
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synthesis, sonochemical reactions [20, 43, 48]. By reaction of Fe3O4 with other
cations such as Ni(II), Mn(II) and Co(II), ferrites with the general formula MFe2O4

can be obtained, which gives additional tools to tune the magnetic properties
accordingly to the envisaged application [35, 42, 80]. A telegraphic description of
the methods most used to prepare iron oxide nanoparticles is given below.

Co-precipitation

This is a widely used method to obtain iron oxide particles from mixtures of ferrous
and ferric salts in aqueous basic medium [48]. The method involves the dissolution
of a mixture of FeCl3·6H2O and FeCl2·4H2O in water under nitrogen atmosphere

Fig. 1 Structural formulae of common polysaccharides
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with vigorous stirring at 70–85 °C and the subsequent addition of ammonia, leading
to the formation of a dark precipitate [11, 55]. Although adaptations of this method
have been employed, its simplicity and environmental friendly characteristics have
made this process an elective method to prepare magnetite in aqueous medium.

Thermolysis of Precursors

The thermal decomposition of iron containing precursors in organic solvents of
high boiling point temperature has been used to prepare crystalline iron oxide
nanoparticles with narrow particle size distribution. Indeed, this method allows
significant control of the mean size, size distribution, and provides organically
protected surfaces. The reaction conditions, such as solvent, temperature, and time,
are experimental parameters that can be used to adjust the final properties of the
nanoparticles. Examples of precursors that have been used in this context include
iron pentacarbonyl, Fe(CO)5; iron(III) acetylacetonate, Fe(C5H7O2)3; iron(III)
acetate, Fe(CH3CO2)3, and iron(III) tri-(N-nitrosophenylhydroxyl-amine), i.e.,
Fe(cupferron)3 [80, 11, 55].

Microemulsions

This method involves the use of surfactants to stabilize fine droplets of water
dispersed in a nonpolar solvent. Iron salts are dissolved in water nanodroplets that
are protected from the surrounding organic medium by the surfactant layer. Thus,
these systems act as structured nanoreactors for synthesizing nanoparticles, proving
a confined environment that limits particle nucleation and growth. A great advan-
tage of this method is the diversity of NPs that can be obtained, both in terms of
chemical composition and morphological features, by varying the chemical reac-
tants, nature and amount of surfactant/cosurfactant, the oil phase, and the reacting
conditions. For instance, MnFe2O4 nanoparticles with controllable sizes between 4
and 15 nm have been synthesized through the formation of water-in-toluene inverse
micelles using sodium dodecylbenzenesulfonate (NaDBS) as surfactant [11, 55].

Hydrothermal Reactions

Hydrothermal syntheses have been used to prepare a broad range of MNPs. The
reactions occur in aqueous media usually in autoclaves where the pressure can be
higher than 2000 psi and the temperature can be above 200 °C. The two main routes
for formation of magnetite via hydrothermal conditions involve forced hydrolysis of
iron salts and thermolysis of mixed metal hydroxides. Hydrothermal reactions
generally give high crystalline materials but surface capping is limited. Also,
caution should be taken in the selection of the iron precursors that will be submitted
to high pressure and high temperature reacting conditions. This method can be
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extended to formation of other MNPs, thus CoFe2O4 nanoparticles with average
size of 12 nm have been prepared by this route [11].

2.1.2 Magnetic Bionanocomposites

The preparation of magnetic bionanocomposites has involved two main approa-
ches, the synthesis of MNPs in the presence of biopolymers (in situ) or blending of
previously prepared MNPs with biopolymers (ex situ). Examples of both strategies
are listed in Table 2. The synthesis in situ allows more intimate dispersion of the
MNPs within the polymer matrix but control over their size and shape is limited,
which in certain conditions can be crucial because nanoparticles have size and
shape-dependent magnetic properties. In this situation, the biopolymer encapsula-
tion of synthesized MNPs is an interesting alternative. Polysaccharide-based
composites can be produced in the form of macroscopic networks (“bulk nano-
composites”) or confined to smaller dimensions ranging the micron- to nano-metric
range [18, 11]. In the latter, a variety of morphologies can be obtained depending
on the preparation method employed but magnetic core–polymer shell and mag-
netic multi-cores homogeneously dispersed within the polymer matrix have been
common structures (Fig. 2). Table 2 lists a number of magnetic sorbents used for
water treatment procedures.

In situ preparation of magnetic bionanocomposites

In this strategy, magnetic bionanocomposites are prepared by promoting the syn-
thesis of magnetic nanofillers in the biopolymer matrix. For example, polysac-
charides possess functional moieties such as hydroxyl, carboxyl, and/or amine
groups, which in aqueous solutions have the ability to interact with metal cations
via electron rich donor atoms, which can act as nucleation sites. The cavities in the
polymer network offer constrained environments that limit the growth of the in situ
formed particles. The functional groups of the biopolymer present variable affinity
for specific metallic ions and may determine the characteristics of the resulting
inorganic phase [18, 19]. Although the one-step synthesis is relatively simpler and
less time-consuming, magnetic bionanocomposites prepared by one-step proce-
dures have been less reported. A few examples are outlined below that illustrate the
usefulness of this preparative strategy.

Gum Kondagogu, an acetylated polysaccharide, was successfully used in
co-precipitation of iron salts in aqueous solutions containing such biopolymer. The
native gum contains various functional groups that facilitate the entrapment of
MNPs within the biopolymer network by facilitating surface interactions.
Transmission Electron Microscopy (TEM) images of these nanocomposites
revealed spherical aggregates containing Fe3O4 nanoparticles with sizes ranging
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Table 2 Magnetic bionanocomposites employed as sorbents in water treatment techniques

Biopolymer MNP Method References

Alginate γ-Fe2O3 ex situ Rocher et al. [75]

Ngomsik et al. [60]

Rocher et al. [76]

Idris et al. [40]

Bee et al. [8]

Fe3O4 ex situ Tripathi et al. [89]

Lee et al. [49]

NixZn1-xFe2O4 ex situ Mahmoodi et al. [58]

CoFe2O4 ex situ Ai et al. [2]

Carrageenan Fe3O4 ex situ Salgueiro et al. [78]

in situ Mahdavinia et al. [57]

Cellulose γ-Fe2O3 ex situ Luo et al. [56]

Fe3O4 ex situ Shi et al. [81]

Carboxymethyl-β-cyclodextrin Fe3O4 ex situ Badruddoza et al. [5]

Chitosan Fe3O4 ex situ Liu et al. [52]

γ -Fe2O3 in situ Zhou et al. [105]

γ-Fe2O3 ex situ Zhou et al. [100]

ex situ Fan et al. [28]

Fan et al. [27]

Paulino et al. [63]

Zhou et al. [102]

Zhou et al. [103]

Chen et al. [14]

Zhou et al. [104]

Liu et al. [53]

Obeid et al. [61]

Jiang et al. [44]

Zhu et al. [106]

Zhu et al. [107]

Zhu et al. [108]

Guar gum Fe3O4 ex situ Yan et al. [97]

Gum arabic Fe3O4 ex situ Paulino et al. [64]

Banerjee et al. [7]

Gum ghatti Fe3O4 ex situ Mittal et al. [59]

Gum kondagogu Fe3O4 in situ Saravanan et al. [79]

Sesbania gum Fe3O4 ex situ Lan et al. [46]

Humic acid Fe3O4 ex situ Peng et al. [65]

Liu et al. [54]

Yang et al. [98]
(continued)
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8–15 nm [79]. Magnetic iron-oxide nanoparticles have also been synthesized by
in situ co-precipitation in the presence of other biopolymers such as carrageenan
[57], chitosan [100, 14] and chitin/alginate [50]. Carrageenans, which are sulfated
polysaccharides, were employed as stabilizers in the synthesis of magnetite nano-
particles via co-precipitation of ferric and ferrous ions and subsequent biopolymer
cross-linking with K+ ions [57], see Fig. 3. The composite beads have coarse and
undulant surfaces with cubic-shaped sections, and contain Fe3O4 nanoparticles of
sizes in the 3–7 nm range. The synthesis of magnetite nanoparticles in a chitosan
matrix was prepared using W/O microemulsions containing chitosan and an Fe(II)
salt [100]. The magnetic biocomposite was then treated with epichlorohydrine and
grafted with ethylenediamine, in order to increase the extension of –NH2 func-
tionalization, hence increasing the adsorption capacity for anionic dyes via
hydrogen bonding with protonated amine groups.

In another study, Chen et al. prepared Fe3O4-chitosan macroscopic beads with
spherical shape of approximately 1 mm diameter by the in situ co-precipitation of
Fe2+ and Fe3+ in the presence of chitosan [14]. Similarly, magnetic chitin/alginate
beads were prepared in situ by promoting ionic cross-linking between the oppo-
sitely charged biopolymer chains, leading to iron oxide nanoparticles (30 nm
average) uniformly dispersed and immobilized in the polymer matrix [50].

Table 2 (continued)

Biopolymer MNP Method References

Pectin Fe3O4 ex situ Gong et al. [33]

Rakhshaeea et al. [70]

Poly(γ-glutamic acid) Fe3O4 ex situ Inbaraj et al. [41]

Polydopamine Fe3O4 ex situ Zhang et al. [99]

Starch Fe3O4 ex situ Pourjavadi et al. [68]

Fig. 2 Magnetic core–polymer shell (left) and magnetic multi-cores homogeneously dispersed in
a polymer bead (right). Adapted from [71]
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Blending of magnetic nanoparticles with biopolymers

The ex situ method involves blending of MNPs with the biopolymer using a variety
of methods which can be just the simple mixture of components or by inducing
changes in the biopolymer, such as a cross-linking step. Typically, magnetite
(Fe3O4) or maghemite (γ-Fe2O3), and more rarely a ferrite (MFe2O4), are obtained
by synthesis methods such as those described in Sect. 2.1.1. In a second step, the
MNPS are dispersed into the bulk biopolymer or its solutions, and the final com-
posite is usually obtained by precipitation or cross-linking [71]. Surface modifi-
cation of the MNPs and/or the biopolymer chains can be applied in order to ensure
homogeneity of the final composite.

Alginate, a natural polysaccharide extracted from brown seaweed, was used as
matrix to prepare magnetic bionanocomposites containing γ-Fe2O3 nanoparticles and
activated carbon (AC), using Ca2+ ions as cross-linking agents. The resulting com-
posite has shown spherical particles with an average diameter of 2.8 mm [76]. This
route was also used to prepare macroscopic alginate beads containing cobalt ferrite
and AC, which in the swollen state have an average diameter of about 2 mm. The

Fig. 3 Schematic representation of the preparation of magnetic κ-carrageenan beads. Reprinted
with permission from [57]. Copyright 2014 Springer
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magnetic beads exhibited an egg-like morphology with a wrinkle and porous surface,
which are characteristics that can improve the uptake of certain pollutants [2].

κ-Carrageenan coated Fe3O4 nanoparticles have been prepared by K+ ions
cross-linking of carrageenan chains in the presence of magnetite [78]. Acid treated
and nontreated MNPs were used in order to vary the surface chemistry of the
nanofillers. It was found that the bionanocomposites prepared with acid treated NPs
appeared less aggregated and more homogeneously coated with the polysaccharides
(Fig. 4). Acid treatment renders the surface charge of the MNP positive, thus
promoting a more homogeneous dispersion in the anionic polymer. These com-
posites were effective in the removal of methylene blue from aqueous solutions.

Chitosan-coated magnetic nanoparticles prepared by ex situ methods have been
extensively reported in the literature (Table 2). Usually the preparation of magnetic
chitosan composites is achieved by employing either cross-linking or precipitation
methods. Zhu et al. [107] reported the preparation of crosslinked chitosan/γ-Fe2O3

using W/O microemulsions and glutaraldehyde as cross-linking agent. The final
composite appeared as polydispersed microparticles whose average sizes range
between 2 and 10 μm. Jiang et al. [44] prepared millimeter-sized γ-Fe2O3/chitosan

Fig. 4 TEM micrographs of a bare Fe3O4 NPs, b acid-treated Fe3O4 NPs, c coated Fe3O4 NPs and
d coated acid-treated Fe3O4 NPs. Adapted with permission from [78]. Copyright 2013 Elsevier
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beads with variable content in MNPs, which influenced the removal capacity of the
composites toward Cr(VI). The composites exhibited superparamagnetic behavior
and were collected from the solution by application of an external magnetic field.
Magnetic chitosan biosorbents composites containing graphene oxide [27, 28] and
multi-walled carbon nanotubes have been reported [108]. The incorporation of
multi-walled carbon nanotubes enhanced the adsorption capacity of the composites
and also improved their mechanical properties [108].

One-step coating of Fe3O4 nanoparticles with cellulose and chitosan was per-
formed using ionic liquids as solvents [52]. Cellulose was used here as a blending
agent for chitosan, leading to materials (average size 200 μm) with superior
mechanical strength as well as to improve chemical stability in acidic medium. On
the other hand, the chitosan coating prevented particle agglomeration and also
provided free amine groups for coordination to aqueous heavy metal ions.
Magnetite cellulose/graphene oxide composites were prepared using a
co-precipitation method [81]. By loading cellulose with Fe3O4 NPs and GO, a
rough texture at the surface of the matrix was achieved, which improved the
sorption capacity of the composite in the magnetic removal of an azo dye.

Humic acid (HA) coated Fe3O4 nanoparticles were synthesized by
co-precipitation method [98] leading to a core–shell type structure. The Fe3O4@HA
particles appeared as spheroidal shaped with nearly uniform sizes. HA coating sig-
nificantly enhanced the dispersion of Fe3O4@HA particles in solution compared to
bare MNPs (Fig. 5).

3 Magnetism Aspects on Water Treatment Separation
Technologies

3.1 General Principles of Magnetic Separation

Magnetic separation concerns overcoming a viscous flow and the associated drag
force by application of a magnetic force. In the context of micro- and nano-objects,

Fig. 5 TEM micrographs of a bare Fe3O4 NPs and b Fe3O4@HA NPs. Adapted with permission
from [98]. Copyright 2012 American Chemical Society
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forces associated to the mass (inertial forces) are in general negligible. In other
words, such objects move within a low Reynolds number environment [69]. Thus,
by removing the external (magnetic) force, MNPs will immediately stop or, in
general, follow the original flow.

Magnetism can be mostly described as an interaction between dipoles, in the
present case that of the magnetic particle and that of the external magnet producing
a magnetic induction B. The distance between both is quite large compared to the
atomic distance and therefore their interaction is solely Coulombic. This interaction
has two effects: a torque that tends to align the dipoles and an attractive force that
tends to bring together the dipoles.

~Fm ¼ ~l � rð Þ~B
~s ¼~l�~B

ð1Þ

where μ is the moment of the dipole. It follows that magnetic separation occurs
when this magnetic force is equal or larger than the drag force

~Fd ¼ 6pgRD~v ð2Þ

When the magnetic and drag forces are equal, the difference between the
velocity of the nanoparticle and that of the fluid can be expressed as [62]

D~v ¼ R2Dv
9l0g

r ~B �~B� � ð3Þ

In Eq. 3, the relevant parameters are the radius (R) of the magnetic nanoparticle,
the difference between the susceptibility of the nanoparticle and that of the (dia-
magnetic) fluid (Δχ), and the fluid viscosity (η). Equation 3 has essentially a term
associated to the magnetic properties of the system where separation occurs
R2Dvð Þ= 9l0gð Þ and another term associated to the system producing the external
magnetic force r ~B �~B� �

; both can be optimized to achieve an efficient magnetic
separation. Concerning the properties of MNPs, in general, larger particles with
higher magnetic susceptibility yield larger velocities. For the case of MNPs with
polymer coating, Eq. 3 can be rewritten as

D~v ¼ R3
mDv

9l0gRt
r ~B �~B� � ð4Þ

where Rm is the radius of the magnetic nanoparticle and Rt is the total radius of the
particle, such that a thicker polymer coating leads to smaller velocity difference.

Neodymium Iron Boron (NdFeB) magnets are currently the common choice to
apply the external field. The ~B field produced by such a magnet bar is depicted in
Fig. 6, showing an increase of ~B and its gradient when approaching the magnet
pole; this increase is larger between points A and C (Fig. 6, right). More
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sophisticated systems using a combination of magnets yielding different field gra-
dient profiles are also used. Another strategy is the use of micrometer sized fer-
romagnetic wires as a way of locally increasing the magnetic field gradient [73].

Equation 1 shows that the magnetic force is associated to the magnetic field
gradient produced by a dipole.1 As such, the MNPs will tend to move toward higher
magnetic field values, usually placed at the top of the magnet (as shown in Fig. 6).
In fact, the magnetic nature of a given material, diamagnetic, paramagnetic, or
ferromagnetic is usually defined by the effect caused by an external magnetic field
gradient, if it is repulsive, attractive, or strongly attractive, respectively. The media
is usually diamagnetic and for superparamagnetic nanoparticles (to be defined
below), the MNPs are attracted by the magnetic field gradient and the fluid is
slightly repulsed. This is the reason why in Eq. 3 a relevant parameter is the
difference between the susceptibility of the magnetic material and the media.
Although magnetic forces occur only in the presence of magnetic field gradients,
magnetic susceptibility χ is usually defined as the linear response of a magnetic
material in the presence of a small external field H constant in space

M ¼ vH ð5Þ

As stated above, in this situation torques will be developed and susceptibility
quantifies the magnetization of the material that is aligned with the applied external
field, i.e., it quantifies how large is the response of the stimuli to the field. A high
and positive susceptibility means that a large dipolar moment appears in the
direction of the field for a given field value, while a negative susceptibility means

Fig. 6 Left color map of a typical magnetic induction created by a permanent magnet bar. Arrows
show the direction and relative intensity of ~B while continuous lines represent the magnetic flux
lines. Simulation performed using QuickFieldTM Student Edition 6.0.1.1521 by Tera Analysis Ltd
using typical parameters of Neodymium Iron boron permanent magnets (1.5 × 5 cm bar,
HC = 1000 kA/m, mr = 1.05). Right graph showing the dependence of the component of ~B along
x between points A and C (Bx, open symbols, left scale) and the associated dependence of the term
related to the magnetic force r ~B �~B� � ¼ @B2

x

�
@x (full symbols, right scale)

1A constant magnetic field would just produce a torque.
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that a dipolar moment appears in the opposite direction. Note also that we started by
indistinguishably calling both the external field and the nanoparticle as ‘dipoles’. In
fact, they are similar in nature and magnetization of the material and intensity of the
magnetic field are both a measure of the intensity of those dipoles and thus it is
expectable that at magnetization and external field have equivalent units such that
(volume) magnetic susceptibility is a dimensional.

3.2 Magnetic Nanoparticles for Separation Technologies

In certain situations, the atomic (ionic) magnetic moments of neighboring atoms
(ions) tend to align. The origin of this alignment is in the quantum mechanical
exchange integral, often introduced in the discussion of the hydrogen molecule
[34], where it can be noticed that there is an energy difference between a sym-
metrical wave function and an antisymmetrical function, each one corresponding to
a singlet spin and a triplet spin state, respectively. The singlet corresponds to an
antiparallel (antiferromagnetic) coupling of spins, while the triplet corresponds to a
parallel (ferromagnetic) coupling. In certain conditions, ferromagnetic and anti-
ferromagnetic coupling leads to cooperative phenomena and properties including
large magnetic moments, net magnetic moments in the absence of an external field,
and hysteresis. Such phenomena occur in the case of ferromagnetic interactions and
also in the case of antiferromagnetic ones, particularly when the magnitude of the
coupling spins is different (as in the case of magnetite) or where the number of spins
in one direction is larger than that of the opposite direction (as in the case of
maghemite).

However, exchange is a short-range interaction and observation of cooperative
phenomena depends on a number of factors. First, ordering can be destroyed by
thermal fluctuations. Second, macroscopic ordering is favored by exchange inter-
action but is unfavoured by the magnetostatic energy associated with the creation of
two macroscopic magnetic poles. In fact, if we take two magnetic bars into close
proximity they will collapse coupling their opposite poles in order to reduce the
magnetostatic energy associated to the two “isolated” magnetic poles. Third, the
global energy balance has at least another important term: the anisotropy energy.
This means that the energy of the system depends on the relative direction between
the spins and specific directions of the material. Anisotropy energy can have dif-
ferent origins, being the most relevant magnetocrystalline and shape anisotropy.
The magnetic state of a material will depend, in this simple description, on the
balance between exchange, magnetostatic, and anisotropy energy. If anisotropy and
exchange energy dominate, the system will behave as a permanent magnet. If
magnetostatic energy dominates, the material will break into magnetic domains
such that inside each domain the spins point in the same direction while different
domains are oriented in different directions, usually forming close loops (Fig. 7a).
In the case of materials forming multiple domains (such as bulk magnetite and
maghemite, for instance), size changes this energy balance. Unlike magnetostatic
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energy, exchange is a short-range energy, dominating at small sizes. This means
that below a given size, the system is always a single magnetic domain (Fig. 7b).
This characteristic size is in the nanometric range for many materials and it is one of
the key features of magnetic nanoparticles: they are intrinsically monodomains
(nanodipoles). These nanoparticles are said to be superparamagnets since they are a
sort of one giant classic paramagnet.

Although magnetic nanoparticles do not break into domains, the nanodipoles
may have a direction fixed in space or fluctuate. The nanodipole, i.e., the magnetic
moment of the nanoparticle has an intrinsic dynamic character (it fluctuates) and the
fact that the direction is fixed in space or not depends on the relation between its
relaxation time and the observation time window associated with a given experi-
ment. Here, relaxation may occur between directions where anisotropy energy is
minimum (the easy axis, where the dipole lies most of the time) which are separated
by directions where anisotropy energy is maximum (hard directions). If the dipole is
trapped in an easy axis and is not able to overcome hard axis and visit different easy
directions within the observation window, the nanoparticle is said to be blocked and
behaves as a nano permanent magnet. Therefore, a system composed of such
nanoparticles has a nonzero net magnetization in the absence of an external field
(nonzero remanence), which implies that an opposite field (the coercive field) is
necessary to bring this net magnetization to zero. Otherwise, if the dipole is able to
cross the anisotropy energy barrier and visit different easy axis, it is said to be
unblocked, being remanence and coercivity zero. The nanoparticle is then no longer

Fig. 7 a Color map of a typical magnetic induction created by a cubic magnetite bulk sample
arbitrarily broken into four magnetic domains. Arrows show the direction and relative intensity of
~B, while continuous lines represent the magnetic flux lines. Note that the induction outside the
sample and the net magnetization of the sample are negligible. Yet, inside each domain the
magnetic moments are aligned and the magnetization is not zero. b Similar map created by a
magnetite single domain particle, where induction outside the sample is now visible and the net
magnetization of the particle is not zero. Simulation performed using QuickFieldTM Student
Edition 6.0.1.1521 by Tera Analysis Ltd using typical parameters of magnetite (HC = 50 kA/m,
mr = 5)
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a permanent magnet but other interesting magnetic properties arise. Many times in
the literature, these are the nanoparticles termed superparamagnetic.

The fluctuation between easy axis over hard axis is usually a thermally activated
process that follows an Arrhenius relation, termed Néel-Arrhenius law in this
context

sN ¼ s0 exp
Ea

kBT

� �
ð6Þ

This equation gives the expected relaxation time of the nanoparticle (τΝ) for a
given set of conditions: characteristic microscopic time τ0, effective anisotropy
barrier Ea = KeffV (proportional to the volume of the nanoparticles), and thermal
energy kBT. The magnetic moment of the nanoparticles is blocked (or unblocked) if
τΝ is larger (or smaller) than the characteristic time of our experiment. τΝ depends
exponentially on the volume and so, the design of the nanoparticles should be
carefully performed concerning size, since the exponentially grows fast and we can
easily pass from a situation where the nanoparticles fluctuate too fast form another
where geological time scales are needed to see relaxation.

When nanoparticles which are unable to relax by the thermally activated
Néel-Arrhenius mechanism are dispersed in a fluid, as usually occurs in the context
of separation, another mechanism for relaxation comes into play, the Brownian
relaxation. Here, the whole nanoparticle can rotate overcoming the energy associ-
ated with the viscosity of the fluid. The characteristic time for this relaxation is
given as

sB ¼ 3gVH

kBT
ð7Þ

where VH is the hydrodynamic volume of the whole nanoparticle (magnetic core
plus coating). Beads composed of multi-magnetic cores wrapped by a polymer can
also relax as a hole under this Brownian mechanism. Here, the dependence of the
relaxation time with the volume is not so severe and a small variation in size leads
to a small variation in τB. Particles behaving as blocked nanomagnets are usually
difficult to stabilize and tend to aggregate due to the strong interparticle interactions.
By contrast, unblocked nanoparticles are better dispersible yet maintaining one of
their most appealing and distinctive characteristics in the context of separation: their
high magnetic moment and thus high susceptibility. In unblocked superparamag-
netic nanoparticles, susceptibility is given by a Curie law

v ¼ l0Nl
2

3kBT
ð8Þ

where N is the number of nanoparticles per units of volume (or mass, in the case of
mass susceptibility) and μ is the magnetic moment of each nanoparticle. χ is pro-
portional to the square of μ meaning that, for instance, the susceptibility of two
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nanoparticles with moment μ is less than the susceptibility of one nanoparticle made
from the coalescence of these two, as long as it remains a superparamagnetic
nanoparticle.

4 Application of Magnetic Bionanocomposites in Water
Treatment

This section reviews the recent literature concerning application of magnetic bio-
nanocomposites for removal of pollutants from water, thus illustrative examples
will be presented for cations, dyes, and anions (Table 3). Due to the relevance of
mathematical modeling of the adsorption processes involved, a brief overview of
the most common models are given first. A detailed review of the several
expressions for kinetics and isotherms sorption modeling can be found in the
literature [66, 30].

Table 3 Magnetic bionanocomposites employed in removal of pollutants from aqueous solutions

Adsorbent Pollutant Optimum
pH

Maximum adsorption
capacitya (mg/g)

References

γ-Fe2O3—alginate—
Cyanex 272

Ni(II) 5.3 0.52 Nogmsik
et al. [60]

NixZn1-xFe2O4-alginate Basic Blue 9 and
41

8.0 106 and 25 Mahmoodi
[58]

Basic Red 18 56

γ-Fe2O3—alginate beads
containing activated carbon

Methylene Blue 5.9 × 10−2 mmol/g Rocher
et al. [76]2 × 10−3 mmol/gMethyl Orange

γ-Fe2O3—alginate Pb(II) 7.0 50 Idris et al.
[40]

Fe3O4—alginate-agarose U(VI) 5.0 120.5 Tripathi
et al. [89]

Fe3O4—alginate-chitosan
beads

La(III) 2.8 97.1 Wu et al.
[94]

Fe3O4—cellulose-graphene
oxide

Methylene Blue 70.03 Shi et al.
[81]

Fe3O4—Gum ghatti Rhodamine B 7.0 654.87 Mittal and
Mishra [59]

Iron oxide—Gum
kondagogu (modified)

Cd(II), Cu(II), Pb
(II), Ni(II), Zn
(II), Hg(II)

5.0 ± 0.1 106.8, 85.9, 56.6,
49.0, 37.0, 35.0

Saravanan
et al. [79]

Fe3O4—Humic acid Eu(III) 8.5 6.95 × 10−5 mol/g Yang et al.
[98]

Fe3O4—κ-carrageenan Methylene Blue 9 185.3 Salgueiro
et al. [78]
(continued)
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4.1 Modeling the Adsorption Process

The adsorption of pollutants onto bionanocomposites is a complex process that can
involve different mechanisms, including chemisorption, metal complexation,
ion-exchange, precipitation, and physical adsorption [23]. The chemical nature of
the pollutants and bionanocomposites, the removal conditions (e.g. pH, temperature,
and ionic strength) and structural features (e.g. porosity) play an important role in
determining the mechanisms involved that, in turn, will affect the adsorption rate.
Moreover, the rate of the overall adsorption process might also be limited by the
steps that anticipate the adsorption of the solute to the sorbent’s surface, including
the transport of solute from the bulk of the solution to the surroundings of the
sorbent, the diffusion of the solute across the liquid film surrounding the sorbent
(external diffusion), and the diffusion of the solute in the liquid within sorbent pores
(intraparticle diffusion) [66]. The establishment of appropriate adsorption equilib-
rium correlation is indispensable for assessing the performance of a sorbent aiming
at quantitative comparison of the adsorption capacity of different sorbents.
Additionally, predicting the rate at which the pollutants removal takes place is
crucial for effective design of adsorption systems. In this perspective, attempts have
been made to describe the kinetics and the equilibrium sorption conditions using
mathematical models. Table 4 lists the most representative isotherm and kinetic
equations used for describing the adsorption of water pollutants.

The Langmuir equation [47] derives from an isotherm model commonly applied
to describe the equilibrium of sorption on magnetic bionanocomposites [60, 40, 81,
102, 14, 104, 59, 98, 94, 26]. This empirical model assumes monolayer adsorption
at a finite number of sites that are identical and equivalent, without any interaction
between molecules adsorbed on adjacent sites. According to this model once a
molecule occupies a site, no further adsorption can take place. The Freundlich
isotherm [31] is an empirical model that describes the nonideal and reversible

Table 3 (continued)

Adsorbent Pollutant Optimum
pH

Maximum adsorption
capacitya (mg/g)

References

Fe3O4—chitosan-graphene
oxide composite

Methylene Blue 10.0 180.83 Fan et al.
[27]

Iron oxide—chitosan
composite

UO2(II), Th(IV) 666.67, 312.50 Hritcu et al.
[38]

Fe3O4—chitosan
microspheres

Hg(II), Cu(II),
Ni(II)

5.0 60.06, 42.93, 12.15 Zhou et al.
[102]

γ-Fe2O3—chitosan Cr(VI) 5.0 106.5 Jiang et al.
[44]

γ-Fe2O3/SiO2—chitosan Methyl Orange 2.95 34.29 Zhu et al.
[109]

Fe3O4—thiourea-chitosan
imprinted Ag+

Ag(I) 5.0 5.29 Fan et al.
[26]

aExperimental or estimated values from applied models
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adsorption and accounts for the formation of multilayers with nonuniform distri-
bution of adsorption heat and affinities over heterogeneous surfaces. Because the
equation is exponential, usually it provides good fitting only in low to moderate
concentration ranges of the sorbate. The Sips isotherm [82] combines the Langmuir
and Freundlich expressions and it is usually applied for describing heterogeneous
adsorption. At low adsorbate concentration it reduces to Freundlich isotherm while
at high concentration it predicts the monolayer adsorption characteristic of the
Langmuir isotherm. Similar to the Sips equation, the Redlich-Peterson isotherm
[72] is an empirical model that also compromises the features of the Langmuir and
Freundlich equations. It is a versatile equation than can be applied either in
homogeneous or heterogeneous adsorption, over a wide sorbate concentration
range. This isotherm equation described very well the adsorption of Pb(II), Cd(II)
Cu(II) and Cr(VI) ions onto magnetic chitosan-based biocomposites [63, 21]. The
Tempkin isotherm [85] assumes that adsorption heat of molecules in the layer
decreases linearly with coverage. This is explained due to the sorbent–sorbate
interactions and the distribution of binding energies in the adsorption is uniform.
This isotherm fitted well the removal of the dye Basic Blue 9 using magnetic
alginate composites [58].

The pseudo-first and the pseudo-second order equations are expressions com-
monly used for describing sorption kinetics, although they cannot be considered
sorption kinetic models in their physical sense since they are used to describe the
kinetics of other phenomena as well. The pseudo-first-order equation has been widely
used to predict the adsorption of solutes from liquid solutions in systems near
equilibrium and in systems with a time-independent solute concentration or linear
behavior in equilibrium adsorption isotherms [83]. In contrast with the previous
model, the pseudo-second-order kinetic equation predicts the behavior over the

Table 4 Isotherm and kinetic equations commonly used for describing the adsorption process of
water pollutants

Isotherm models Kinetic models

Langmuir qe ¼ qmKLCe
1þKLCe

Pseudo-first order qt ¼ qeð1� e�k1 tÞ
Freundlich qe ¼ KFC

1=nF
e

Pseudo-second order qt ¼ k2q2e t
1þk2qet

Sips qe ¼ qm
KsC

nS
e

1þKsC
nS
e

Elovich qt ¼ 1
B lnð1þ ABtÞ

Redlich-Peterson qe ¼ KRP
Ce

1þaRPC
b
e

Intraparticle Diffusion qt ¼ C þ kPt1=2

Tempkin qe ¼ RT
bt
lnðatCeÞ

qt is the adsorption capacity, i.e., the amount of solute adsorbed at time t; qe is the adsorption
capacity at equilibrium; qm is the maximum adsorption capacity estimated by the model; Ce is the
concentration of the solute at equilibrium; KL is the Langmuir equilibrium constant; KF and nF are
Freundlich constants and β is a parameter in the range 0–1; KS and nS are Sips constants; KRP and
αRP are Redlich-Peterson constants; R is the gas constant; T is the absolute temperature; bt is a
constant related to the heat of adsorption and at is the Tempkin isotherm constant; k1 is the
pseudo-first order rate constant; k2 is the pseudo-second order rate constant; A and B are Elovich
constants; kp is the intraparticle rate constant and C is the intercept
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whole range of adsorption [37]. The Elovich model [77] neglects the rate of
simultaneously occurring desorption and therefore its applicability if often restricted
to the initial times of the sorption process [66]. This model was suitable for
describing the kinetic behavior of the adsorption of the reactive dye red 222 in
chitosan-based materials [95]. In the same work the authors analyzed the kinetic data
found in the literature for several biopolymer-based adsorption systems and found
that the Elovich model fits well the adsorption kinetics of those systems with mildly
rising tendency. The intraparticle diffusion model was proposed by Weber and
Morris [93] who found that in many adsorption systems, the adsorption capacity
varies almost proportionally with t1/2 rather than with contact time t. This model
assumes that the intraparticle–diffusion is the rate-limiting step of the solute uptake.

4.2 Removal of Metal Ions

Hazardous metal ions are commonly found in natural and wastewaters as dissolved
contaminants. Some of these cations have been considered priority pollutants, such
as Hg(II), thus requiring effective processes for their removal from water. A range
of bionanocomposites has been investigated as effective sorbents for metal ions
removal; here only those with ability for magnetic separation will be considered.

Alginate magnetic beads have shown great efficiency in the uptake of Pb(II) ions
from aqueous solutions [40]. The adsorption equilibrium was achieved in less than
3 h in the pH range 6–10, with maximum adsorption observed at pH 7. The results
fitted well to the Langmuir adsorption model with maximum adsorption capacity
about 50 mg/g. Also, alginate-agarose magnetite composites have been applied in
the removal of U(VI) from aqueous medium. The maximum uranium adsorption
(97 ± 2 %) was observed in the pH range of 4.5–5.5. The thermodynamic
parameters suggested passive endothermic adsorption behavior [89]. The perfor-
mance of magnetic alginate-chitosan beads for the adsorption of lanthanum ions
from aqueous solutions was evaluated. The materials showed selective high
adsorption for lanthanum among other coexisting ions, such as Pb(II), Cd(II), Co
(II), Ni(II) and Cu(II), with a maximum uptake of 97.1 mg/g. The adsorption data
correlated well with the Langmuir isotherm model, while the kinetic data fit well the
pseudo- second-order model [94]. Ngomsik et al. [60] evaluated the adsorption of
Ni(II) from aqueous solutions using magnetic alginate microcapsules containing
Cyanex 27 extractant. A two-stage kinetics behavior was observed with 70 % of
maximum sorption capacity achieved within 8 h. An increase on Ni(II) removal was
observed by increasing the pH, with a maximum uptake capacity of 0.42 mmol/g at
pH 8. The adsorption isotherm (pH about 5.3) was obtained for a range of Ni(II)
initial concentrations; the experimental data fitted the Langmuir model and the
maximum adsorption capacity was reported as 0.52 mmol/g.

Humic acid (HA) coated Fe3O4 nanoparticles were investigated as sorbents for
removal of various aqueous cations such as Hg(II), Pb(II), Cd(II), and Cu(II) [54].
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The sorption of these ions reached equilibrium in less than 15 min, and agrees well
with the Langmuir adsorption model with maximum adsorption capacities ranging
from 45 to 100 mg/g. The composite was able to remove over 99 % of Hg(II) and
Pb(II), and over 95 % of Cu(II) and Cd(II) in natural and tap water at optimized pH.
More recently, Yang et al. [98] investigated the removal of Eu(III) ions from
aqueous solutions by Fe3O4@HA composites. A fast sorption kinetics was
observed, equilibrium reached in less than 30 min, with high sorption capacity
attributed to abundant surface sites for coordination provided by the HA macro-
molecules. The composites were able to remove ∼99 % of Eu(III) in aqueous
solution at pH 8.5. The sorption isotherm agreed well with the Langmuir model,
having a maximum sorption capacity of 6.95 × 10−5 mol/g.

The adsorption ability of Gum kondagogu modified Fe3O4 nanoparticles was
investigated in the removal of a variety of metal ions [30]. The removal efficiencies
of the different cations followed the order: Cd(II) > Cu(II) > Pb(II) > Ni(II) > Zn
(II) > Hg(II), while for the overall desorption (%) of these ions the following series
was established: Pb(II) > Cu(II) > Cd(II) > Hg(II) > Ni(II) > Zn(II), at
pH = 5.0 ± 0.1 and temperature of 30.0 ± 1.0 °C. A maximum of 106.8 mg/g and a
minimum of 35.07 mg/g adsorption capacities were observed, respectively, for Cd
(II) and Hg(II), using the Langmuir isotherm model.

Sebasnia gum magnetic nanocomposites were used as adsorbents to remove Cd
(II), Cu(II), and Pd(II). Consecutive sorption–desorption cycles were repeated thrice
to establish the reusability of the adsorbent. The composite shows desorption
efficiencies after the regeneration process above 91.19 % for Cu (II), 96.69 % for
Cd (II), and 87.61 % for Pb (II) ions [46].

Chitosan and derivative composites have been widely used as sorbents to
remove heavy metal ions from aqueous solutions. Figure 8 illustrates the overall
process of adsorption, desorption and recycling in using magnetite cellulose–
chitosan hydrogels for the removal of metal ions [52]. These studies have shown
that the hydrogels had scarce affinity to Mn(II), Zn(II), and Ni(II), but exhibited
high affinity to Cu(II), Fe(II), and Pb(II), with corresponding equilibrium adsorption
capacities (mg/g) of, respectively, 44.7 ± 5, 94.1 ± 7 and 28.1 ± 3 of the adsorbent
(dried weight).

Fig. 8 Overall process of metal adsorption, desorption and recycling of magnetite
cellulose-chitosan hydrogels. Reprinted with permission from [52]. Copyright 2012 Royal
Society of Chemistry
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Zhou et al. [104] prepared chitosan-coated maghemite nanoparticles modified
with α-ketoglutaric acid and evaluated the ability to remove Cu(II) ions from the
aqueous solution. Equilibrium studies have shown that Cu(II) adsorption data follow
the Langmuir model, and the maximum adsorption capacity for Cu(II) ions was
estimated as 96.15 mg/g. Also, magnetite chitosan hydrogels, graft-copolymerized
with methylenebisacrylamide, and poly(acrylic acid) were employed in studies on the
adsorption kinetics of Pb (II), Cd(II), and Cu(II) in aqueous solution [63]. The best
experimental parameters for removal of metal ions have been observed at pH 4.5–5.5,
initial metal concentration of 300 mg/dm3 and 100 mg of dried hydrogel mass as
sorbent. Isotherm models of Langmuir, Freundlich, and Redlich–Peterson were
applied and revealed that the adsorption efficiency decreased with the presence of
magnetite. The removal of Hg(II), Cu(II), and Ni(II) ions from aqueous solutions
mediated by thiourea modified magnetite chitosan microspheres was investigated
[104]. The adsorption kinetics followed the mechanism of pseudo-second-order
equation for all systems studied, evidencing chemical sorption as the rate-limiting
step of adsorption mechanism and not involving mass transfer in solution. The best
interpretation for the equilibrium data was given by a Langmuir isotherm, and the
maximum adsorption capacities were 625.2, 66.7 and 15.3 mg/g for Hg(II), Cu(II),
and Ni(II) ions, respectively. Fan et al. [26] prepared magnetite thiourea-chitosan
composites using Ag(I) as an imprinted ion and were able to show that this resin is
strongly selective for the adsorption of Ag(I) over Cd(II), Zn(II), Pb(II), and Cu(II).
The equilibrium adsorption was achieved within 50 min and the maximum
adsorption capacity was 4.93 mmol/g observed at pH 5 and temperature 30 °C. The
kinetic data, obtained at optimum pH 5, could be fitted with a pseudo-second order
equation. Furthermore, the adsorption process was well described by Langmuir
adsorption. In another study, monodisperse chitosan-coated Fe3O4 nanoparticles
were used as adsorbents for recovery of Au(III) ions from aqueous solutions. Au(III)
ions could be fast and efficiently adsorbed, and the adsorption capacity increased
with decrease in pH due to protonation of the amino groups of chitosan. The
adsorption data obeyed the Langmuir equation with a maximum adsorption capacity
of 59.52 mg/g (1210 mg/g based on weight of chitosan) and a Langmuir adsorption
equilibrium constant of 0.066 mg−1. From the studies on the adsorption kinetics and
thermodynamics of Au(III) ions, it was found that the adsorption process obeyed the
pseudo-second-order kinetic model [12]. Magnetic chitosan composites were used as
sorbents for removal of radioactive species from aqueous medium [14, 38, 101].
Magnetic chitosan composite particles exhibited high adsorption capacity for both
UO2(II) (666.67 mg/g) and Th(IV) (312.50 mg/g) and the authors conclude that
the OH and –NH2 groups were involved in this process [38]. In another study, Chen
et al. [14] evaluated the capacity of Fe3O4-chitosan beads to remove Sr(II) ions from
aqueous solutions. The adsorption equilibrium was reached at 6 h and the maximum
adsorption capacity was calculated to be 11.58 mg/g using the Langmuir isotherm.
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4.3 Removal of Dyes

In addition to metal ions, magnetic bionanocomposites have also been applied in
the removal of dyes from aqueous solutions. These organic pollutants can be
present in the effluents of industries of a number of products that include textiles,
papers, plastics, among others. The discharge of dyes in water supplies is a matter
of concern due to their harmful impact on the environment. Most of these com-
pounds are potentially harmful to aquatic life and several dyes and their degradation
products exhibit toxicity and potential mutagenic and carcinogenic effects [90].

Magnetic alginate composites have been investigated as sorbents for magnetic
removal of dyes from aqueous solutions [76, 58, 2]. Ai et al. [2] reported the
preparation of AC-CoFe2O4-alginate composites for effective removal of methylene
blue (MB) from aqueous solutions. The kinetic studies revealed that the adsorption
process followed the pseudo-first-order kinetic model. In addition, the adsorption
equilibrium was well described by the Langmuir and Freundlich models. In another
study, Mahmodi [58] investigated the ability of a nickel-zinc ferrite-alginate
composite to remove dyes from both single and binary systems. Basic Blue 9
(BB9), Basic Blue 41 (BB41) and Basic Red 18 (BR18) were selected as model
pollutants. The data obtained in single systems showed that the experimental data
correlated reasonably well by the Tempkin (BB9) and Langmuir (BB41 and BR18)
isotherm models. The data also indicated that the adsorption kinetics of dyes on the
adsorbents followed the intraparticle diffusion model at different adsorbent dosages.

Rocher et al. [76] combined the adsorption properties of AC and the magnetic
properties of γ-Fe2O3 NPs in an alginate matrix to produce a magnetic sorbent. The
sorbent ability toward cationic MB and anionic methyl orange (MO) dyes was then
evaluated. The adsorption kinetics reached equilibrium after 180 min, 50 % of the
amount of MB was adsorbed in 10 min, while for MO this percentage of adsorption
was achieved at 17 min contact time. Also, cellulose beads entrapping γ-Fe2O3 NPs
and AC have been investigated for removal of such dyes from aqueous medium.
Although the beads effectively adsorbed both dyes, these systems have shown
higher adsorption capacity for MO than for MB. This reveals that the negatively
charged MO was easier to bind with the beads through hydrogen bonding and
electrostatic interaction. So the system could adsorb more strongly the negatively
charge organic dyes (MO) than positively charged MB, indicating a selective
adsorption behavior [56].

Mittal and Mishra [59] incorporated Fe3O4 NPs in a matrix of gum ghatti
cross-linked with poly(acrylic acid-co-acrylamide) for removal of rhodamine B
(RhB) from aqueous solutions. The adsorption at pH 7 of RhB onto the nano-
composite was endothermic and involved an increase in entropy. The process
followed the Langmuir adsorption model and a maximum adsorption capacity of
654.87 mg/g was reported. The pseudo-second-order kinetic model described better
the adsorption process than other kinetic models with high correlation coefficients.
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Furthermore, the adsorbent showed good reproducibility and reusability for suc-
cessive three cycles.

κ-Carrageenan coated Fe3O4 nanoparticles were tested as adsorbents for the
magnetically assisted removal of MB from aqueous solutions [78]. The dye uptake
was found to vary with solution pH and was higher in alkaline conditions. Both
pseudo-first-order and pseudo-second-order equations predicted well the kinetics
with the maximum adsorption achieved very fast, within 5 min. Interestingly, in this
case MB adsorption has shown an unusual Z-type isotherm, which was interpreted
by the generation of new adsorbing sites with increasing MB initial concentration.
Under the experimental conditions used (23 °C, pH 9) the materials displayed MB
adsorption capacity of 185.3 mg/g.

A chitosan-coated magnetite composite containing alizarin red (AR) as
imprinted molecules was prepared and used to remove AR from aqueous solutions
[26]. A maximum adsorption capacity of 40.12 mg/g was observed at pH 3 and
temperature 30 °C. Equilibrium adsorption was achieved within 50 min. The kinetic
data, obtained at the optimum pH 3, could be fitted with a pseudo-second-order
equation. Furthermore, the adsorption process could be well described by Langmuir
adsorption isotherms. The same group reported the preparation of similar magnetic
chitosan composites but containing GO for the removal of MB [27]. The MB
maximum adsorption capacity was 180.83 mg/g and the adsorption process was
well fitted by the pseudo-second-order kinetic model. The incorporation of carbon
nanostructures in magnetic chitosan-based sorbents was also explored by wrapping
multiwalled carbon nanotubes and γ-Fe2O3 nanoparticles for the purpose of
removal of MO [108].

Zhu et al. [109] prepared a γ-Fe2O3-SiO2-chitosan composite and investigated
the adsorption performance of this composite toward MO dissolved in water. The
adsorption kinetics was found to follow the pseudo-second-order kinetic model, and
intraparticle diffusion was related to adsorption, but not as a sole rate-controlling
step. The equilibrium adsorption data were well described by the Freundlich iso-
therm model. The same group investigated the adsorptive potential of
chitosan-kaolin-γ-Fe2O3 [106] and γ-Fe2O3-crosslinked chitosan [107] composites
for removal of MO. Kalkan and co-workers [45] prepared magnetite nanoparticles
coated with chitosan and applied it for removal of the reactive textile dye Reactive
Yellow 145. The dye adsorption occurs according to the Langmuir model in the
temperature range of 25–45 °C with a maximum adsorption capacity of 47.63 mg/g
at 25 °C.

Magnetite NPs were synthesized onto guar gum-grafted carbon nanotubes to
prepare a magnetic composite for adsorption of red (MR) and methylene blue
(MB) from aqueous solutions [97]. The grafting of guar gum onto the carbon
nanotubes (CNTs) enhances their hydrophilicity, thus improving their dispersion in
aqueous solutions. The adsorption behavior of the composite for MB and NR could
be described well by the pseudo second-order model. The adsorption isotherm
experiments revealed that the adsorption data fitted Langmuir isotherm model, and
the maximum adsorption of MB and NR reached 61.92 and 89.85 mg/g.
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Multiwall carbon nanotubes-starch-Fe3O4 composite was used as an adsorbent
for removing anionic dye methyl orange (MO) and cationic dye methylene blue
(MB) from aqueous solutions [13]. The use of hydrophilic starch improved the
dispersion of the composite in aqueous solutions and increased the number of
surface sites available for dyes adsorption. The adsorption behavior was well
described by the pseudo second-order model and the maximum adsorption capac-
ities at equilibrium were 135.6 mg/g for MO and 93.7 mg/g for MB.

Debrassi et al. [22] prepared magnetic N-benzyl-O-carboxymethylchitosan
nanoparticles and applied these nanosorbents on removal of three cationic dyes:
MB, crystal violet (CV), and malachite green (MG). A pseudo-second-order
equation was the best-fitted equation to characterize the adsorption process for the
three dyes, among four kinetic models applied. The Langmuir–Freundlich equation
was the best isotherm model, and maximum adsorption capacities of 223.58, 248.42
and 144.79 mg/g were reported for MB, CV, and MG, respectively.

4.4 Removal of Anions

The major sources of water contamination by large amounts of certain anions are
domestic and agriculture activities. The intensive use of fertilizers in agriculture and
forestry sectors has strong impact on contamination of natural waters by certain
anions [3]. There have been attempts to use magnetic biocomposites for removal of
such anions from contaminated water. For example, Lee and Kim [49] developed
magnetic alginate-layered double hydroxide composites for phosphate removal.
The results have shown that the magnetic composites were effective in the removal
of phosphate and equilibrium was reached at 24 h. The maximum phosphate
sorption capacity was determined to be 39.1 mgP/g. In addition, phosphate removal
was not much sensitive to the initial solution pH (between 4.1 and 10.2).

Chitosan beads containing nanosized γ-Fe2O3 were prepared for Cr(VI) removal
in the form of dissolved dichromate (Cr2O7

2−) and the effect of pH and coexisting
ions on the magnetic removal was investigated [44]. The sorbent showed excellent
performance in removal of Cr2O7

2− from water with a maximum sorption capacity

Fig. 9 Scheme for the mechanism proposed in the interaction of Cr(VI) with γ-Fe2O3—chitosan
beads. Reprinted with permission from [44]. Copyright 2013 American Chemical Society
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of 106.5 mg/g in the concentration range 0–200 ppm. The determination of the
thermodynamic parameters indicates the spontaneous and exothermic nature of the
sorption process. The γ-Fe2O3- chitosan bionanocomposite beads kept their per-
formance after six cycles regeneration. The sorption of Cr(VI) on the beads has
been described by a series of processes as illustrated in Fig. 9. Hence, dichromate
species were first adsorbed on the beads surface via electrostatic attraction,
occurring reduction to Cr(III) by the –OH groups of chitosan and coordination of
the Cr(III) ions by the amine groups on the bead surfaces. In these processes there is
consumption of hydrogen ions, which result in increase of the solution pH.

In some regions, arsenic can be present as a dangerous contaminant of water in
the form of arsenate (AsO4

3−) and/or arsenite (AsO3
3−). The toxicity and mobility

of arsenic are affected by its oxidation state, with arsenite as more toxic and mobile
than arsenate in aqueous environments. Arsenate removal by calcium
alginate-encapsulated magnetic sorbents has been investigated [51]. Fourier trans-
form infrared spectroscopy (FTIR) and X-ray photoelectron spectroscopy
(XPS) were used to assess the interaction between arsenic species and available
sites of the sorbent. These studies indicate that surface oxygen of the magnetite and
hydroxyl groups of the calcium alginate composite play an important role in the
sorption of arsenate ions. Based on the XPS analysis it has been proposed that
arsenate is reduced to arsenite after adsorption onto the sorbent.

Water-soluble molybdate anions represent a threat to the environment for con-
centrations exceeding 5 ppm. Therefore, the development of materials for treatment
of water with high levels of such anions is an important issue. Elwakeel et al. [25]
prepared two chemically modified chitosan resins incorporating magnetite NPs for
removal of Mo oxoanions from aqueous solutions via anion exchange. Chitosan
resins bearing both amine and quaternary ammonium chloride moieties (R2) dis-
played higher uptake capacity than the analog with only amine (R1) groups.

5 Conclusions and Future Perspectives

The application of magnetic bionanocomposites as sorbents for magnetic separation
in water treatment has emerged as an interesting alternative to conventional sor-
bents. These materials offer clear advantages due to their potential bio- and
eco-compatibility, tuned magnetic behavior, and affinity for a variety of pollutants,
aiming at development of magnetic separation technologies of interest for water
treatment units. Implementation of surface chemical modifications to adjust the
affinity/specificity toward distinct pollutants has been demonstrated in various
contexts, but more research is required, namely evaluation in real samples of
diverse chemical composition and from different sources. These sorbents offer the
clear advantage of magnetic separation by applying an external magnetic field in
confined spaces. This aspect has important consequences in terms of waste storage,
or recycling and reuse of sorbents, but on the other hand implies further develop-
ments on magnetic separation technology.
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Magnetite Nanocomposites Thin Coatings
Prepared by MAPLE to Prevent Microbial
Colonization of Medical Surfaces

Alina Maria Holban, Alexandru Mihai Grumezescu
and Crina Maria Saviuc

Abstract MAPLE (matrix-assisted pulsed laser evaporation) technique revealed a
significant relevance in the deposition of bioactive nanostructures on different
surfaces for the prevention and/or treatment of microbial infections associated with
medical devices. Recent research progress highlights the development of two new
directions for biomedical applications of magnetite nanoparticles: the antimicrobial
therapy and microbial virulence and biofilm modulation. The aim of this chapter is
to highlight the usefulness of functionalized magnetite nanoparticles as efficient
anti-infective agents. In this respect, different type of nanocomposites based on
hydrophilic/hydrophobic polymers and iron oxide nanostructures combined with
natural and synthetic therapeutic agents are discussed. We offer a wide perspective
regarding their synthesis, characterization, biocompatibility, and the ability to
modulate the microbial attachment and biofilms development on different type of
prosthetic devices or metal implants. All reported data demonstrate that
magnetite-based bioactive coatings significantly inhibit the microbial colonization
on the coated medical surfaces, features that together with their high in vivo via-
bility recommend these type of thin coatings for the development of anti-infective
surfaces for biomedical applications.
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1 Introduction

Microorganisms may attach to and colonize most known surfaces and this ability
represents one of the major risks for hospitalized patients, especially for critical care
units. The infection sources are represented by different medical surfaces, which get
in contact with patients and medical personnel, but also permanent implants and
explorative devices [108]. Colonizing bacteria are usually resistant and multire-
sistant strains and most of them are able to produce biofilms on the colonized
surface. These sessile, multicellular arrangements, called biofilms, represent the
major complication of a medical device infection. Bacteria embedded in biofilms
have a modified metabolism, being resistant and tolerant to most used antimicro-
bials, therefore the current anti-infectious therapy is usually ineffective [56, 57].
Surface modification of the medical devices could represent a very efficient strategy
in order to inhibit microbial attachment, colonization and biofilm formation, thus
fighting against device-associated resistant infections. Recent studies revealed that
nanotechnology and laser techniques may be efficiently used in order to customize
medical surfaces [36–40, 42, 43].

The most desired characteristics of a customized surface with medial purpose is
to reduce bacterial adhesion and multiplication, but in the same time to support and
promote eukaryotic cell adhesion. Biocompatibility and applicability of surface
modification with current uses of metallic, polymeric, and ceramic biomaterials
allow the modification of properties to enhance performance in a biological envi-
ronment, while retaining bulk properties of the device [60, 61, 97–101]. Using
biomaterials for developing improved medical surfaces, the resulting device will
present increased biocompatibility and will usually reduce the environmental
damage associated with many surface modification methods [81, 102, 103, 109].

Magnetic materials have been used for many years in medical applications and
many modern technologies are currently emerging on the biomedical field.
Magnetite can be used for cell separation, magnetic resonance imaging (MRI),
diverse immunoassays, drug and gene delivery, minimally invasive surgery,
radionuclide therapy, hyperthermia, artificial muscle applications, implants, and
anti-infectious therapies [4, 42, 43, 53]. Not only the physicochemical properties,
but also its great biocompatibility recommend magnetite as preferred option for
developing diverse coatings for medical devices [36, 64].

There were described various characterization and surface modification methods
based on nanocomposite biomaterials, containing magnetite, with useful applica-
tions in many biomedical areas. Advanced laser techniques flourished in recent
years and due to their accuracy and malleability they are preferred coating methods
for many applications, including the ones developed for the biomedical field
[42, 43, 77]. Despite the advantages and wide usage of advanced laser techniques in
the last 10 years, only few research papers regarding Matrix-Assisted Pulsed Laser
Evaporation (MAPLE) surface modification using magnetite nano-formulations can
be found [13, 23]. This relatively new procedure brings new insights in medical
surfaces modification because it allows the deposition of uniform thin films
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independent on the composition of deposited and target material and ensures the
controlled release of the active drug contained within the bioactive nanosystem.

In this chapter we discuss the rates and main complications of biofilm-associated
infections; but also the implications of magnetite-based nano-formulations on
anti-infectious therapy, highlighting the possible impact of such nanosystems on the
development of customized medical devices with improved anti-biofilm surfaces
using advanced laser techniques. We also reveal the medical perspectives of
MAPLE and related technologies on the technological progress aiming to obtain
smart prosthetic devices able to control microbial colonization.

2 Microbial Colonization of Medical Surfaces

It has been estimated that about 20 million individuals have different implanted
medical devices in United States only, the associated costs exceeding 300 billion
dollars per year, and representing about 8 % of health care practiced throughout the
world [82].

Applications covering areas range from the cardiovascular, orthopedic, ophthal-
mology domains to the dental and regenerative surgery (substitutes for tissues), or to
the pharmaceutical industry (e.g., controlled delivery systems or matrix-embedded
sensors for diagnosis). Therefore, materials industry recently flourished with several
types of materials intended for medical use [94–96, 102, 103].

Developing a new biomaterial involves compatibility with biomedical applica-
tion tests. Characterization should include mechanical, physicochemical and bio-
logical properties, but also stability/instability traits, the ultimate goal being to
satisfy clinical and economical requirements.

Even though in the manufacture process, the properties of biomaterials and also
the surgical procedure are strictly controlled and risk factors are efficiently predicted
in implantology, the high rate of associated infections currently limit the use of
most implants.

The adhesion in biology is a concept of a fundamental importance, attachment
mechanisms being necessary precursors of most biological processes. The complex
architectural organization and biological role of cell coatings that interfere in all
biological processes, determined cell surface structures to become one of the
privileged subjects of cellular and molecular biology, as well as immunology.

The adhesion of microorganisms to different surfaces have been widely inves-
tigated, in order to identify the adhesion-related properties, according to the
incriminated species or type of microorganism, as well as the properties of the
substrates and environmental conditions that significantly influence the process
(e.g., temperature, pH, electrolyte concentration). Therefore, any study of the
adhesion must be well-defined to meet a specific question. Controlling this phe-
nomenon in the sense of attachment or detachment of microorganisms in con-
junction with highly diverse mechanisms of microbial adhesion represents an
important interdisciplinary research topic [3, 5, 57].
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2.1 Structures, Biomolecules, and Filamentous Appendages
Involved in Adhesion to the Inert Substratum

Bacterial cell wall is the support of all structures involved in adhesion (filamentous
appendix and biomolecules), being a stiff shell structure which completely sur-
rounds the bacterial cells. Common constituent of the cell wall of Gram-positive,
Gram-negative, and acid–alcohol fast bacteria is the peptidoglycan. The differential
elements between different groups of bacteria are the ratio, site, quantity, and
structural arrangement of proteins, polysaccharides, and lipids. Teichoic acids are
long and flexible molecules, polymers of 1,3-poly(glycerol phosphate) or 1,5-poly
(ribitol phosphate), linked through phosphodiester bonds, often substituted with
different glycosyl or amino acid residues and terminally linked to the muramic acid
of peptidoglycan [11]. The literature mentioned the contribution of teichoic acids in
biofilm formation. Staphylococcus aureus contains a widely studied polysaccharide
with demonstrated role in bacterial adhesion and biofilm formation, PIA or PNAG
(polysaccharide intercellular adhesin or poly-Nacetylglucosamine). PIA associated
with other parietal anchored structures, such as teichoic acids are achieved by
multiple ionic bonds. Variable content of D-alanine in teichoic acids reduce the net
negative charge. The absence of D-alanine in mutant strains causes deficiencies in
the ability to form biofilms on the polystyrene or glass surfaces, probably due to the
increase in the net negative charge resulting in electrostatic repulsions that inhibit
the initial adhesion step in the biofilms formation.

Lipopolysaccharides (LPS) embedded in the outer membrane of Gram-negative
bacteria can form hydrogen bonds with various inert substrates; strength of the
bonds is approximately 2.5kT J (where k is Boltzmann’s constant and T is absolute
temperature). It was estimated that 1000 hydrogen bonds may bind irreversibly the
bacterial cells to the substrate [44]. Identifying and quantifying the relationship
between the physical properties of LPS and strength of the bonds in the adhesion to
the inert substrate was reported as a convenient way to differentiate virulent phe-
notypes in vitro. Also, it was confirmed that the influence of the LPS
three-dimensional structure and the number of repeating chemical moieties on the
strength of the adhesion forces, using a bacterial related model, investigated by
atomic force microscopy technique.

Exopolymeric substances (EPS = extracellular polymeric substances) of bacterial
origin are extraparietal structures that develop on the surface of bacterial cells, such
as capsules and glicocalix, different in terms of thickness, structure, chemical
composition, and complexity. Polysaccharides are major constituents of this type of
structures, being responsible for bacterial adhesion to the inert or cellular substra-
tum and biofilms formation. The binding forces involved in such interactions are
electrostatic forces or hydrogen bonds [44].

The S layer is a component of the cell cover, consisting of a three-dimensional
crystalline network of protein subunits. S-layer now can be considered as one of the
most commonly observed bacterial cell surface structures. Most S-layers are
composed of a single protein or glycoprotein species endowed with the ability to
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assemble into a monomolecular lattice by an entropy-driven process. S-layers can
provide the organism with a selection advantage, by functioning as protective coats,
molecules sieve, molecule and ion traps, and structures implicated in cell adhesion
and surface recognition [92].

Bacterial fimbriae are the best studied adhesions. They are filamentous protein
structures composed of fimbrillin subunits, of different lengths, usually present in
large numbers on the surface of many bacteria. It has been suggested that the type-1
fimbriae, as well as outer membrane proteins participating in the adhesion of the
bacteria at different material surfaces, in particular in the initial stage of adhesion,
by stabilizing the contact of the cells with hydrophobic surfaces.

Pili are rigid hairlike, tubular, elongated structures, present in small numbers,
often isolated on the bacterial cell surface, primarily composed of oligomeric pilin,
a phosphoglycoprotein. Pili are defined by structural, biochemical, morphological,
and antigenic features. It seems that the type IV pili, particularly found in
Gram-negative bacteria, are involved in bacterial adhesion to the inert substratum,
as well as in the specific adhesion [7, 44]. The ability of Acinetobacter venetianus
to adhere to different substrates correlates with the presence of pili [35]. [106]
described that MvaT, a global transcription factor in Pseudomonas aeruginosa
inhibits the expression of cup genes, which are involved in the chaperone/usher
pathway of fimbrial assembly. MvaT—defective mutants have a superior adhesion
capacity, compared with type IV pili and flagellar-defective mutants, indicating that
the initial adhesion and biofilm formation are mediated by these extraparietal
structures [106].

2.2 The Kinetics of Microbial Adhesion and Biofilm
Formation

Bacterial adhesion to a surface involves the following sequence of events:
(1) transport near to the substrate, (2) initial adherence to the substrate, (3) molecular
interactions with the substrate/conditioning film, which causes irreversible adhesion
(in normal environmental conditions, including the presence of shear forces due to
fluid flow in biological environments), followed by the (4) biofilm formation.

Simplifying the actual parameters of bacterial adherence, followed by the bio-
films formation, this process could be treated as a process of heterocoagulation in
mixed colloidal systems, which represents the interaction between the particles that
differ in composition and/or size, and is dependent on the concentration of the
electrolyte, specific adsorption of the hydrolyzed ionic species and steric stability. It
has been demonstrated that the physical–chemical properties of the substrate
influence the initial adsorption of microorganisms and subsequent development of
biofilms [25]. These properties are: the available surface area, hydrophobicity,
surface energy, adsorption of conditioning film, the presence of humic material
(in natural environments) and fibronectin (in humans and animals), physical defects

Magnetite Nanocomposites Thin Coatings Prepared by MAPLE … 315



(such as granular structure or surface topography), and the cracks. Other involved
factors are: corrosion, surface catalytic activity, and the photochemical reactivity of
the surface oxidized layer [57].

Physical–chemical interactions between bacterial cells and inert surfaces depend
on the distance between the two surfaces and the electrolytes concentration, as well
as the presence of additional binding sites. The first theory used to explain the
interactions involved in bacterial adhesion was the DLVO theory (Derjaguin,
Landau, Verwey, Overbeek), developed for macromolecules and particles. This
theory considers that the total energy of adhesion is the result of the van der Waals
attractive forces and the general repulsive interactions due to the interpenetration of
the electrical double layers. The DLVO theory does not consider short-range
interactions that are also important for adhesion, mainly Brownian movement
forces and polar interactions (e.g., hydrophobic interactions). van Oss 1994, pro-
posed an extension of the DLVO theory, generally known as XDLVO theory, this
new approach considering the sum of the Lifshitz–van der Waals forces, polar
interactions, electrical double layer interactions, and Brownian movement forces as
terms of total free energy evaluation [6]. Due to the heterogeneity of macromole-
cules on the bacterial cell surface, there are some limitations in the application of
DLVO theory to accurately estimate the quantitative bacterial adherence: (1) sepa-
ration distance requires the existence of a clear separation between the surface and
the environment. The reference point setting for it could not be fixed at the cell
surface, consequently, the electrical charges involved in electrostatic interactions
will be disperse distributed on the bacterial glicocalix. (2) flat plate geometry is
generally assumed, because the dimensions of the surface are usually several orders
of magnitude above those of an individual cell or bacterial surface macromolecules.
(3) steric hindrance or specific covalent bonds between surface bacterial molecules
with molecules of the film conditioning. (4) the zeta potential and Hamaker constant
(van der Waals interactions characteristic) are parameters estimated by discrete
values, which do not characterize accurately enough the entire cell surface. (5) the
DLVO theory expresses a state of a thermodynamic equilibrium, that for the bio-
logical systems involved is reached in a time interval difficult to estimate, requiring
complex molecular rearrangements to attain a minimum free energy. In this context,
it is not surprising that the application of DLVO theory to study the dynamics of
microbial biofilms developed on inert substrates yielded conflicting results reported
in the literature, even if qualitative assessment tests were considered. Quantitative
estimation approach of the microbial adhesion process becomes feasible only after
the introduction of AFM technique (atomic force microscopy), which allowed the
use of appropriate probes for determining the interaction forces and surface char-
acteristics of the microbial cell [52]. A brief representation of biofilm formation
stages can be found in the Fig. 1.
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2.3 Mechanisms of Pathogenesis in Infections Associated
with Medical Devices

A plethora of Gram-positive and Gram-negative bacteria, as well as microfungi
were identified as etiologic agents of infections in humans subsequent to a foreign
body “introduction” (FBRI = foreign body related infections), Staphylococcus
epidermidis, and other coagulase-negative staphylococci being the most often
involved in FBRI after the implantation of temporary or permanent medical devices
(MD). FBRI include all nosological entities with microbial etiology, localized
infection, or bacteremia associated with implanted MD.

Mechanisms and presumptive pathogenesis conditions of infections caused by the
biofilms included bacteria are: (1) cell detachment and aggregates release from the
biofilms developed on the prosthetic devices, (2) resistance development to the host
defense mechanisms, (3) toxigenesis, (4) establishment of a niche for generating
resistant bacteria [11]. An extensively studied phenomenon that should be men-
tioned concerning biofilms-related infections is the QS (quorum sensing)

Fig. 1 Biofilm development on medical surfaces: Bacterial adhesion to a surface involves the
following sequence of events: (1) transport near to the substrate, (2) initial adherence to the
substrate, (3) molecular interactions with the substrate/conditioning film, which causes irreversible
adhesion (in normal environmental conditions, including the presence of shear forces due to fluid
flow in biological environments) followed by the (4) biofilm maturation and (5) dissemination of
bacterial cell detached from the mature biofilm
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intercellular signaling mechanism. QS is an almost ubiquitous regulatory mechanism
in the bacterial world involved both in physiological properties expression based on
a certain cell density, and communication between bacteria. It was demonstrated that
the QS works not only between individuals of the same species, but also between
different species and is important for survival. Apart from their genetic apparatus for
recognizing different types of prokaryotic or eukaryotic organisms bacteria exhibit a
phenomenon known as crosstalk signaling system. This allows the regulation of
gene expression for cooperation with other species in the same ecological niche.
Synergistic behavior of several species causes a synchronization of various impor-
tant functions, which allows the survival of the whole community, for example
through the formation of mature multispecies biofilms [48].

However, the formation of microbial biofilms is an important reason for failure
of the antimicrobial therapy. Resistance to the antimicrobial treatments, known as
tolerance (recalcitrance) is a multifactorial process, a combination of physical and
physiological factors, and research on biofilms requires complex experimental
designs to understand this phenomenon. Biofilm resistance to antimicrobials remain
incompletely elucidated, several mechanisms have been proposed to explain the
phenomenon: (a) mechanisms related to the EPS matrix (antimicrobials diffusion
limitation, accumulation of metabolites involved in the log phase inactivation, ion
exchange capacity of the polymeric extracellular material), (b) up/down regulation
of gene expression (40–60 % of the prokaryotic genome), (c) cell metabolism
resting within the biofilm (due to the diffusion gradient of the nutrients in the
biofilm matrix), (d) genetic plasticity within the biofilm—persister cells, (e) inter-
cellular exchange of genetic material in multiclonal or multispecies communities
[34, 58].

2.4 Foreign Body-Related Infections

Orthopedic implant infections may arise from peri- or postoperative contamination.
Most infections occur within three months of implantation and are due to periop-
erative inoculation of the infectious agent, the microorganism being introduced
directly into the tissue during, or immediately after the surgery. Staphylococci cause
approximately 75 % of this FBRI and almost all of them are caused by aerobic
Gram-positive cocci: coagulase-negative staphylococci are present in 30–43 % of
cases, and S. aureus is present in 12–23 %. The incidence of S. aureus infections is
an important issue, especially due to the emergence of multidrug-resistant strains
such as MRSA. Other associated pathogens include Enterococcus sp. (3–7 %),
Streptococcus sp. (9–10 %), P. aeruginosa, Enterobacter sp. (3–6 %),
Mycobacterium sp., as well as anaerobic bacteria and fungal species (in particular
Candida sp.) [89]. Also, when isolated from patients with prosthetic bone devices,
S. lugdunensis should be considered pathogenic [33]. Relevant information about
the etiology of these infections could be obtained by culturing peri-implant tissue
biopsy samples or sonicated explanted devices samples [28, 104].
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Ventilation-associated pneumonia (VAP) is the most common hospital-acquired
infection in patients requiring respiratory assistance, being the main cause of
mortality in intensive care units [2]. Approximately 8–28 % of mechanically
ventilated patients are affected [55, 89]. The mortality rate of nosocomial pul-
monary infection is 9–70 %. It is estimated that 50 % of antibiotics prescribed in the
ICU are managed for nosocomial lower respiratory tract infections. Endotracheal
intubation remains the most important risk factor for the development of nosoco-
mial pneumonia. There is growing evidence that the epidemiology of VAP is
closely related to the oral health [70, 80]. Recently, more than 700 species have
been identified in the oral cavity by the use of molecular methods [112], popula-
tions of these species are selected as earlier colonizers of the endotracheal lumen, in
a preconditioning step, among the microorganisms involved in VAP being devel-
oped mutual or synergistic relationships involving co-adherence and interspecies
communication. Significant evidence exists for microorganisms as P. aeruginosa
and C. albicans, Streptococcus mutans, and C. albicans, and Porphyromonas
gingivalis and Str. gordonii [89]. The organisms responsible for VAP vary
according to case mix, institution, prior antibiotic exposure, local resistance pat-
terns, and length of mechanical ventilation. Organisms responsible for early-onset
VAP are largely Staphylococcus aureus, Streptococcus pneumoniae, and
Haemophilus influenzae, while late-onset VAP is often caused by resistant noso-
comial pathogens such as P. aeruginosa, methicillin resistant Staphylococcus
aureus, Klebsiella spp., and Acinetobacter baumannii [46].

Oral microbiota diversity, subject to a still open database, Human Oral
Microbiome Database, has a role in the emergence and evolution of gingival
pathology associated with dental implant rejection. As in the case of natural teeth,
dental plaque is associated with inflammatory changes in the marginal soft tissue,
peri-implant. Although the surface properties of the implant biomaterial are of
importance for the initial microbial adhesion step, the long-term running it is no
longer correlated to any possible pathogenesis or oral explant for therapeutic pur-
poses [89].

CAUTI (catheter-associated urinary tract infections)—approximately one mil-
lion cases are reported annually in the United States, representing approximately
40 % of all nosocomial infections. Primary risk factor in the pathogenesis is
hospitalization/catheterization period, followed by colonization with nosocomial
multidrug-resistant microbial species [49].

Chronic hemodialysis. Renal disorders with diverse etiology can be managed in
three ways: hemodialysis, peritoneal dialysis, and renal transplantation. In all these
cases may occur infectious complications with biofilm developing microorganisms,
the pathogenesis of such species being influenced by specific factors. The principle
of hemodialysis relies on the liquid–liquid extraction carried out by a
semi-permeable filtering membrane, which is the boundary between extracorporeal
blood flow and dialysate, a saline solution in purified water. Water purification
systems (used for dialysate solution) have been identified as sources of microor-
ganisms producing biofilms, although the current level of technology is impressive.
The supplied water should be uncontaminated, but the quantity and quality issues
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associated with the process could explain the associated risks. The amount of
filtered water is by hundreds m3 per day. For a single patient are required 200 L of
water in 2 h of dialysis, which makes the number of filtered microorganisms to be
very large and using the systems for the sterile water production impossible. Quality
membrane filter usually prevents contamination, but the maintenance operations
could be the moment of possible contamination. System contamination is a major
problem, since the use of disinfectant solutions for filtered water is restricted.
Contaminating microorganisms are selected oligotrophic species (due to the lack of
nutrients in the system), able to attach to all available surfaces exposed, mainly as a
survival strategy. The samples of water from contaminated dialysis systems usually
contain Gram-negative bacteria species, fungi, and mycobacteria.

Factors which determine the pathogenesis are related to water purification sys-
tem (physicochemical conditions: oligotrophic environment, various sites for
adhesion, chemical composition of concentrated salt solution), and the absence of
competitive relationships between populations of microorganisms associated, and
especially the microorganism properties, pathogenicity, and virulence. Diffusion
into the bloodstream of microbial components is also a major risk factor associated
with hemodialysis. These substances are collectively referred to as pyrogenic fac-
tors or inducers of the synthesis of cytokines and diffuse through the membrane
filter due to the small size of the molecules, triggering in the host organism the
inflammatory cascade.

Intraperitoneal catheterization in chronic peritoneal dialysis subsequent to renal
failure is also a risk factor for FBRI statistics, indicating an incidence of FBRI
peritonitis of 0.82/patient. In these cases, often were isolated in culture strains of the
S. aureus and S. epidermidis species, 27.8 and 19.3 % in peritonitis from positive
blood cultures [89].

Infections of intravascular devices. Vascular path is used in modern medicine for
administration of fluids and electrolytes, blood products, medications, parenteral
nutrition, or hemodynamic monitoring. A major problem of using medical devices
for venous catheterization is that it can be a reservoir for systemic infections with
biofilms-related microorganisms. Central venous catheters are actually vascular
surgical approaches most often associated with systemic infections.

Bacterial endocarditis. Infections are known for many decades to trigger heart
diseases. The etiology of these infections is varied, as well as locating sites of
infection (virtually all segments of the heart may be affected: pericardium, myo-
cardium, endocardium, heart valves, and coronary arteries). A new problem in the
infections of the heart, however, is about the rising incidence of various cardiac
implants and post-implantation bacterial endocarditis. This is determined, in 80 % of
cases, of species belonging to the Staphylococcus, Streptococcus and Enterococcus
genus, and most severe complications are related with bacterial biofilm formation.
Initial adhesion of microorganisms to the prosthetic devices is determined by con-
ditioning film formation, composed of fibrinogen, fibrin, fibronectin, other plasma
proteins and platelets, favoring microorganisms’ adherence and colonization as well
as determining a transient bacteremia. The adhesion of S. aureus to the heart valves
and other prosthetic devices is mediated by surface adhesins, as FNbp
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(fibronectin bindingprotein) A and B, clumping factor, and collagen adhesins.
Coagulase-negative staphylococci adhere to the surface of intracardiac prosthetic
devices by a different mechanism, caused by nonspecific factors, such as surface
tension, hydrophobicity, and electrostatic forces, or by specific adhesins, autolysins,
or capsular polysaccharides [89].

Contact lenses. The bacteria are able to adhere to all kinds of materials from which
the lenses are made, the rate of attachment being influenced by various factors: the
type of material, the water content of the material, the ionic character of the material,
the pH, concentration of electrolytes, lachrymal layer of proteins (lactoferrin,
immunoglobulin, mucin, lysozyme), etc. Microbial keratitis etiology associated with
contact lens wear, includesmicroorganisms belonging to different genera and species,
e.g. P. aeruginosa, S. aureus, S. epidermidis, Serratia spp, Escherichia
coli, Proteus spp, Candida spp., microbial biofilms formed on contact lenses being
multispecies communities. Contact lenses storing cases are typically the sources of
contamination [89].

Currently used intrauterine devices (IUDs) are of two types: (a) nonabsorbable
polymers, such as polyethylene impregnated with barium sulfate, and (b) controlled
release devices, which release an active substance, such as copper or a progestational
agent. A common complication of the use of these devices is pelvic inflammation
with infectious etiology (S. aureus, E. coli, β-hemolytic streptococci, anaerobic
microorganisms). IUD explanted from asymptomatic patients were contaminated
with Lactobacillus plantarum, S. epidermidis, Corynebacterium sp., group B
streptococci, Micrococcus sp., C. albicans, S. aureus, and Enterococcus sp. [27].

Neurological prostheses. Neurostimulation therapy involves the application of
low voltage currents in different regions of the central or peripheral nervous system.
Using this therapy it is aimed the management of neuropathic pain and therefore the
motor disorders (e.g., Parkinson’s disease). Literature data concerning infections
related to these types of devices are relatively few, indicating Staphylococcus spp
and Ps. aeruginosa as causative pathogens [89].

Cochlear implants. These are electronic devices that facilitate improved auditory
function for the hearing impaired persons. Manufacture of cochlear implants is
supervised by the FDA (Food and Drug Administration). The basic model consists
of two parts, one for internal and one for external use. The rate of infectious
complications of these devices ranges between 3.3 and 17 %. In most cases, the
infection begins at the surgical incision site, tissue necrosis, or adjacent wound
dehiscence in the first three months after the surgery. The etiologic agent most
commonly found in such infections is S. aureus. FBRI related to the cochlear
implant is a major complication requiring explantation of the device and could be
associated with bacterial meningitis, especially in children. Causative agents of this
complication are Str. pneumoniae and Hemophilus influenzae [89].

The breast reconstruction for esthetic purposes has become a common surgical
practice. The rate of infection in such cases is 1.7–2.5 %. Etiology has been less
studied than in other FBRI, but most commonly reported microorganisms involved
are S. aureus, Peptostreptococcus spp, and Clostridium perfringens [89].
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Prosthetic penile implants are designed to restore erectile function. The rate of
infectious complications in these cases is 8–20 %. The organism most often
involved in the etiology of these infections is S. epidermidis [68]. The introduction
of new devices with modified surfaces, although it seems to have decreased the
incidence of this type of infections, but caused a change in the etiology of these
infections [110].

3 Matrix-Assisted Pulsed Laser Evaporation Customized
Surfaces

MAPLE (Matrix-Assisted Pulsed Laser Evaporation) technique is an extension of
PLD method (Pulsed Laser Deposition) that was successfully used to prepare thin
films of organic (macro) molecules [72]. MAPLE allows the preparation of thin
films with greater surface morphology than PLD, due to the laser beam energy used
for target ablation that does not damage the molecules [15, 17–20, 22, 23]. The
principle of this technique is very simple: organic (macro) molecules/nanostructures
are solubilized/dispersed in a solvent, subsequently frozen and placed in a vacuum
chamber. A laser is used to irradiate the solubilized/dispersed organic (macro)
molecules/nanostructures, while the solvent is evaporated and the organic macro
(molecules)/nanostructures are deposited on a substrate, which may be represented
by glass, silicone, different medical devices and surfaces, etc. (Fig. 2) [15, 17–20,
22, 23].

There are two problems regarding MAPLE processing: (i) the laser beam can
alter the functional groups of organic (macro) molecules/nanostructures; (ii) if the

Fig. 2 Schematic representation of MAPLE technique
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organic (macro) molecules/nanostructures are not well dispersed/solubilized, large
aggregates may be transferred [10]. The solvent is required to absorb the laser light,
protecting the functional groups of (macro) molecules/nanostructures. A series of
published papers demonstrate that MAPLE can provide an improved approach to
growing high-quality thin films of organic or inorganic materials [15, 17–20, 22,
23]. Table 1 presents the principal thin films and coatings prepared by MAPLE,
selected fluence and their biomedical applications.

4 Magnetite Nanoparticles with Antimicrobial Loadings

Preparation of magnetite nanoparticles via coprecipitation is one of the most used
methods in the last years, being safe for the preparation of high-purity magnetite
nanocrystals, with a very good reproducibility and with the ability to control the
size of prepared particles. Magnetite was firstly prepared by Massart method in
1981 [63]. The principle to prepare crystalline magnetite suppose the utilization of
ferric and ferrous salts in molar ration 2:1, and the precipitation of these ions in
basic aqueous solution [29]. In the coprecipitation are involved two mechanisms:
(i) nucleation process and (ii) growth of nuclei. It has been proved that pH influence
the mechanism of this reaction. The process is favored if the pH * 11 for NH4OH
and pH * 9–14 if NaOH is used [111]. It is required that coprecipitation of
magnetite nanostructures to be realized in an atmosphere without oxygen to avoid
the oxidation of magnetite to maghemite [62]. This inconvenient can be eliminated
if the particles are functionalized with different organic molecules, starting from
simple molecules (sulfanilic acid) to more complex molecules (amoxicillin and
other antibiotics) in the coprecipitation step [39].

Coprecipitation method allow a higher amount of magnetite nanoparticles to be
synthesized, but to obtain a restricted diameter of particles it is necessary to control
the following parameters: molar ratio of Fe2+/Fe3+; pH value; concentration of ferric
and ferrous ions; coprecipitation temperature and for a high restriction of dimen-
sion, surfactants are required [65, 88].

Medical applications of magnetite nanostructures are impressive, from medical
imaging and diagnosis to antimicrobial therapy [37–39]. Applications of magnetite
in antimicrobial therapy are related to: (i) the stimulation of the antimicrobial
activity of currently used antimicrobial compounds and (ii) the modulation of
microbial attachment and biofilm formation. Prepared by coprecipitation of ferric
and ferrous salts, in aqueous basic solution, or by other methods (hydrothermal,
solvothermal, microwaves, ultrasounds), magnetite nanoparticles can be function-
alized with various organic molecules using few general routers: (i) incorporation of
therapeutic agents in the coprecipitation step; (ii) preparation of magnetite nano-
particles, functionalization and chemical bonding with therapeutic agents;
(iii) preparation of magnetite–polymers nanocomposites and the entrapment of
therapeutic agents onto polymer network. Different molecules were used for the
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Table 1 Thin films and coatings prepared by MAPLE used in medical field

Deposited compound Fluence
(mJ/cm2)

Application

Lysozyme [79] 2000 Antimicrobial surface

SWCNTs [26] 100–200 Electromagnetic devices

Triacetate-pullulan [15] 500 Drug delivery

Cryoglobulin [16] 200 Diagnosis

Hydroxyapatite–silk fibroin [67] 400–500 Orthopedical applications

Alendronate–Hydroxyapatite [8] 750 Promote bone formation

Silicate glass–polymethylmetacrylate [31] 550 Implants and prostheses

Mg and Sr doped octacalcium phosphate [9] 750 Implants

Fibrinogen [93] 440 –

Polysiloxane [45] 30–130 Chemical sensor

Polyethylene glycol [83] 5400 –

Polyfluorene [105] 200

Polycaprolactone [17] 500 Drug delivery

Poly(D,L-lactide) [18] 625 Drug delivery

Cinnamate-pullulan, tosylate-pullulan [50] 75–90 Drug delivery

Bovine serum albumin [51] 100–500 Protein films

Poly(1,3-bis-(p-carboxyphenoxy propane)-
co-(sebacic anhydride)) [19]

1100 Drug delivery systems

Lactoferrin [14] 400–700 Vehicle delivery

Polyvinyl alcohol derivatives [20] 300 Delayed drug delivery

Mussel adhesive proteins [21] 600–1000 Antifouling affect

PEG:PLGA blends [73] 200 Drug release

Mn(III) metalloporphyrin [22] 300 Chemical/biological sensors

Peg:plga:indometacin [74] 300 Drug release

Fe3O4/C18/cephalosporins [23] 200 Anti-biofilm surface

PLA/gentamicin [24] 500 Antimicrobial therapy

Porphyrin [47] 200–300 enzymatic biosensors

Poly(ethylene glycol)-block-poly
(caprolactone) methyl ether [84]

500 Anti-biofouling

Poly(lactide-co-glycolide)/polyurethane
[75]

800 Substrates for cell culture

Poly(lactic acid)–Poly (vinyl alcohol)-usnic
acid [36]

300 Antimicrobial surface

poly(N-isopropylacrylamide) [85] 200–600 Cells attachment–detachment

Cellulose derivates [71] 450 Drug release

Magnetite@eugenol and
(3-hidroxybutyricacid-co-3-hidroxyvaleric
acid)–polyvinyl alcohol [37]

300 Anti-biofilm surface

Sulfonated phthalocyanines [30] 100–600 Gas sensors

Poly(lactic acid)-fibronectin [91] 550–700 Controlled release
(continued)
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functionalization of magnetite nanoparticles: antibiotics (kanamycin, cefotaxime,
penicillin, erytromycin, bacitracin), natural products (essential oils and high purity
natural compounds), or macromolecules (chitosan, cellulose, alginates, polyvinyl-
pyrrolidone, polyvinyl alcohol, poly lactic acid) [37, 54]. Functionalization of
magnetite nanoparticles is required for improving the chemical stability in various
medical environments and to prevent oxidation.

Uncoated magnetite nanoparticles present a series of disadvantages caused by:
(i) aggregation in aqueous media; (ii) chemical instability (iii) low biodegradability;
(iv)agglomeration in vivo; (v) nonspecific interactions with proteins; (vi) fast
elimination by the immune system [69].

One of the first papers that report the ability of magnetite nanostructures to
modulate microbial biofilm was reported by Saviuc et al. [86]. In this study, cover
slips were coated with oleic acid functionalized magnetite nanoparticles. This type
of nanostructures inhibited the colonization and biofilm formation of different
fungi. Starting from this research paper, improved magnetite nanocomposites were
prepared in order to modulate microbial biofilm development [86]. Deposition of
magnetite nanoparticles by MAPLE on the surface of medical devices has been first
reported by Cristescu et al. [23]. After that, a series of research papers has been
reported highlighting the importance of magnetite nanocomposites as coating sur-
faces for different medical surfaces in order to improve their resistance to microbial
colonization (Fig. 3).

5 Bioevaluation of Magnetite Nanoparticles and Magnetic
MAPLE Deposited Surfaces

Trying to find the best formulations for antipathogenic modified surfaces, authors
seek firstly for biocompatible materials with great effect against microbial devel-
opment when used alone or functionalized with different antimicrobial agents. The
excellent biocompatibility combined with magnetic properties make magnetic

Table 1 (continued)

Deposited compound Fluence
(mJ/cm2)

Application

Apatite [107] 750 Metallic implant coatings

Poly lactide/chitosan/dexamethasone [18] 600–1000 Drug delivery and tissue
engineering

Urease [41] 400 Blood diagnostic applications

Dextran–iron oxide [78] 500 Coatings for medicine

Glass/poly(methyl methacrylate) [32] 550 Coatings for medicine

Fibronectin [90] 700 Coatings for medicine

Fe3O4/SiO2/Antibiotics [66] 400 Anti-biofilm surfaces

PLGA-PVA-Fe3O4-UA [38] 300 Anti-biofilm surfaces
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nanoparticles the focus of rapidly growing research efforts in controlled drug
release, drug targeting, and microbial biofilm inhibition on coated surfaces.
MAPLE proved to ensure a uniform deposition of magnetite thin films, the precise
control of film thickness, roughness and homogeneity, slow release of active
components, increased absorption into the systemic circulation, improved disper-
sion, and dry and sterile coating processing [66].

5.1 In Vitro Evaluation

In vitro studies revealed that thin films containing magnetite/salicylic acid/silica
shell functionalized with antibiotics (Fe3O4/SA/SiO2/ATB), deposited by MAPLE
at a fluence of 400 mJ cm−2, inhibited the attachment and biofilm formation of two
main human pathogens, P. aeruginosa and S. aureus [66]. Previous studies of the
same research group demonstrated that the incorporation of second, third, and
fourth generation cephalosporins into magnetic microspheres improved the delivery
of antibiotics in active forms [12] and this result should explain the antimicrobial
effect of the Fe3O4/SA/SiO2/ATB thin films. The fact that the inhibitory effect of
the magnetite silica nanobiocoating is maintained during time, for at least 72 h [66],
demonstrates that this MAPLE deposited thin film ensures not only the delivery but
also the controlled release and stability of the therapeutic compounds. Furthermore,

Fig. 3 Schematic representation of magnetite nanocomposite synthesis and thin coatings
deposition using MAPLE technique
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this controlled release magnetic thin film proved also a good biocompatibility, the
death rate of in vitro cultured human cells grown in the presence of this material
being less than 5 % [66].

Cristescu et al. [23] reported a similar nanobiocoating composed of Fe3O4/oleic
acid/ceftriaxone and Fe3O4/oleic acid/cefepime, deposited by MAPLE and
drop-cast on polished Si and optic glass substrates. Authors demonstrated that both
MAPLE and drop-cast prepared thin films exhibited great anti-attachment proper-
ties, inhibiting adherence and biofilm formation of a wide range of clinical
microbial strains with diverse etiology, but biofilm inhibition was higher for thin
films prepared by MAPLE. The intensity of microbial inhibition varied with the
tested strain. The most obvious biofilm inhibitory effects were observed for the
Gram-positive species S. aureus and B. subtilis, but also for the Gram-negative
opportunistic pathogen E. coli, where both tested MAPLE deposited thin films were
efficient. On the other hand, in the case of P. aeruginosa and K. pneumonia, only
Fe3O4/oleic acid/ceftriaxone thin film proved antipathogenic properties, biofilm
inhibition being in most cases significantly higher as compared with the plain
antibiotic [23]. These results lead to the conclusion that either magnetite/oleic acid
nanoparticles have an intrinsic antimicrobial effect or that these thin films improve
the diffusion rate of the antibiotic in the liquid medium and thus the efficiency of the
active drug.

In vitro biocompatibility studies performed by the same research group revealed
that, despite the antibacterial attachment properties manifested against several
bacteria species, Fe3O4/oleic acid/ATB thin films, have no impact on eukaryotic
cells adherence. Studies performed on HeLa cultured cells demonstrate no mor-
phological changes in cell morphology as revealed by microscopy analysis, dem-
onstrating that the nanofilms have no cytotoxic effect on the eukaryotic cells [23].

Recently, Ciobanu et al. [13] reported the fabrication of dextran-coated iron
oxide thin films with an estimated thickness ranging 280–360 nm using MAPLE
technique. The obtained biocompatible magnetic film showed a granular surface
morphology, which allowed and improved the adhesion and growth of living
HepG2 cells. Authors stated also that cells developed on dextran surfaces coated
with 1–5 % maghemite exhibit a normal actin cytoskeleton, suggesting that tested
hepatocytes underwent normal cell cycle progression. The practical application
proposed of the research group is that the thin film attached hepatocytes may be
used as biosensors for different xenobiotics [13].

Due to the possibilities offered by Advanced Laser Techniques, currently there is
a trend to use biopolimers in order to design micro- and nano platforms with
multifunctional therapeutic properties [76]. Due to a mixture of properties such as
biocompatibility, availability, relative low price and low toxicity, polylactic acid
(PLA) and polyvinyl alcohol (PVA) have been extensively studied for biomedical
applications [87, 114]. PLA–PVA microspheres were recently used for developing
antimicrobial surfaces. These polymeric microspheres were loaded with natural
agents with proved antimicrobial effect, such as Usnic Acid (UA), and deposited by
MAPLE onto Ti substrates. The obtained coatings proved antimicrobial properties,
reducing S.aureus biofilm development, as well as a good in vitro biocompatibility.
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This microsphere-based thin coating proved to be efficient vehicle for UA delivery
and controlled release, inhibiting microbial colonization and biofilm formation [36,
38]. These results are opening new perspectives for the prevention and therapy
associated to biofilm-related infections developed on Ti prosthetic devices.

Magnetite polymeric microsphere were also developed for the delivery of natural
plant derived compounds and extracts. Magnetite—polylactic-co-glycolic acid–
polyvinyl alcohol (PLGA–PVA) microsphere thin films fabricated by MAPLE were
used for the delivery and controlled release of UA. In vitro results showed that these
magnetic nanocoatings deposited on 8 mm titanium discs, double-sided polished
silicon and glass offer an increased resistance to staphylococcal colonization and
also biofilm formation [36, 38].

One of our recent studies reports the fabrication and biological applications of a
water dispersible nanostructure, based on magnetite and eugenol (E), prepared in a
well-shaped spherical form by precipitation method, which were embedded into
poly(3-hidroxybutyric acid-co-3-hidroxyvaleric acid)–polyvinyl alcohol (P
(3HB-3HV)–PVA) microspheres by an oil-in-water emulsion technique [37]. The
functionalized polymeric microspheres were deposited by MAPLE onto glass and
both side polished silicon for investigating their effect on microbial colonization.
The results revealed that the obtained thin coatings reduce the formation of S.
aureus and P. aeruginosa biofims at least 3-folds after 24–48 h of incubation. After
72 h of development on the nanocoated surfaces, biofilms are less affected by the
bioactive coating, although a biofilm inhibition is easily observable for both S.
aureus and P. aeruginosa [37]. The reduction of the biofilm inhibitory effect may
be explained by the high volatility of the active compound, eugenol, whose ther-
apeutic effect may fade during time, as it is released from the magnetite nano-
structures embedded in the polymeric microspheres.

Fe3O4 nanoparticles may be used also as bare nanosystems for the delivery and
controlled release of plant extracts. Anghel et al. [4] reported the MAPLE depo-
sition of Cinnamomum verum-functionalized Fe3O4 nanoparticles of 10 nm aver-
age diameter on the surface of gastrostomy tubes (G-tubes). Study revealed that
these surface modified prosthetic devices are more resistant to S. aureus and E. coli
colonization, which are the most frequent etiologies for severe and persistent
infections associated with G-tube implantation. Attachment and biofilm formations
of these bacterial strains on the surface of MAPLE modified G-tubes was inhibited
to 3–5 folds in less than 72 h, as revealed by the in vitro experiments based on
viable bacterial count assay [4]. This surface modification did not affect the bio-
compatibility of the G-tube, the obtained thin surfaces allowing the normal growth
and development of human cultured endothelial cells for at least 5 days of contact
incubation, as revealed by the microscopy analysis and mitochondrial activity of the
cells [4].

Altogether, these studies demonstrate that functionalized magnetite-based bio-
active coatings prepared by MAPLE may be successfully used for developing
improved prosthetic devices and medical surfaces made by glass, silicone, titanium
and plastic, with antimicrobial properties (Fig. 4).
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5.2 In Vivo Evaluation and Biodistribution

Most in vivo assays performed to establish the potential cytotoxic effect of a coated
medical surface include the insertion of a small fragment of the surface modified
material in an animal model body, depending on the intended purpose of the
material or final device. When using nanoparticles for thin coatings, because of
their small dimensions, physicochemical properties, the potential bioactive load-
ings, and the fact that they can detach from the film, special attention should be paid
to the potential cytotoxicity and biodistribution of the nanosystems included in the
films.

Proton MRI follow-up of a rat model revealed that inhaled or instilled magnetic
nanoparticles are vehiculized through the lungs and tend to accumulate in certain
areas of the lungs, without being present in other vital organs as liver, spleen, and
kidney [1]. Along with the administration procedure, one of the most important
parameter for the biodistribution of nanoparticles is the surface coating. Yaseen and
coworkers revealed that capsules’ coatings influence the biodistribution of nano-
particles to a greater extent than their size, even though the circulation kinetics
seems to remain the same [113]. Intravenously administrated coated nanoparticles
(including magnetite) were found in the organs of the reticuloendothelial system,
namely in the liver and spleen, as well as in the lungs [113].

Our recent unpublished studies performed on a Balb/c mouse model revealed
that magnetite nanoparticles functionalized with antibiotics with proved antimi-
crobial and anti-biofilm effect are vehiculized through the blood flow and localize in
certain organs. Intraperitoneally injected nanoparticles from a suspension obtained

Fig. 4 Schematic representation of modified catheter surface using MAPLE and the ability of the
modified surface to inhibit microbial biofilm development
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in sterile phosphate buffered saline (PBS) were found clustered preferentially within
the kidney, lungs, and spleen (Figs. 5, 6, 7, 8 and 9) at 72 h after the injection.
Microscopy analysis of transversal sections obtained from mice organs revealed no
clustered nanoparticles in the brain and liver (Figs. 5 and 6).

In the lungs nanoparticles were observed mainly in the perivascular macro-
phages found in the intra-alveolar septum. Nanoparticles were also found in the
intravascular cells of the monocyte–macrophage system. It seems that the mono-
cytes, which are the red bone marrow precursor cells of macrophages, have
embedded in the nanostructures and this could explain the presence of nanoparticles
in the vascular lumen. In the vascular lumen, isolated extracellular nanoparticles
were found, which may be aggregated within the platelets (Fig. 7).

In the kidney, nanoparticles were observed in the blood vessels only. The rest of
the renal parenchyma (glomeruli, tubules, renal stroma) did not reveal nanoparticles
(Fig. 8).

Fig. 5 Transversal section through the brain of a mouse treated with magnetite nanoparticles
functionalized with cefotaxime. Hematoxilin–eosin staining: a ×100; b ×200

Fig. 6 Transversal section through the liver of a mouse treated with magnetite nanoparticles
functionalized with cefotaxime. Hematoxilin–eosin staining: a ×100; b ×200
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Nanoparticles were present in the spleen sections, but only in the red pulp. In the
white pulp, nanoparticles were absent. In the red pulp, nanoparticles have been
identified in cells of the macrophages found both in Billroth cords and in the
sinusoidal capillaries. Under the microscopy analysis of these sections, nanoparti-
cles appear as granular structures, usually spherical, of various sizes, with diameters

Fig. 7 Transversal section through the lung of a mouse treated with magnetite nanoparticles
functionalized with cefotaxime. Hematoxilin–eosin staining: a ×100; b ×200; c ×400; d ×1000

Fig. 8 Transversal section through the kidney of a mouse treated with magnetite nanoparticles
functionalized with cefotaxime. Hematoxilin–eosin staining: a ×200; b ×400
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up to 3 μ, black brown colored. The density of the nanoparticles varied from one
cell to another: some cells revealing a higher concentration of intracellular nano-
particles (Fig. 9).

6 Conclusions and Perspectives

This chapter reports the current status of magnetite nanocomposites research with
direct application on the biomedical field. Magnetite nanocomposites can be used
successfully as thin coatings prepared by advanced laser techniques, to prevent
contamination, colonization, and microbial biofilm development of different
Gram-positive, Gram-negative, and fungal species. This new trend in antimicrobial
therapy, involving nanotechnology is a promising approach for medical surfaces to
prolong the life and utility of different prosthetic devices. MAPLE represents a
recently developed technique (*10 years ago) with unique advantages regarding
preparation of nanometric films and coatings on different surfaces. MAPLE pro-
cessing allows the modulation of the releasing rate of the therapeutic agents due to
the ability of varying the thickness of films/coatings and also offers the possibility to

Fig. 9 Transversal section through the spleen of a mouse treated with magnetite nanoparticles
functionalized with cefotaxime. Hematoxilin–eosin staining: a ×200; b ×400; d, e ×1000
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use compounds, biomaterials, and biopolimers which cannot be processed through
other deposition techniques.

The development of improved prosthetic devices coated with magnetite nano-
composites that function as controlled release systems for natural or synthetic
therapeutic agents with antimicrobial activity and enhanced biocompatibility rep-
resent a new and effective strategy for reducing health risks by increasing durability
and quality of prosthetic devices and also patients’ comfort, reducing also the cost
of their maintenance. In addition, this strategy once optimized can be applied in the
future to most medical surfaces with the potential to revolutionize the market
production of medical prosthetics.
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Eco-Friendly Chitosan-Based
Nanocomposites: Chemistry
and Applications

Catalina Natalia Cheaburu-Yilmaz, Onur Yilmaz and Cornelia Vasile

Abstract The deacetylated chitin derivative, chitosan (CS), as a linear polysac-
charide having reactive side amino groups is among the favorite bio-based materials
due to its nontoxicity, biodegradability, biocompatibility, antimicrobial properties
mucoadhesivity among other advantages. Chitosan as a hydrophilic biopolymer
exhibits a variety of physicochemical and biological properties resulting in
numerous applications in fields such as pharmaceutical and biopharmaceutical,
cosmetics, biomedical engineering, biotechnology, agriculture, textiles, food pro-
cessing nutrition, etc. The mechanical properties and hardness of CS are frequently
not enough to meet some of the biomedical applications requirements. The addition
even of a very small amount of nanoparticles leads to obtain materials with
improved mechanical, chemical, and antimicrobial properties targeted to particular
application. The mechanical, thermal, and antibacterial properties of the nano-
composites as well as their biodegradability and applications are reviewed.

Keywords Eco-friendly � Bio-nanocomposites � Chitosan � Clay �Montmorillonite

1 Introduction

During the last few decades, synthetic polymers and polymer-based materials have
become indispensable materials in people’s lives [109–113]. Due to their ease of
processing, low cost, and availability, they are used in a very wide range of
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applications from household to aerospace applications, from agriculture to medicine
or pharmacy [119–125]. They have even replaced traditional metals, ceramic and
glass-based materials for a number of applications [119, 120, 135]. However, due to
the growing awareness on environmental care and human health as well as the
scarcity and increase in price of the fossil resources, particular attention and efforts
have been given to the environmentally friendly materials in the last years [126–
130]. Therefore, eco-friendly products based on biopolymers such as biodegradable
polyester [35, 89, 107, 138], proteins [21, 36, 90], polysaccharides [6, 30, 77, 142]
have attracted a tremendous attention because of their possibility to reduce the
dependence on fossil fuel and its derivatives.

Biodegradable polymers are defined as those that undergo microbially induced
chain scission finally leading to the mineralization. Specific conditions in term of
pH, humidity, oxygenation, and the presence of some metals are required to ensure
the biodegradation of such polymers. Biodegradable polymers can be obtained from
bio-sources like corn, wood, cellulose, chitin, etc., or can also be synthesized by
bacteria, e.g., butyric acid or valeric acid that give polyhydroxybutyrate (PHB) and
polyhydroxyvalerate (PHV) [67, 114].

Nowadays, available biopolymers are relatively expensive and rather in
small quantities. This has been a limiting factor to extend their applications in
various fields. However, recent signs show that increasing environmental awareness
and more stringent legislations regarding recyclability and restrictions on waste
disposal will give a rise for the use of biopolymers as well as decrease in their
prices.

Polysaccharides are the most promising bio-based natural polymers to be used in
the preparation of advanced functional composite materials. From the polysac-
charide family, cellulose and lignin derivatives have been successfully used for the
preparation of natural biopolymer reinforced polymer composites. The reviews on
the preparation, characterization, and successful applications of these composites
have been reported in detail by Thakur and coworkers [131, 134, 135]. A member
of polysaccharide family, the deacetylated chitin derivative, chitosan, as a cationic
polymer is another promising bio-based material used in bio-nanocomposite
preparations. Chitosan and its derivatives are being considered to be materials of
great futuristic potential with immense possibilities for structural modifications to
impart desired properties and functions, research and development work on chitin
and CS have reached a status of intense activities in many parts of the world [51,
83, 85, 94]. The positive attributes of excellent biocompatibility and admirable
biodegradability with ecological safety and low toxicity with versatile biological
activities such as antimicrobial activity and low immunogenicity have provided
ample opportunities for further development [42, 47, 59, 72, 95, 166]. It has
become of great interest not only as an under-utilized resource but also as a new
functional biomaterial of high potential in various fields [41, 55, 58].

Despite its huge annual production and easy availability, chitin still remains an
under-utilized resource primarily because of its intractable molecular structure [59,
175]. On the other hand, chitosan as deacetylated chitin derivative can be dissolved
in acidic solutions, and its unique physicochemical and biological properties gives
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opportunity to use it in various application fields e.g. cosmetics, biomedical engi-
neering, pharmaceuticals, ophthalmology, biotechnology, agriculture, textiles, food
processing nutrition, etc. However, the mechanical properties, hardness, and barrier
properties of chitosan-based materials are frequently not enough to meet standards
for a wide range of applications [114]. In the last decade, the nanotechnology field
has opened up new ways in materials science exploiting the use and functionalities
of biopolymers, particularly chitin and chitosan (CS) derivatives. Among these,
polymer-nanocomposite technology especially took attention due to the substantial
property enhancements with respect to the neat polymer matrix by the addition of
nanoparticles into polymer matrix even in low amounts (up to 5 %). The interac-
tions between the filler and polymer at nanometric scale explain the superior
properties in comparison to the conventional polymer composites [82]. The
developments in polymer nanocomposite technology have given the opportunity to
improve the inherent properties of biodegradable polymers and to combine
advantageously the unique characteristics of the biopolymers to the new composite
materials.

The most common way to improve the mechanical, thermal, and barrier prop-
erties of chitosan is the use of nanolayered silicates [46, 73, 74]. The addition of
layered silicates and in particular montmorillonite (MMT) in chitosan has also been
extensively studied and many property enhancements have been reported for the
chitosan-based nanocomposites which were found to be strongly affected by the
preparation method of the nanocomposite and the interactions of the nanolayers
with chitosan chains. The chitosan/clay bio-nanocomposite technology constitutes
an important research field in material science and gives possibility to expand the
use and value of this unique and natural biomaterial. Present chapter discusses the
preparation techniques, characterization, and properties of the chitosan/clay bio-
nanocomposites. A detailed review on various applications of these bio-nano-
composites also has been reported.

2 Chitosan as Biopolymer

Chitosan is a natural deacetylated chitin derivative and a cationic linear polysac-
charide which is very similar to cellulose and consists of 1,4-linked d-glucosamine
with a variable degree of N-acetylation, except that the acetylamino group replaces
the hydroxyl group on the C2 position. Thus, chitosan is a copolymer consisting of
N-acetyl-2-amino-2-deoxy-d-glucopyranose and 2-amino-2-deoxy-d-glucopyra-
nose, where the two types of repeating units are linked by (1 → 4)-glycosidic
bonds. Chitosan has a rigid crystalline structure through inter- and intramolecular
hydrogen bonding.

The source of chitosan is a naturally occurring polymer, chitin, which is the
second most abundant polysaccharide in nature after cellulose. Chitin is found in
the exoskeleton of crustacea, insects, and some fungi types. The main commercial
sources of chitin are the shell waste of shrimps, lobsters, krills, and crabs. In the
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world, several millions tons of chitin are harvested annually and hence this bio-
polymer represents a cheap and readily available source. Chitosan is obtained by
the thermochemical deacetylation of chitin in the presence of an alkali and naturally
it may occur only in certain fungi types (Mucoraceae) [99]. Chitosan can be
obtained via alkaline-based methods which usually involve the hydrolysis of the
acetated position using sodium or potassium hydroxide solutions as well as a
mixture of anhydrous hydrazine and hydrazine sulfate [25]. The treatment of chitin
with an aqueous 40–45 % (w/v) NaOH solution at 90–120 °C for 4–5 h results in
N-deacetylation of chitin. The structures of chitin and chitosan (CS) are given in
Fig. 1. The conditions used for deacetylation determine the molecular weight of the
biopolymer and the degree of deacetylation (DD). The active primary amino groups
on the molecule provide reactive sites for a variety of side group attachment
employing mild reaction conditions. The facile derivatization makes chitosan an
ideal candidate for biofabrication. In addition, the characteristic features of chitosan
such as being cationic, hemostatic, and insoluble at high pH, can be reversed by
sulfating the amine which makes the molecule anionic and water soluble, with the
introduction of anticoagulant properties. The attachment of different side groups on
chitosan molecule can open up new ways to obtain versatile materials with specific
functionality and altered biological and physical properties.

The main difference between chitin and CS is their solubility in various organic
and inorganic solvents. The chemistry related with the solubility of chitosan and
chitin was reviewed by Pillai et al. [83]. Due to the extended hydrogen bonds, chitin
is insoluble in water or diluted acidic solutions and organic solvents. By compar-
ison, chitosan is readily soluble in dilute acidic solutions below pH 6.0. This is
because chitosan can be considered a strong base as it possesses primary amino
groups with a pKa value of 6.3. The presence of the amino groups indicates that pH
substantially alters the charged state and properties of chitosan [167]. At low pH,
these amine groups get protonated and become positively charged and that makes
CS a water soluble cationic polyelectrolyte. On the other hand, as the pH increases
above 6, CS amine groups become deprotonated and the polymer loses its charge
and becomes insoluble. The soluble–insoluble transition occurs at its pKa value
around pH between 6 and 6.5. As the pKa value is highly dependent on the degree
of N-acetylation, the solubility of CS is dependent on the deacetylation degree

Fig. 1 Structure of chitin and
chitosan
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(DD) and the method of deacetylation used [17]. The degree of ionization depends
on the pH and the pKa of the acid with respect to studies based on the role of
protonation of CS in the presence of acetic acid and hydrochloric acid [96, 97].

The polycationic nature of chitosan also gives antifungal or antimicrobial
activities to the molecule. The antimicrobial action of chitosan is hypothesized to be
mediated by the electrostatic forces between the protonated amino group (NH2) in
chitosan and the negative residues at cell surfaces [137]. The number of protonated
amino groups (NH2) present in chitosan increases with increased DD which
influences the antimicrobial activity [70].

Chitosan is also an excellent film forming material [26]. Chitosan films have a
selective permeability to gasses (CO2 and O2) and good mechanical properties.
However, the fact that chitosan films are highly permeable to water vapor limits
their use as being an important drawback since an effective control of moisture
transfer is a desirable property for most foods, especially in moist environments.

The unique properties of chitosan such as biodegradability, biocompatibility,
bioadhesivity, antimicrobial activity, having relatively good mechanical and barrier
properties make it a perfect candidate for preparing bio-nanocomposites to be used
in various applications.

3 Preparation and Characterization of Bio-nanocomposites
Containing Layered Silicates

As the interest in industrial application of biodegradable polymers is growing,
biodegradable polymer/silica nanocomposites have attracted much attention.
Several biopolymers like chitosan, alginate, pectin, carragenan, were intercalated
through ionic exchange mechanism into inorganic solid layers [11, 22, 153, 160].
Layered silicates (e.g., montmorillonite) are the most preferred nano additives for
the preparation of bio-nanocomposites.

The commonly used layered silicates for the preparation of bio-nanocomposites
belong to the same general family of 2:1 layered or phyllosilicates. Their crystal
structure consists of layers made up of two silica tetrahedral layers fused to an edge-
shared octahedral sheet of either aluminum or magnesium hydroxide (Fig. 2). These
silicates are characterized by large active specific surface area (700–800 m2/g) and a
moderate negative surface charge. The particle size of the commercially available
montmorillonite clay ranges between 6 and 13 μm. Each particle consists of 6000–
10000 platelets of 1 nm thickness and 100–1000 nm width [80].

The surface of clay layers have a net negative electric charge which is balanced
by a corresponding positive charge at some location. The charge in the naturally
occurring clay is balanced, typically, by a sodium cation which lies between the
layers in what is called the gallery space. The ability of the clay to improve the
properties of the polymers is primarily determined by the extent of its dispersion in
the polymer matrices, which, in turn, depends on the clay particle size. However,
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the hydrophilic nature of the clay surfaces impedes homogeneous dispersion in the
organic polymer phase. To overcome this problem, it is usually necessary to render
the surface organophilic prior to its use. The modification is usually made by
substitution of the cations (Na+, K+, Li+) on the surface of clay layers with cationic
surfactants including primary, secondary, tertiary, and quaternary alkyl ammonium
or alkyl phosphonium cations. These surfactants change the nature of the clay
surface from hydrophilic to hydrophobic one as well as increasing the interlayer
spacing of the clay and accordingly, they promote more affinity and space for the
polymers [8, 54]. The role of the organic compounds in the organically modified
montmorillonites (OMMT) is to reduce the surface energy of the montmorillonites,
thereby improving the wetting characteristics on the interface with the polymer or
monomer. Moreover, the choice of the organically modified clay type for each
individual system is an important issue for the success of nanocomposite prepa-
rations. The hydrophilic–hydrophobic balance of the clay and matrix polymer
should be well suited. Nowadays, different kinds of organically modified clays
modified by various surfactants leading to varied interlayer spacings are commer-
cially available in the market. They offer clay materials with different hydropho-
bicity to be suitable for various types of polymers.

As mentioned above, the successful formation of a hybrid is, to a large extent,
determined by the miscibility of individual components of the system [174]. Along
with the compatibility of clay material and polymer matrix, the procedure and

Fig. 2 Layered crystalline structure of montmorillonite (Reprinted from Ref. [87] Copyright
(2003), with permission from Elsevier)
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technique used for the preparation of nanocomposites are also crucial. Three main
techniques are usually used in preparation of bio-nanocomposites; (i) in situ
polymerization, (ii) solution casting, and (iii) melt processing. Recently, other
preparation techniques, such as electrospinning and processing under supercritical
conditions (e.g., supercritical carbon dioxide), have gained interest. Supercritical
carbon dioxide has primarily been used because achieving its super critical con-
ditions (Tc = 31.1 °C and Pc = 73.8 bar) is easy. Processing under supercritical
carbon dioxide, either as a foaming agent or a medium where in situ polymerization
or melt processing occurs is promising to be a particularly apt approach because this
solvent is greener than other organic solvents. In clay-based nanocomposites, the
use of super critical carbon dioxide has been a useful method to expand the
interlayer distances and consequently aid in the dispersion of the same in polymer
matrices. The selection of any of the techniques depends on the type of biopolymer
involved and to a large extent, the nanoparticle in question. However, of the three
primary techniques, melt processing is always a preferred method because it aligns
well with the currently established industrial processing routes [79].

3.1 In Situ Polymerization

During in situ polymerization, the nanoparticles are premixed with the liquid
monomer or monomer solution. Then, polymerization is initiated by either heat,
radiation, or suitable initiators. However, its technique is not applicable for prep-
aration of bio-nanocomposites since biopolymers are usually extraction products
from natural sources.

3.2 Solvent Intercalation Process

This elaboration process is based on a solvent system in which the biopolymer is
soluble and the silicate layers are swellable. Generally, the polymer is first dissolved
in an appropriate solvent and mixed further with the swollen clay suspension that is
prepared separately. The nanocomposite formation is based on the diffusion of
polymer chains into the clay galleries by mixing. Therefore, mixing procedure is
usually done within a prolonged period (*24–72 h) and preferably at elevated
temperatures. Nevertheless, for non-water soluble polymers, this process involves
the use of large amount of organic solvents, which is environmental unfriendly and
cost prohibitive. This technique is widely used for the preparation of polysaccha-
ride/clay hybrid materials in aqueous systems especially for chitosan-based
nanocomposites.
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3.3 Melt Intercalation Process

In the melt processing technique, the nanoparticles are mixed with the polymer in
the molten state. The process involves mixing of the particles with the polymer and
heating the mixture above the softening point of the polymer, statically or under
shear [139, 141]. In the case of clay-containing bio-nanocomposites, this method
has considerable advantages over the other preparation techniques. First, this
method is environmentally benign due to the absence of organic solvents. Second,
the melt processing is compatible with current industrial processes, such as
extrusion and injection molding. The melt intercalation method allows the use of
biopolymers that are not suitable for in situ polymerization.

The formation of bio-nanocomposites via polymer melt intercalation depends
upon the thermodynamic interactions between the polymer and the nanoparticles.
For clays, these interactions will also depend upon the transport/diffusion of
polymer chains from the bulk melt into the silicate interlayers [140, 141]. The
polymer needs to be sufficiently compatible with nanoparticle surface to ensure
proper dispersion [79].

In the preparation of bio-nanocomposites, the key feature is to provide a good
dispersion of clay in the polymer matrix which leads to enhancement of polymer
properties. These well-dispersed systems are known as intercalated and exfoliated
structures. Generally, the state of dispersion and the interlayer spacing of the clay
platelets are typically investigated by using X-ray diffraction (XRD) analysis and
transmission electron microscopy (TEM). Usually both techniques are essential for
evaluating the nanocomposite structure since TEM is time intensive, and only gives
qualitative information on the sample as a whole, while wide-angle peaks in XRD
allow quantification of changes in layer spacing but not giving information on high
layer spacing (>6–7 nm) and/or relatively disordered structures. Examples of the
XRD patterns and TEM images obtained from a series of chitosan/montmorillonite
nanocomposites with different MMT concentrations are shown in Figs. 3 and 4
[153]. The XRD pattern of the MMT (Fig. 3) shows a reflection peak at about
2θ = 7.1° corresponding to a basal spacing of 1.25 nm. The XRD pattern of CS
shows the characteristic crystalline peaks at around 2θ = 10°, 20°, and 25°. After
incorporating MMT within CS, the basal plane of MMT at 2θ = 7.1° disappears,
substituted by a new weakened broad peak at around 2θ = 3–5°. The movement of
the basal reflection of MMT to lower angle indicates the formation of an interca-
lated nanostructure, while the peak broadening and intensity decreases most likely
indicate the disordered intercalated or exfoliated structure. However, it is difficult
for XRD to give definitive conclusions about the defined structure. Thus TEM
technique is necessary to characterize the morphology. The TEM images (Fig. 4a–
b) show the good dispersion of MMT in the CS matrix. At lower MMT content (2.5
wt%, Fig. 3), the MMT shows the coexistence of both intercalated (stacks of
multilayers of MMT) and exfoliated structures. With increasing the content of the
MMT (5 wt%, Fig. 4b) the MMT clearly shows intercalated morphology with
occasional flocculation. It is believed that the formation of flocculated structure in
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CS/MMT nanocomposites is due to the hydroxylated edge-edge interaction of the
silicate layers [88]. Since one chitosan unit possesses one amino and two hydroxyl
functional groups, these functional groups can form hydrogen bonds with the sil-
icate hydroxylated edge groups, which lead to the strong interactions between
matrix and silicate layers.

Scanning electron microscopy (SEM) has also been used to investigate the
surface morphology of bio-nanocomposites. However, in most cases, it was very
difficult to image the degree of dispersion of nanoparticles in a polymer matrix
because the inherent resolution of most SEM instruments is approximately 1 nm.
However, SEM is a very valuable tool for studying the fracture-surface morphology

Fig. 3 XRD patterns of the
montmorillonite (MMT), pure
chitosan (CS), and its
nanocomposites with
MMT/CS ratios of 2.5 %
(CS-2.5), 5 % (CS-5) and
10 % (CS-10) (Reprinted
from Ref. [153], Copyright
(2005), with permission from
Elsevier)

Fig. 4 Bright field TEM images of chitosan/MMT nanocomposite: a CS-2.5; b CS-5 (Reprinted
from Ref. [153], Copyright (2005), with permission from Elsevier)
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of bio-nanocomposites. Recently, SEM combined with energy dispersive X-ray
spectroscopy has been frequently used to study the degree of dispersion of nano-
particles on the fractured surface of bio-nanocomposites [79].

Since no in situ polymerization techniques can be applied to naturally extracted
biopolymers, the mixing procedures are very important and should be done effi-
ciently for the preparation of bio-nanocomposites. Along with the well dispersion of
the silicate layers within polymer matrix, the interactions of the components are
also of importance to obtain improved polymer properties. Next section discusses
the preparation techniques and properties of the particular chitosan/clay
nanocomposites.

4 Chitosan/Clay Nanocomposites

The addition of layered silicates and in particular MMT in chitosan has been
extensively studied [37, 43, 78, 91, 118, 152, 153, 163]. The polycationic nature of
the chitosan in acidic media makes it an excellent candidate for intercalation in
layered silicates by means of cationic exchange process. In general procedure, the
chitosan solutions are prepared by dissolving in diluted acetic acid solutions and the
pH is adjusted to milder acidic values (*4.0–5.0). Subsequently, the chitosan
solution is slowly added to the clay suspension at selected temperatures and they are
mixed for 24 h to few days. In the end, they are washed with purified water to
remove the free acetate anions from the resulting mixtures [114]. The mixing ratios
of chitosan/clay are usually varied to from 0.25/1 to 10/1, respectively, depending
on the purpose and final desired properties. However, it has been shown that both
the structure of chitosan/MMT nanocomposites and their thermal stability are
strongly affected by the solvent-casting procedure used [37]. Wang et al. [153]
investigated the effect of both acetic acid residue and the hydrogen bonds formed
between chitosan and MMT on the nanocomposite properties. They demonstrated
that the residual acetic acid accelerates the thermal decomposition of chitosan and
decreases its crystallinity level. The effect of the solution’s temperature and acidity
(e.g., pH 5, 8, and 12) on the MMT dispersion has been also documented by
Potarniche et al. [84]. It was found that for pH 5 and high solution temperatures a
higher quantity of chitosan was intercalated between the silicate layers compared to
the samples processed at room temperature or at other pHs. It can be assumed that
at pH 5 the chitosan chains are oriented preferentially between the silicate layers.

The solution casting technique is the method of choice for the preparation of
chitosan/clay nanocomposites due to the aforementioned polycationic nature of
chitosan. For this reason, sodium montmorillonite is the most commonly used clay
type in the preparation of chitosan/clay nanocomposites and generally interca-
lated/exfoliated structures are obtained. However, there are also some other tech-
niques that can be used for nanocomposite preparations. The preparation of ultrafine
polymeric nanoparticles with narrow size distribution could be achieved using
reverse micellar medium. Reverse micelles are thermodynamically stable systems,
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but they are also a liquid mixture of water, oil, and surfactant. Coacervation is
another type of ionotropic gelation method. This process avoids the use of toxic
organic materials as cross-linking agents; however, the prepared chitosan particles
are poorly soluble in aqueous media. Covalently cross-linked chitosan nanoparticles
can be prepared by several different methods: emulsion cross-linking, reverse
micellar, solvent evaporation, spray-drying, or thermal cross-linking. The solvent
evaporation method can be performed in a w/o emulsion, and the aqueous phase is
removed by evaporation at high temperature. Spray-drying is a well-known tech-
nique to produce a cross-linked chitosan suspension. This method is based on
drying of finely dispersed droplets of chitosan solution in a stream of hot air
followed by the addition of a cross-linking agent. Thermal cross-linking is a very
simple method for preparing chitosan particles; however, high temperature is
necessary to establish cross-linking. Chitosan nano- and microsystems can be
employed in a wide range of biomedical application, such as drug or gene-delivery
systems.

Bodnar et al. [9] prepared nanoparticles based on chitosan via covalently cross-
linking of the amino groups of chitosan chain with natural di- or tricarboxylic acids
in aqueous media at room temperature. The solubility, structure, and size of these
nanoparticles was found as pH dependent, by decreasing the pH, the transmittance
of cross-linked particles increased, caused by the protonation of free amino groups
of chitosan chains. Therefore, depending on the pH, cross-linked chitosan nano-
particles can become a macromolecular solution.

The examples of the studies on chitosan-based nanocomposites prepared via
different methods comprising information regarding the method type, composition,
obtained results and the application of the synthesized materials are summarized in
Table 1. Some specific methods, e.g., in situ sol-gel intercalation, hot intercalation
technique, electrospinning or microwave were also reported for the preparation of
different types of chitosan-based nanocomposites. Anirudhan et al. [3] prepared
montmorillonite/N-(carboxyacyl) chitosan-coated magnetic particles (MMT/CACS-
MPs) for the controlled delivery of drugs (e.g., paracetamol) (MMT/CACS-MP) via
hot intercalation technique to combine the advantages of biopolymer with clay.
They obtained fibrous chitosan like white flakes located on the surface of MP
indicating that chitosan was coated successfully on the surface of MP. After
intercalation of CACS-MP in the interlayer space of MMT, the basal distance of
MMT increased and its surface morphology changed also dramatically, becoming
fluffy favoring the delivery process of the drug.

Another report was questioning the ability of pure chitosan for spinning which is
limited due to its polycationic nature and high viscosity in solution, and the pres-
ence of specific intra- and intermolecular interactions [173]. In this respect, syn-
thetic polymers such as polyethylene oxide (PEO) [27] and polyvinyl alcohol
(PVA) [170] were mentioned as being mostly used in the ultrafine fiber production.
Zhou et al. [173] produced carboxyethyl chitosan (CECS)/PVA nanofibers using
electrospinning technique.

Similar method was used by Naseri et al. [75] to produce nanofibrous mats based
on chitosan/PEO blend as matrix phase and chitin nanocrystals as reinforcing
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phase. After the preparation of the fiber mats, they used genipin to cross-link them
in order to enhance the mechanical properties and pH stability. This method
allowed the preparation of fiber mats with a content of chitin nanocrystals of 50 wt
% with high surface area (35 m2 g−1) which is considered likely for wound healing
materials. These electrospun fiber mats showed compatibility toward adipose
derived stem cells.

A series of titania–chitosan nanocomposites were prepared by using in situ sol-
gel method by Kavithaa et al. [49]. Compared with the conventional synthesis
method (blending) of TiO2—chitosan nanocomposite [49, 164], in situ sol-gel
mediated synthesis produced homogenous dispersion of particles with strong
interactions, thus enhancing the physicochemical properties and long-term func-
tionalities. The method of in situ sol-gel proposed by Yang et al. [164] was based
on the dissolution of titanium isopropoxide with isopropyl alcohol followed by the
addition of acetyl acetone (to control hydrolysis) in the molar ratio of 1:4:0.7,
respectively. Additionally, chitosan was dissolved in 2 % acetic acid solution and
the prepared solutions were then added drop wise to dilute titanium isopropoxide
separately under vigorous stirring. As an outcome of the method, the solutions
turned into semisolid.

Liu et al. [68] reported a rapid and green method to synthesize silver nanopar-
ticles (Ag NPs) and simultaneously achieve exfoliated chitosan/clay nanocomposite
under microwave irradiation, in which quaternized chitosan (QCS), montmoril-
lonite (MMT) and Gemini surfactant were used as reducing and stabilizing agents.
They proposed the preparation of Ag NPs on the base of reducing action of qua-
ternary ammonium groups in QCS. In addition, MMT and surfactant did not take
part in the synthesis of Ag NPs, but they were conductive to the formation of Ag
NPs. During the formation of Ag NPs, when QCS was reduced to form the Ag NP,
the large driving force for intercalation was obtained to make the MMT layers peel.

Giannakas et al. [34] has prepared chitosan/Na-MMT nanocomposites the use of
a reflux-solution method. They prepared chitosan acetate solution at 70 °C with two
different concentrations which were added to clay suspension and refluxed for 1 h.
They reported that the reflux treatment led to a significant decrease of the chitosan’s
hydrated crystallinity observed at XRD, a pronounced increase of the stiffness and
strength, a considerable reduction of the elongation at break and water vapor per-
meability (WVP) of the nanocomposite films.

Xie et al. [161] prepared plasticized chitosan/clay nanocomposites by thermo-
mechanical kneading. They used two different types of chitosan in their study.
Lower molecular weight CS was used as an organic modifier for the sodium clay,
whereas higher molecular weight CS used as matrix polymer. In the preparation of
the nanocomposites glycerol (Gly) was first introduced into the chitosan powder
and manually mixed, followed by the addition of CS-modified nanoclay (in the
form of either paste or dried powder) with further manual mixing. Then, acetic acid
aqueous solution (3 %, v/v) was added dropwise to the chitosan-glycerol-nanoclay
mixture with continuous manual mixing to obtain a paste with a final chitosan
concentration of 25 wt%. The mixtures were then thermomechanically kneaded in
an internal batch mixer with twin roller rotors at 80 °C for 15 min, with a rotor
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speed of 100 rpm. Finally, the resulting materials were compression molded at
110 °C temperature and 160 bar pressure. They stated that comparing to a typical
solution casting method which has been used in many other studies of chitosan-
based materials, this process demonstrated a high efficiency and great ability in well
dispersing of the nanoclay into the chitosan matrix. Their XRD and TEM results
showed that MMT could be largely exfoliated in the chitosan matrix during thermal
kneading, no matter organo-modification of MMT with chitosan was carried out.

Chiu et al. [15] prepared chitosan/clay nanocomposites using different amounts
of trimethoxysilylpropyl octadecyl dimethyl ammonium chloride treated clays and
compared the results with nanocomposites containing unmodified clay. Their
results revealed that exfoliated clay was attained at the higher intercalant dosages.
The treated clay gave higher reinforcement than untreated clay in general. However,
they also stated that with increasing modifier content, hydrophobic character of
modified clay continued to increase, which in turn appeared to reduce available
specific interactions between organic modifier and functional group on chitosan and
to result in a slight drop of Young’s modulus, even though they exhibited a high
extent of dispersed clay. They also added that high dispersion of modified clay
might not guarantee high mechanical properties of (nano) composites where dis-
persion status and interfacial interaction were both the major factors influencing the
polymer properties.

Nanocomposites based on chitosan (CS) with nanoclay (montmorillonite, MMT)
and/or nanoclays after surface modification were prepared by Lewandowska et al.
[63]. In their study they used (1) unmodified clay, (2) nanoclay, surface modified—
contains 25–30 wt% of octadecylamine, (3) nanoclay, surface modified—contains
0.5–5 wt% of aminopropyltriethoxysilane and 15–35 wt% of octadecylamine,
(4) nanoclay, surface modified—contains 25–30 wt% of trimethyl stearyl ammo-
nium. Their findings showed that in the case modified nanoclays better improve-
ments were obtained for the nanocomposites. They explained the improvements
based on the interactions that were associated with the presence of amino groups in
the nanoclay and the hydroxyl or amino groups in chitosan.

Lertsutthiwong et al. [62] investigated the effects of the characteristics of
chitosan (i.e., molecular weight and DD) and the chitosan/montmorillonite mass
ratio on the properties of chitosan–montmorillonite. They used three different CS
having molecular weights of 71.000, 220.000, 583.000 g/mol and chitosan with DD
of 80 and 90 %. The nanocomposites were prepared by simple solution mixing
method. In their results they indicated that the amount of chitosan intercalated into
montmorillonite increased with the decrease of Mw of chitosan. Regardless of the
Mw of chitosan, the d-spacing of chitosan–montmorillonite increased by about 18 %
compared to that of sodium montmorillonite. Thus, the ability of chitosan to expand
montmorillonite layers was independent of theMw of chitosan. They also found that
greater amount of chitosan with DD 80 % intercalated into the montmorillonite
layers. When the ratio of CS to MMT was increased the d-spacing of sodium
montmorillonite was more expanded. This was probably because higher amounts of
chitosan in the ratio provided more cationic charges, and consequently a stronger
electrostatic interaction with the anionic silicate layers of montmorillonite.
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As a conclusion, it can be said that preparation methods and conditions highly
affect either the intercalation efficiency or the properties of the resulting nano-
composites. The type of the preparation method, process temperature, ratio of CS to
nanoclay, modification of the clay, molecular weight, and deacetylation degree of
CS play a crucial role for the final properties of the nanocomposites which should
be determined for each studied nanocomposite system.

4.1 Mechanical and Thermal Properties of Chitosan-Based
Nanocomposites

Polymer/clay composites show often various attributes, including mechanical,
thermal, and biodegradable properties that are superior to conventional composites.
Tensile strength, Young’s modulus, and elongation at break are generally used to
quantify the mechanical properties of materials.

In recent years, more and more reports are related with the natural polymeric
composites which contain organic and/or inorganic additives. Such composites can
be used in medical and/or biomedical applications [1, 12, 16, 52, 64, 66, 100, 101,
103, 156, 163, 168].

The knowledge of physico-chemical properties of composites and their use in
various applications is a key factor. The development of biodegradable biopolymer-
based nanocomposites may open the way toward innovative applications of poly-
mers in several fields. Characterization of films made of chitosan with addition of
montmorillonite has been reported [1, 12, 13, 22, 37, 52, 61, 103, 153]. It has been
shown that the tensile strength of chitosan/clay films increased significantly with
increasing clay concentrations [1, 61, 163]. Moreover, the nanodispersed clay
improves the thermal stability with the increase of clay loadings.

4.1.1 Mechanical Performance of the Chitosan-Based Nanocomposites

Generally, mechanical performance of a material can be evaluated by analyzing
mechanical tests parameters (e.g., Young’s Modulus, E; tensile strength, stress at
break, thermomechanical parameters from dynamical mechanical thermal charac-
terization (i.e., DMTA). Additionally, the transition temperature can be calculated
from dynamical mechanical tests.

Different results were obtained by varying the amount of clay within the polymer
matrix. So that, at higher amount of clay, especially over 5 wt%, the increase of the
Young Modulus (E) occurs [13, 29, 34, 61]. This phenomenon could be explained
by an increase of the matrix crystallinity due to the presence of clay particles. As
expected, with the increase of the Young’s modulus, the elongation at break
decreases, making materials more brittle in the case of nanocomposites with
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Na+MMT, while for nanocomposites with organically modified montmorillonite
(e.g. C30B) the elongation at break may show increase even at very small amount
of clay loading as reported by Duncianu and Vasile [29]. In Table 2 mechanical
properties of some chitosan-based nanocomposites are summarized.

Abdolmohammadi et al. [1] studied also the effect of addition of Na+MMT and
organically modified montmorillonite (OMMT) on the mechanical properties of
polycaprolactone (PCL)/chitosan blends. They obtained improved tensile moduli
mostly based on the reinforcement effect and the higher moduli of the rigid inor-
ganic clay. Compared to Na+MMT, OMMT was more compatible with
PCL/chitosan, where the clay sheets were easily dispersed and intercalated into
PCL/chitosan composite. Hence, the tensile modulus for the PCL/chitosan/OMMT
was higher than that of PCL/chitosan/Na+MMT. It increased proportionally by
increasing OMMT concentration in the composites.

For the system PCL/chitosan/Na+MMT microcomposites, it was shown that by
increasing the Na+MMT content the tensile strength decreased. This inverse relation
between tensile strength and clay contents was due to the agglomeration and poor
dispersion of Na+MMT in the matrix. However, increasing the OMMT contents
increased the tensile strength and peaks up to 3 wt% of OMMT loading due to good

Table 2 Dependence of mechanical properties on the clay content and clay type

NC-based
chitosan

Clay
content
%

Stress at
break
(MPa)

Young’s
modulus
(MPa)

Tensile
strength
(MPa)

Elongation
(%)

References

CS 0 97.44 3996 26.01i 5.3 Duncianu
and Vasile
[29]

CS-C30B1 1.0 79.10 3327.38 15.02

CS-C30B3 3.0 78.67 3038.00 15.99

CS-C30B5 5.0 88.93 5093.00 14.20

CS-C30B7 7.0 113.08 5647.00 14.07

CS-Na+MMT1 1.0 106.73 7016.50 2.32

CS-Na+MMT3 3.0 53.80 4337.50 26.95i 2.12

CS-Na+MMT5 5.0 104.43 8625.90 1.85

CS/GLY 0 1700i 8.20 Lavorgona
et al. [61]CS/3MMT/GLY 3 9.07

CS/10MMT/GLY 10 3700i 17.97

CS/10MMT 10 6300i 32.59

CS 0 5700i 26.01

CS-Na+MMT3 3 26.95

CSii 0 3527 108.00 15 Giannakas
et al. [34]CS3MMT 3 4264 111 5.15

CS5MMT 5 4748 126 9.58

CS30Giii 0 1178 67 50,68
iFrom DMTA curves (storage modulus, E′); GLY-glycerol
iiChitosan solution 1 % in 1 % acetic acid
iiiWith 30 % glycerol
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dispersion of organoclay into the matrix, yielding higher reinforcement effect. By
further loading of OMMT, the tensile strength gradually decreased, implying that
for the OMMT loadings of higher than 3 wt%, the clay was not fully intercalated by
the matrix. A reduction in elongation at break was found with the increase of
OMMT and Na+MMT contents. It indicates that the ductility of the matrix grad-
ually decreases by increasing the clay content due to the aggregates of silicates at
high clay content. The elongation at break of PCL/chitosan/OMMT was higher than
that of PCL/chitosan/Na+MMT, indicating that modification of clay improved the
compatibility between clay and PCL/chitosan matrix.

Cheaburu et al. [13] studied the thermomechanical parameters of the systems
based on chitosan and montmorillonite under film form. The dynamic mechanical
analysis curves are given in Fig. 5 and the obtained transition/relaxation tempera-
tures, (reading at the middle point of the inflection of the curve) are summarized in
Table 3.

Fig. 5 DMTA spectra of nanocomposites based on chitosan: a, b nanocomposites with 5 wt%
clay content, c nanocomposites with 7 wt% modified (C30B) and unmodified ones (Na+MMT)
clay content, respectively. (Adapted from Ref. [29])
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A similar nonlinear viscoelastic behavior of the matrix with different content and
type of clay was observed, but with a shift in transition temperatures in respect to
that of pure chitosan. Two transitions/relaxation temperatures were found from the
elastic modulus (E′ curves—Figs. 5a and 3b) while in the dependence of tanδ on
temperatures (Fig. 5c) four transition/relaxation phenomena appeared. All transi-
tion/relaxation temperatures found took higher values in nanocomposites materials.
From tanδ—T dependence, a transition at very low temperature, around –70 °C
(T3) was detected. The low transition temperature of 6 °C (T1) was shifted to higher
temperature with approximately 9–10 °C in nanocomposites. The transition tem-
perature (T2) occurs at *80–100 °C was attributed to plasticized effect of the
residual interchain water or to its removal. According to Britto and de Assis [10],
the peak in the tan δ curve appeared at about 156 °C for chitosan and around 170 °C
for the chitosan-based nanocomposites in the heating run might be due to some α—
relaxation of molecular motions when the chitosan molecules were in the pseudo-
stable state. Increase in transition/relaxation temperature values was in accordance
with high stiffness found by tensile tests.

Quijada-Garrido et al. [86] plotted the storage (E′) and loss tangent (tanδ) as a
function of temperature for neat chitosan and nanocomposites prepared with and
without glycerol as plasticizer. The tanδ plot of neat chitosan without glycerol
(Fig. 6b) showed a prominent relaxation process at around 160 °C. This peak was
attributed to the glass transition temperature of chitosan arising from the relaxation
of two glucopyranose rings via the glucosidic oxygen and assisted by a cooperative
hydrogen bonds reordering. The shoulder at around 100 °C could be associated
with the evaporation of residual water molecules. Some reactions involving func-
tional groups of chitosan, such as the decomposition of chitosonium groups to
chitin, can take place in the range of temperature between 80 and 100 °C (–NH3 + –

OOCCH3 → –NH–OC–CH3 + H2O) [136]. The presence of non-intercalated or
poorly intercalated Na-MMT stacks, as revealed by WAXD analysis, did not sig-
nificantly affect the thermomechanical behavior of materials in terms of both Tg and
height of the tanδ peak. As for the materials obtained using glycerol as plasticizer,
the storage modulus increased with the Na+MMT contents in the glassy region.

Table 3 Transition/relaxation temperatures of chitosan and chitosan/clay nanocomposites
(Adapted from [29])

Sample From E′—Fig. 3 a1, b1 From tanδ—Fig. 3 a2, b2
T1 (

oC) T2 (
oC) T3 (

oC) T1 (
oC) T2 (oC) T4 (

oC)

CS 6.0 142.0 −67.0 6.0 51.0 156.0

105.0

CS-C30B 5 % 17.5 165.0 −70.0 12.8 91.8 145.0

175.0

CS-C30B 7 % 15.0 155.0 −79.0 8.0 84.0 168.0

CS-Na+MMT 5 % 14.5 152.0 −73.0 15.0 100.0 170.0

CS-Na+MMT 7 % 15.0 163.5 −75.0 12.8 75.0 167.0
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This increase suggested that the interactions between chitosan matrix and Na+MMT
platelets were strong enough to allow an efficient load transfer between the matrix
and the fillers.

The glass transitions of the nanocomposites is slightly higher than that of neat
chitosan and the area under the tanδ curves is reduced, which is indication of a
restriction to the relaxation movements of chitosan macromolecules probably due to
the higher extent of the chitosan intercalation. The glass transition temperature
decreases when glycerol is added, confirming its plasticizing effect on the chitosan
polymeric network [86].

Fig. 6 DMA curves
including storage modulus
(a) and tan δ (b) as a function
of temperature for chitosan
and its nanocomposites. ○
CS, Δ CS/3MMT and □
CS/10MMT, ■ CS/GLY, ▲
CS/3MMT/GLY and (■)
CS/10MMT/GLY (Reprinted
from Ref. [61] with the
permission from Springer)
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4.1.2 Thermal Properties of Chitosan/Clay Nanocomposites

Thermal stability and transition temperatures are analyzed generally by means of
thermogravimetry and DSC measurements. For a system based on chitosan and
montmorillonite with different clay types and amounts under film form were
reported by Cheaburu et al. [13] Two processes have been detected in the studied
temperature range (room temperature –200 °C) (Table 3) which the first in 110–
125 °C and second in 168–173 °C region. The first one was not influenced by the
nanocomposite content while the second one increased with both Na-MMT and
Cloisite 30B content up to 6 °C in respect with that of chitosan film. The data were
in accordance with those obtained by DMTA analysis, but the first temperature
region was situated at high temperature in DSC curves due to the different heating
rates used (2 °C/min in DMTA and 20 °C/min in DSC) (Fig. 7). The first peak was
assigned to the water loss while the second to the decomposition of the components
of the system being related to the thermal stability of nanocomposites. Thus the
incorporation of Na+MMT and Cloisite 30B led to improved thermal stability of
chitosan.

The rise in the degradation temperature is due to restrain of the heat transfer by
clay which also reduces the diffusion of volatile products released by substances.

Fig. 7 DSC thermograms for
the nanocomposites based on
chitosan with various amounts
of clay (a); and with a
constant amount of clay (5 wt
%) with different types
(b) (Reprinted from Ref. [13],
with the permission from
Trans Tech. Pub.)
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In Fig. 8 the weight loss curves of chitosan and chitosan/clay nanocomposite
specimens containing different clay types and different ratios of sodium montmo-
rillonite as function of temperature are given. The clay incorporation gives a rise in
thermal stability of the CS films. However, the type of clay also had influence on
the thermal degradation. Interestingly, the nanocomposites prepared with organi-
cally modified clays had higher thermal stability whereas the ones having clays with
hydrophilic character had smaller improvements (Na+MMT, Cloisite 30B). This
shows that the organic modifier of the clay had better interactions with the chitosan
molecule leading to a better intercalated system and improved properties. The effect
of different ratios of Na+MMT on thermal degradation of the nanocomposites was
demonstrated by the data in Fig. 8b. With the incorporation of Na+MMT layers, the
thermal stability of the chitosan increased. However, the maximum enhancement
was obtained at 3 wt% ratio of Na+MMT, whereas further increase in clay amount
did not lead to increase in thermal stability. This was probably due to the floccu-
lation and tactoid formation of the clay layers at higher clay loading ratios.
Therefore, usually an optimum clay loading ratio is reached for each particular
system giving maximum property enhancements that should be investigated.

Fig. 8 Thermogravimetric
curves for the Chitosan-based
clay nanocomposites with;
a different clay types,
b different amounts of
Na+MMT (Adapted from Ref.
[13], with the permission
from Trans Tech. Pub.)
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The addition of CS into the LDPE matrix, even in very small amount, strongly
influenced the thermal behavior of chitosan–low density polyethylene (LPDE)
composites as reported by Vasile et al. [145]. Chitosan was stable till higher
temperatures (up to 150 °C). The LDPE/CS thermograms showed first degradation
step within a temperature range of 290–420 °C, where an overlapping of thermal
degradation of CS and of LDPE might occur. The second degradation stage is
occured within the temperature range of 420–492 °C. The values of onset degra-
dation temperature (Ti) had higher values than 260–290 °C while CS started to
degrade at 249 °C lower than Ti of pure LDPE (323 °C). Also, the effect of
additives, tocopherol, and Irganox 1076, which had a synergistic effect with the
nanoclay in enhancing thermal stability, was found to be in accordance with the
oxidation induction period (OIP) results. The degradation mechanism was signifi-
cantly changed by CS incorporation whose decomposition interferes with that of
LDPE giving a complex decomposition pathway characterized by two steps instead
of one in LDPE, and also each additive influenced the decomposition processes.

4.2 Barrier Properties

Polymer/layered silicate nanocomposites are well known to have enhanced barrier
properties. The high aspect ratio of the nanolayers exfoliated in the polymer matrix
results in a tortuous pathway for permeating molecules that retards their diffusion
through the matrix. The increase in barrier efficiency depends on the degree of
tortuosity created by clay layers, which in turn, related to filler concentration,
exfoliation degree, and lateral length of the clay sheets within the polymer matrix.
The tortuous factor is defined as the ratio of the actual distance that the penetrant
must travel to the shortest distance that it would travel in the absence of barriers.
Since chitosan is a promising biomaterial to produce biodegradable materials (i.e.,
for food packaging) the barrier properties of the chitosan/clay nanocomposites are
of importance and have been investigated by the researchers. Oguzlu and
Tihminlioglu [78] prepared chitosan nanocomposite films using solvent-casting
method by incorporation of an organically modified montmorillonite (Cloisite
10 A) and investigated the effect of filler concentration on the water vapour per-
meability (WVP) and oxygen permeability of the nanocomposite films. In their
study, they obtained mostly intercalated structures. They reported that the WVP of
the pure chitosan was very sensitive to relative humidity and showed a sharp
increase above 50 % RH. The water vapor and oxygen permeability of the nano-
composite films were significantly reduced by the tortuosity created by the clay
layers. Giannakasa et al. [34] investigated the effect of the use of reflux-solution
method and addition of glycerol for 3,5,10 wt% Na+MMT containing—chitosan
nanocomposites. The lowest WVP values were found for films obtained from 2 w/v
% chitosan solution and their nanocomposites. The nanocomposites prepared from
more-diluted chitosan solution as well as the addition of glycerol in the system
resulted in a two fold increase in the WVP values for tested chitosan-based films.
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However, the nanocomposites prepared with the addition of Na+MMT and
refluxing resulted in a pronounced reduction of the WVP values (up to 60 %). In a
similar study, Lavorgna et al. [61] studied the combined effect of clays and glycerol
plasticizer on the barrier and water sorption properties of chitosan and its nano-
composites prepared with different Na+MMT loadings by solution casting. They
found out that the presence of glycerol enhanced the chitosan intercalation in the
silicate galleries, hindered the flocculation process, and modified the hydrogen
bonding network within the material that allowed better interaction between filler
and matrix. As a result, the water sorption values were much lower in plasticized
nanocomposites whereas they had lower reduction (30 %) in WVP. A higher
reduction of permeability (50 %) was obtained in chitosan films not containing
glycerol due to the alignment and flocculation of MMT stacks. Vartianien et al.
[143] prepared chitosan/hydrophilic bentonite nanocomposites with higher clay
loadings of 0, 17, 50, and 67 wt% by using sonication in solvent-casting method.
They also applied the biohybrid coatings onto argon–plasma-activated LDPE
coated paper. In their results, they showed that both the intercalated nanocomposite
films and the coated paper indicated much improved barrier properties against
oxygen, water vapor, grease, and UV light transmission. Oxygen transmission was
significantly reduced under all humidity conditions. In dry conditions, over 99 %
reduction and at 80 % relative humidity almost 75 % reduction in oxygen trans-
mission rates was obtained. In another study by Casariego et al. [12], blends of
chitosan (from Cuban lobster) and clay micro/nanoparticles were prepared by
dispersion of clay particles in the film matrix. They used lactic acid solutions for the
dispersion of chitosan and clay in the preparations. They reported that the WVP of
the films was reduced by incorporation of such particles, while the water solubility
was decreased as the clay concentration increased. Moreover, the addition of clay
did not show significant effect on oxygen and CO2 permeability whereas initial
chitosan concentration had positive effect on oxygen permeability. It can be con-
cluded that in all cases the addition of clay layers has positive effect on barrier
properties especially for water vapor and oxygen permeability, however, the
addition of glycerol as plasticizer leads to lower reduction in permeability whereas
it helps to decrease water sorption of the nanocomposite films.

4.3 Antibacterial Properties of CS/Clay Nanocomposites

Unmodified nanoclays may adsorb bacteria from a solution enabling better inter-
action with antimicrobial polymers such as chitosan [24, 152]. Han et al. [38]
observed that chitosan–MMT nanocomposites were significantly more effective
against Staphylococcus aureus and Escherichia coli than both pure chitosan and
Na+MMT. Since the antimicrobial activity of chitosan has been ascribed to its
cationic character, the increased antimicrobial activity of the nanocomposites seems
contradictory, because the cations of chitosan are neutralized via electrostatic
interactions with anionic silicate layers. The authors concluded that the
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nanocomposites exhibited synergistic effects between the components, because the
chitosan molecules were evenly distributed through the inorganic matrix.

Wang et al. [156] carried out a series of studies on antibacterial effect of
chitosan/rectorite nanocomposites. In their study, unmodified Ca+2-rectorite and
organic rectorite modified by cetyltrimethyl ammonium bromide were used for
chitosan nanocomposites via solution mixing technique. The antibacterial activity
of the nanocomposites was measured by the minimum inhibition concentration
(MIC) against Gram-positive (S. aureus and Bacillus subtilis) and Gram-negative
(E. coli and Pseudomonas aeruginosa) bacteria. The results showed that the pristine
rectorite could not inhibit the growth of bacteria, but chitosan/layered silicate
nanocomposites had stronger antimicrobial activity than pure chitosan, particularly
against Gram-positive bacteria. With the increase of the amount and the interlayer
distance of the layered silicates in the nanocomposites, the nanocomposites showed
a stronger antibacterial effect on Gram-positive bacteria, while the nanocomposites
showed a weaker antibacterial effect on Gram-negative bacteria. In a study of Wang
et al. [155], they prepared chitosan/organic rectorite (chitosan/OREC) nanocom-
posite films with different mass ratios of chitosan to organic rectorite and corre-
sponding drug-loaded films by a casting/solvent evaporation method. In their
results, they divided the antibacterial process of chitosan/OREC nanocomposites
into two stages. The first stage was the adsorption of the bacteria from solution and
immobilization on the surface of the clay and the second stage was related to the
accumulation of chitosan on the surface of clay where they inhibit the bacterial
growth. They found that the nanocomposite film with the highest amount of OREC
and the film with the largest interlayer distance exhibited the strongest antibacterial
behavior as a result of the increased surface areas for the absorption of the bacteria.
In a recent study, Liu et al. [69] used microwave irradiation to intercalate quat-
ernized carboxymethyl chitosan oligosaccharide (QCMCO) into the layer of rect-
orite (REC) to prepare QCMCO/REC (QCOR) nanocomposites which was faster
than conventional heating method of 48 h. In their results they found out that in
comparison with QCMCO, QCOR nanocomposites showed stronger antibacterial
activity in the presence of REC. They also stated that the inhibition effect on Gram-
positive bacteria was better than that of Gram-negative bacteria and fungus.

Chiu et al. [15] prepared chitosan/clay (nano) composites using a special qua-
ternary ammonium intercalating agent coupled with a silanol group. In their study,
they tested the antibacterial property of the nanocomposites against Gram-negative
bacteria which chitosan is known to be less effective. They stated that pristine
chitosan showed the antibacterial property at 79.2 ± 4.0 % against E. Coli while
CS/OMMT nanocomposite displayed the highest antibacterial property among
all the samples due to the quaternary ammonium group of the clay modifier that
disrupted the bacterial cell membranes and caused cell lysis. Han et al. [38]
prepared chitosan–montmorillonite nanocomposites by anion exchange reac-
tion between water soluble oligomeric chitosan and Na+-montmorillonite.
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The antimicrobial activity of pure chitosan, Na+-montmorillonite, and chitosan-
based nanocomposites was tested quantitatively by the MIC measurement. They
found out that generally all chitosan-based materials, including chitosan and
chitosan nanocomposites exhibited antimicrobial activity, however, chitosan–
montmorillonite nanocomposites show significantly higher antimicrobial activity
against S. aureus and E. coli than pure chitosan and Na-montmorillonite. They also
stated that the results were contradictory since the positive charge of chitosan
molecules was neutralized via an electrostatic interaction with anionic silicate
layers. Therefore, the nanocomposites had a synergic effect due to the uneven
distribution of chitosan molecules are in the inorganic matrix that resulted in
enhanced antimicrobial activity.

Hsu et al. [45] reported the preparation and antimicrobial properties of the
nanocomposites based on chitosan and previously delaminated montmorillonite
particles (DMP). During the nanocomposite preparations, one gram of CS was
dissolved in 0.5 % (m/m) acetic acid (100 ml) and stirred for 24 h which was
followed by the addition of DMP dispersion in different ratios to give the con-
centrations of DMP in the final composite of 10, 102, 103, or 104 ppm. The anti-
microbial effect of DMP/CS nanocomposites was measured by the width of
inhibition zone of S. aureus. The antimicrobial effect of DMP/CS 10 ppm and CS
was similar; however, at increased concentrations of DMP much wider inhibition
zones were obtained. They also measured the antimicrobial activity by the decrease
of colony formation on the surface of DMP/CS nanocomposites (microbiostasis).
The microbiostasis ratio of pure CS against S. aureus was about 40 %, but the ratio
increased to 90 % as CS was mixed with DMP. The greatest microbiostasis ratio
was 99 % when the DMP concentration was 104 ppm. Therefore, DMP/CS
nanocomposites had much higher antimicrobial activity than the pure CS. Zhou
et al. [172] studied the combined antibacterial effects of chitosan/silver/clay
nanocomposites to improve the antibacterial function of biomedical catheter
materials. They first prepared silver embedded chitosan materials by simple solution
mixing of AgNO3 with chitosan at pH = 7. Subsequently, they mixed CS–Ag with
clay suspension to obtain CS–Ag–Clay composites that can be used as material for
a drug-controlled release system in indwelling urinary catheters. Finally, they also
synthesized polydimethyloxane (PDMS)/Clay–CS–Ag nanocomposite synthesized
using an intercalation reaction. According to the outcome of the Inhibition Ring
Test, PDMS/silver–chitosan/clay nanocomposites killed the mass of predominant
urinary bacteria. Compared with chitosan and AgNO3, the rate of killing bacteria
was improved. In a similar study, Lavorgna et al. [60] prepared multifunctional bio-
nanocomposites by loading chitosan matrix with silver–montmorillonite antimi-
crobial nanoparticles obtained by replacing Na+ ions of natural montmorillonite
with silver ions. They tested the effectiveness of silver nanoparticles immobilized in
chitosan against Pseudomonas spp. as food-borne bacteria. A significant delay in
microbial growth was obtained in presence of the active chitosan films. In partic-
ular, after 24 h a microbial load substantially lower than the control samples was
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found for the films containing Ag-MMT. However, after 48 h an increasing cell
loads was also observed as a result of reversible stress of the cells.

Incorporation of vitamin E in the LDPE/CS systems [145] led to a total inhi-
bition of bacteria growth, for the majority of LDPE composites. The most efficient
antimicrobial action was obtained when testing the studied materials against E. coli
and L. monocytogenes (Fig. 9).

It has been established that vitamin E beside antioxidant activity also shows an
antimicrobial effect. It was associated with immune modulation by cumulating its
activities with that of CS resulting in a synergistic effect. The obtained materials had
a superior antimicrobial activity as it was demonstrated by testing as packaging
material for mince poultry meat [146]. Thus, the use of CS in LDPE/clay com-
posites exhibited 100 % inhibition after 24 h and even 48 h testing time.

4.4 Mucoadhesive Properties

Chitosan is also known to possess mucoadhesive properties due to the presence of
many amino groups in the polymer chains that form hydrogen bonds with glyco-
proteins in the mucus [65] and also ionic interactions between positively charged
amino groups and negatively charged sialic acid residues of mucin. Salcedo et al.
[105] performed mucoadhesion measurements of chitosan nanocomposite matrices.
Chitosan was characterized by the highest mucoadhesive potential (2.75 ± 0.10).
Clay mineral was also able to interact with the mucin, although the normalized
mucoadhesion parameter (0.71 ± 0.03) was significantly lower compared with CS
(pb0.001, one-way ANOVA post hoc Scheffé test). Nanocomposite showed an
intermediate behavior (0.85 ± 0.03) due to the mobility of the polymer chains which
was reduced by the interactions of the clay mineral, reducing contact/interpene-
tration with the substrate.

Fig. 9 Microscopical aspects of the colonies of Salmonella enteritidis, Escherichia coli, and
Listeria monocytogenes grown over LDPE and LDPE/CS composites (Reprinted from Ref. [145],
with permission from Elsevier)
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4.5 Biodegradation of Chitosan-Based Nanocomposites

Biodegradation can be regarded as a process in which the degradation results from
the action of microorganisms such as bacteria, fungi, or algae. Biodegradation can
be generally divided into two steps. The first step is depolymerization or chain
cleavage where the longer polymer chain undergoes backbone scission into smaller
oligomeric fragments with the help of enzymes secreted by microorganisms. The
second step is mineralization, which occurs inside the cell in which small oligo-
meric fragments are converted to biomass, minerals and salts, water, and gaseous
substances such as carbon dioxide under aerobic environments and methane under
anaerobic environments. Bio-based and biodegradable polymers (e.g., chitosan) and
their composites may be broken down by the enzymes secreted by microorganisms.
Once broken down to monomeric level, the polymer is used as the carbon source
for the microorganism metabolism.

Chemical degradation usually refers to acid catalyzed degradation, i.e., in the
stomach. Even though depolymerization through oxidation–reduction reaction and
free radical degradation [44, 176] of chitosan have been reported these are unlikely
to play a significant role in the in vivo degradation. Chitosan can be degraded by
enzymes which hydrolyze glucosamine–glucosamine, glucosamine–N-acetyl-glu-
cosamine, and N-acetyl-glucosamine–N-acetyl-glucosamine linkages [50].

Xie et al. [161] studied the biodegradation of plasticized chitosan-based nano-
composites according to the Australian Standard AS ISO 14855. During a degra-
dation period of 160 days, the compost moisture content was maintained at 48–50 %
and the pH at 7.8–8.5 to ensure favorable conditions for the compost microorgan-
isms involved in the biodegradation process. Aerobic conditions were maintained by
continuous supply of sufficient air flow to the bioreactors and the contents of each of
the bioreactors were mixed once a week to ensure uniform distribution of air
throughout the compost. The cumulative CO2 and percentage biodegradation pro-
files for each test sample are shown in Fig. 10a, b, respectively. Steady rates of
carbon dioxide evolution from each composting vessel indicate that test materials
were actively metabolized by microbial population present in the compost. Similar
results were observed by Xu et al. [162] during their biodegradation studies on
acetylated chitosan films. It was shown that the biodegradation of the plasticized
chitosan samples, with or without the addition of nanoclay (i.e., G10, G25,
G25M2.5, G25M5.0, G25O2.5p, and G25O5.0p) was initiated immediately after
incubation in compost, without any lag phase, whereas the unplasticized chitosan
(G0) degraded relatively much slower. All plasticized samples achieved more than
50 % biodegradation within the first two weeks of composting. In comparison, G0
had an initial lag phase (3 days) and it reached approximately 18 % biodegradation at
the end of second week. The increased susceptibility of the plasticized chitosan to
biodegradation was favorized by the presence of glycerol (Gly).

The biodegradation rate of CS in the MMT/CS nanocomposite was much faster
than that of the pure CS polymer. The biocompatibility of MMT/CS at 103 ppm
was even better than that of pure chitosan and the proliferation of fibroblasts on
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Fig. 10 The cumulative CO2 data (a) and the degrees of biodegradation (b) as a function of
composting time for cellulose and different chitosan samples (Sample codes; G0: Pure CS; G10:
CS/Gly(10 %); G25: CS/Gly(25 %);G25M2.5: CS/Gly(25 %)/MMT(2.5 %); G25M5.0: CS/Gly
(25 %)/MMT(5.0 %); G25O2.5p: CS/Gly(25 %)/OMMT-paste(2.5 %); G25O5.0p: CS/Gly(25 %)/
OMMT-paste(5.0 %). (Reprinted from Ref. [161], Copyright (2013), with permission from
Elsevier)
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MMT/CS at 103 ppm was found to be significantly greater than other materials. The
inflammatory responses of MMT in vitro and in subcutaneous rats were not obvious
until the concentration of MMT was >103 ppm.

Wu et al. [160] analyzed the biodegradable poly(lactic acid) (PLA)/chitosan
modified MMT nanocomposites. In vitro degradation behaviors of PLA and
PLA/m-MMT nanocomposites have been systematically investigated for up to
7 weeks in phosphate buffer saline (PBS) solution at 37.5 °C. The changes of
number and weight average molecular weights (Mn and Mw) as a function of
degradation time. BothMn andMw of PLA and PLA/m-MMT nanocomposites were
decreased exponentially with degradation time throughout the degradation period.
The degradation rates of PLA/chitosan—MMT nanocomposites were slower than
that of PLA matrix. All results showed that introducing the m-MMT into
PLA/chitosan system could enhance the physical properties of PLA/m-MMT
nanocomposites due to the presence of inorganic layered silicates and better
interaction between m-MMT and PLA in the fabricated nanocomposites.

Biodegradable nanocomposites of cellulose acetate phthalate (CAP) and chitosan
reinforced with functionalized nanoclay (NC) were prepared by Gaurav et al. [33].
The blend showed an increase in the rate of biodegradation and water uptake with
higher loading of nanoparticles. Chitosan was more biodegradable than CAP as the
hydroxyl groups in the latter were replaced by ester groups. The blends showed a
retarded degradation for the first 3 days but, thereafter, the biodegradation was higher
than either CAP or chitosan as observed in the first 30 days. The addition of NC
further lowered the biodegradation up to 4 % NC loading. This was explained to be
due to the interaction between CAP and chitosan with the amine groups of modified
NC, which restricted the segmental motion at the interface causing the effective path
length and diffusion time to increase. A similar observation was made by Rindusit
et al. [98] for methylcellulose–montmorillonite composites obtaining broader range
of biodegradability and other essential properties of Methyl Cellulose (MC) through
nanocomposite formation. However, beyond 4 % NC, the blend exhibited a higher
degradation than for lower NC loadings. The higher ratios of modified nanoclay
induced large amorphous regions and these regions were easily accessible during the
degradation process. Gaurav et al. [33] found that there is a correlation between water
uptake and degradability as higher water uptake accelerates the degradation process.
Thus, increase in hydrophilicity leads to an increase in biodegradability. Thus, for
water uptake, the blends loaded with lower content of NC show a lower uptake while
blends loaded with >4 % NC show increased water absorption characteristics and
hence higher biodegradability. However, in the case of high interactions between
MMT and the macromolecular chains, the degradation process can also be decreased
with increased MMT ratios, as observed by Zheng et al. [171]. This phenomenon
was explained as MMT sheets consumed some hydrophilic groups and depressed the
solvent uptake, which protected the macromolecules from hydrolyzing. Meanwhile,
the presence of MMT also served as physical cross-linking sites, which enhanced the
stability of the network. It seems that the biodegradation of the chitosan-MMT-based
nanocomposites also depends on the interactions of the silicate sheets with the
macromolecular chains of the polymer matrix.
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5 Applications of Chitosan/Clay Nanocomposites

Due to the unique properties of chitosan/clay nanocomposites as mentioned in
previous sections, they have many potential applications in various fields such as
environment, food packaging, drug delivery, tissue engineering, and other bio-
medical applications which are here discussed.

5.1 CS/Clay Nanocomposites as Adsorbent for Removal
of Dyes and Heavy Metals

Chitosan can be used as an adsorbent to remove heavy metals and dyes due to the
presence of amino and hydroxyl groups, which can serve as the active sites [159].
Amino groups of chitosan can be cationized, after which they adsorb anionic dyes
strongly by electrostatic attraction in the acidic media [56, 149].

Montmorillonite has a net negative surface charge and has little or no affinity to
anionic or neutral contaminants such as acid dyes. For this reason, the clay surface
charge should be modified to incorporate positively charged sites prior to any anion
adsorption attempts. If the hydrated interlayer cations are replaced by certain
organic cations, the resulting organoclay minerals have the capability to absorb
anions as well as nonionic organic compounds. Chitosan, a natural biopolymeric
cation, is an excellent candidate to modify montmorillonite for the adsorption of
anions. Recent research works have shown that chitosan/montmorillonite com-
posites represent an innovative and promising class of sorbent materials [117].

Wang and Wang [150] prepared a series of biopolymer chitosan/montmorillonite
(CS/MMT) nanocomposites for the adsorption of Congo Red dye. They investi-
gated the different molar ratios of CS and MMT, initial pH value of the dye solution
and temperature on adsorption capacities of the samples. The results indicated that
the adsorption capacity of CS/MMT nanocomposite was higher than the mean
values of those of CS and MMT. The maximum adsorption capacities were
obtained with molar ratio of CS to MMT as 5:1, at pH = 4 and higher temperatures
(T = 50 °C).

Wan Ngah et al. [148] prepared cross-linked chitosan/bentonite composites to
adsorb tartrazine, an azo group containing dye which is harmful to organisms. The
chitosan composites, cross-linked with epichlorohydrin were able to improve the
chitosan performance as an adsorbent. In another study, by Wan Ngah et al. [147]
they investigated the removal of Malachite green from aqueous solutions by cross-
linked chitosan-coated bentonite (CCB) beads. They stated that CCB was a
promising adsorbent for the removal of the dye from aqueous solutions due to the
rapid adsorption and the high value of maximum adsorption capacity. Similar
studies were also conducted reporting the enhancement of the adsorption of dif-
ferent dyes with the addition of layered silicates in chitosan matrix [71, 76, 154].
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The chitosan/clay nanocomposites were also studied for the adsorption of heavy
metals from aqueous solutions. The Chitosan–PVA/Bentonite (CS-PVA/BT)
nanocomposites were synthesized by Wanga et al. [157] with combination of BT
and CS–PVA polymer matrix. The CS–PVA/BT nanocomposites possessed a
mesoporous structure, good adsorption capacity, and selectivity for Hg(II) ions
from aqueous solutions. Fan et al. [31] produced chitosan-coated montmorillonite
for the removal of Cr(VI). They evaluated the effects of pH, initial concentration,
and temperature on adsorption capacity. Their results indicated that the adsorption
between the nanocomposite and Cr(VI) was significantly physical and the optimal
removal was observed at high concentrations, lower temperatures, and at pH = 4.
Zhang et al. [169] introduced an experiment on the removal of mercury vapor (Hg0)
by chitosan/bentonite composites. It was reported that chitosan/bentonite compos-
ites had a much lower surface area compared to bentonite. This could possibly be
due to the blockage of micropores in bentonite after chemical modification. This
resulted in a decrease in the amount of Hg0 removed. In contrast, Yang and Chen
[165] found that chitosan/bentonite composites were a good adsorbent for removing
mercury ions from wastewater. There are also studies reporting the improved
efficiency of chitosan/clay nanocomposites for the removal of other heavy metals
like As3+ [4], Cu(II), Ni(II), and Pb(II) [32]. The researches have revealed that these
bio-nanocomposites seem to be a way to establish inexpensive large-scale barrier
filters or permeable reactive barriers in removing dyes and heavy metals from
wastewater or contaminated groundwater plumes.

5.2 CS/Clay Nanocomposites in Food Packaging
Applications

In the food packaging industry, the use of proper packaging materials and methods to
minimize food losses and provide safe andwholesome food products has always been
the main interests. Due to the improved performance in the properties of nanocom-
posite packaging materials such as (i) gas (oxygen, carbon dioxide) and water vapor
barrier properties, (ii) high mechanical strength, (iii) thermal stability, (iv) chemical
stability, (v) recyclability, (vi) biodegradability, (vii) dimensional stability, (viii) heat
resistance, (ix) good optical clarity, as well as (x) developing active antimicrobial and
antifungal surfaces, and (xi) sensing and signaling microbiological and biochemical
changes, food packaging has been one of the most concentrated nanocomposite
technology development. Nanocomposites have already led to several innovations
with potential applications in the food packaging sector [93].

The present status and perspectives on application of nanocomposites in the food
packaging sector are well documented in several review articles [2, 5, 23, 28, 39,
48, 81, 92, 115, 116, 144]. However, most applications are mainly focused on
nanocomposites made from both thermoset and thermoplastic polymers. Examples
of using bio-nanocomposites are very scarce though they are actively under
development. The improved barrier properties for oxygen and water vapor,
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enhanced mechanical properties, as well as antimicrobial and biodegradability
properties of chitosan/clay nanocomposites mentioned in previous sections in detail
make them promising materials to be used in food packaging applications.
However, beyond the mention of its potential applications there are few reports
using these nanocomposites in direct food packaging applications. Vartiainen et al.
[143] prepared chitosan/bentonite nanocomposites by solution mixing under
ultrasound assistance. Afterward, they applied the nanocomposite solutions onto
plasma-activated LDPE coated paper with a total coating dry weight of 0.2–0.6 g/m
to obtain coated multilayer structures. Nanocomposite films and multilayer coatings
had improved barrier properties against oxygen, water vapor, grease, and UV light
transmission. Oxygen transmission was significantly reduced under all humidity
conditions. In dry conditions, over 99 % reduction and at 80 % relative humidity
almost 75 % reduction in oxygen transmission rates was obtained. All coating raw
materials were ‘‘generally recognized as safe” (GRAS) and the calculated total
migration was ≤6 mg/dm2 in all cases, thus the coatings met the requirements set by
the packaging legislation. Processing of the developed biohybrid nanocomposite
coated materials was safe as the amounts of released particles under rubbing con-
ditions were comparable with the particle concentrations in a normal office envi-
ronment. The developed nanocomposite films and coatings can be potentially
exploited as safe and environmentally sound alternatives for synthetic barrier
packaging materials. Vasile et al. [145] prepared low density polyethylene/chitosan
nanocomposites for food packaging applications. They first prepared chito-
san/sodium montmorillonite nanocomposites by solution mixing technique and
obtained solid nanocomposites after freeze drying. Subsequently, they applied a
melt processing of neat LDPE and chitosan nanocomposites and/or antioxidant
agents to obtain final LDPE/CS/nanoclay composite materials. The composites
were processed using 2.7 and 5.5 wt% chitosan or chitosan nanocomposites and 0.5
wt% Irganox or vitamin E antioxidants. Their results showed that the composites
exhibited satisfactory mechanical and thermal properties. The commercial additive
as Irganox 1076 (FDA approved) or tocopherol, played a synergistic role together
with clay to obtain materials with good properties. Antimicrobial/antioxidant agent
system, incorporated in LDPE by melt processing, did not affect the antimicrobial
activity however led a slight decrease in mechanical properties. Addition of vitamin
E within the matrix induced higher antioxidant character with longer oxidation
induction period. The newly obtained materials showed good inhibition activity
against Gram-positive (L. monocytogenes) or Gram-negative (E. coli, S. enteritidis)
bacteria. The overall findings indicated that the LDPE/chitosan/clay nanocompos-
ites were suitable candidates for food packaging applications.

5.3 Chitosan-Based Nanocomposites in Drug Delivery

Recently, there has been an increased interest in the use of natural polysaccharides
in the development of hydrogels for applications in biomedical and water
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purification along with many more fields [57]. The degree of swelling in selected
hydrogels varies upon the type of material, composition, architecture, inherent
properties of the aqueous solution (e.g., temperature, ionic strength) methods used
in the synthesis as well as targeted applications [102, 158]. It is the most common
parameter used to describe the swelling in hydrogels. The polymeric network in
hydrogels is hydrophilic polymer chains that are linked to each other via covalent
bondings that give rise to macro- or micro/nano dimensions. Along with the
chemical bonds, other types of interactions are also possible in hydrogels that
ranges from physical interactions (e.g., hydrogen bonding and electrostatic inter-
actions) to hydrophobic interactions [102, 131–133].

The drug release behavior of any polymer network depends upon the nature of
the polymer, solvent compatibility, and the degree of cross-linking. The nanopar-
ticle drug delivery system was developed for the purpose of recruiting, internal-
izing, retaining, releasing, activating, localizing, and targeting the drugs to the
correct location at the correct time and dose [53].

Rajan et al. [87] reported the high performance of the hyaluronidase enzyme
core-5-fluorouracil-loaded chitosan-polyethylene glycol-gelatin polymer nano-
composites, which were prepared using an ionic gelation technique, as targeted and
controlled drug delivery vehicles. These hyaluronidase-loaded nanoparticles have
recently been proposed as targeted and controlled drug delivery vehicle systems to
tissues due to their ability to lose the intercellular connective matrix of hyaluronic
acid. The encapsulation efficiency and loading capacities of the nanoparticles
demonstrated that these nanocomposites displayed sufficient binding ability, which
depends on the pH and initial concentration of the drug. Increasing drug release
times were observed after the addition of complexes containing PEG and gelatin as
a consequence of the high polymeric chain, leading to slow water diffusion. The
release of 5-fluorouracil (5-FU) was strongly dependent on the pH value. The drug
was released slower at pH 1.2 than at pH 6.8 due to the very high degree of
interaction between the polymers as it contains a large amount of free positive
charges, possibly due to the pH-dependent interaction between 5-FU and the
composites. As a result, the drug diffusion inside the composites was retarded and
the release of 5-FU was suppressed.

Cojocariu et al. [18–20] reported the study of the system based on hydrogels
from chitosan–montmorillonite nanocomposites with different clay types and also
the delivery mechanism by using different drugs (i.e. paracetamol, theophylline,
xanthine derivatives, and NO donor compounds). The swelling behavior of the
cross-linked hydrogels containing nanoparticles was followed in acidic media at
pH = 2.2. Incorporation of clay nanoparticles decreased the maximum swelling
degree reaching a plateau value. The swelling mechanism changed with increasing
Cloisite 15A content. Higher the content of clay within the matrix, the lower the
amount of drug was released. The most efficient way for obtaining a slower release
of the drugs was to increase the clay content.

Wang et al. [151] prepared quaternized chitosan/montmorillonite (HTCC/MMT)
nanocomposites via intercalation technique. Wang et al. [151] proved that HTCC
chains entered into the interlayers of MMT and the interactions between them had

Eco-Friendly Chitosan-Based Nanocomposites: Chemistry and Applications 375



taken place. Furthermore, HTCC/MMT nanocomposites were modified to prepare
the nanoparticles and their drug-controlled release behaviors were evaluated. The
results suggested that compared to pure HTCC nanoparticles, certain montmoril-
lonite loadings on quaternized chitosan enhanced the drug encapsulation efficiency
of the nanoparticles and slowed down the drug release from the nanocomposites.
The effect of MMT in the drug release kinetics was found to be square root time
dependent. The formulation with 1:1 mass ratio of HTCC/MMT was the most
effective in encapsulating and releasing the drug and cytotoxicity.

Chitosan and chitosan/organic rectorite (OREC) nanocomposite films and cor-
responding drug-loaded films were prepared [155] by a casting/solvent evaporation
technique in which chitosan and chitosan/OREC nanocomposite powder with dif-
ferent chitosan-OREC mass ratios (2:1, 6:1, 12:1, 20:1, 50:1). The bovine serum
albumin (BSA) in vitro release behavior of chitosan and chitosan/OREC nano-
composite films containing BSA (Fig. 11) showed similar release profiles, and
exhibited a small burst release in the first 12 h and then slow constant release but
with different rates. Interestingly, all films showed equivalent drug release in the
initial stages. But after several hours, all nanocomposite films showed slower
release in comparison to pure chitosan film.

This initial burst effect could be attributed to the diffusion of the drug caused by
rapid membrane swelling and also the faster release of the drug adsorbed toward the
surface of the films matrix. So at the beginning, all films had similar swelling
behavior and the equivalent rates of release of drug. This was particularly notice-
able since a macromolecular model was used. Wang et al. [151] noted that the
nanocomposite films, especially chitosan/OREC nanocomposite films with a ratio

Fig. 11 In vitro release profiles of BSA from the chitosan/OREC nanocomposite films (BSA
loaded films; CSB: Simple CS; CRB1-5: CS-OREC nanocomposites with mass ratios of 2:1, 6:1,
12:1, 20:1, 50:1, respectively). (Reprinted from Ref. [155], Copyright (2007), with permission
from Elsevier)
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(CRB3) with the largest interlayer distance, exhibited the subsequent slowest sus-
tained release, and with the increase of the amount of OREC, the releases were
slower. Higher hydrophobicity of the polymeric matrix and electrostatic attractive
forces effectively improved the controlled drug release properties.

Chen et al. [14] reported chitosan/B-lactoglobulin core/shell nanoparticles,
successfully prepared as nutraceutical carriers for nutrient delivery, increasing
permeability of the molecules, increasing gastric residence time and providing the
environmental stability. This encapsulated nutrient system was deemed safe for oral
administration.

Salcedoa et al. [106] developed nanocomposite based on chitosan and mont-
morillonite as carrier to improve oral bioavailability of oxytetracycline. The
nanocomposite was prepared by simple solid–liquid interaction and loaded with the
drug. Caco-2 cell cultures were used to evaluate in vitro cytotoxicity and drug
permeation. Their results showed that the nanocomposite was internalized into the
cells and effectively enhanced drug permeation, being also biocompatible toward
Caco-2 cells. The nanocomposite slightly decreased the permeation rate of the drug
in the first phase of the permeation assay; nevertheless, the permeation was linear
and proceeded all over the experiment time. The confocal laser scanning micros-
copy analysis showed that there was an interaction between the nanocomposites and
the cell substrates thus causing the uptake of the nanocomposite into the cells. Even
if a limited enhancement of drug permeation was determined by the nanocom-
posites the mechanism of internalization/uptake was found to be a chance for the
drug to elude the P-glycoprotein.

5.4 Chitosan/Clay Nanocomposites in Tissue Engineering

Tissue engineering focuses on the regeneration of deficient or damaged tissues of
the body and requires three basic elements: biomaterials, growth factors, and cell
source. The scaffolds are expected to be degradable and absorbable with a proper
rate to match the speed of new tissues’ formation.

Azhar et al. [7] developed a novel composite based on chitosan–gelatin/nano-
hydroxyapatite-polyaniline (CS-Gel/nHA-PANI) by blending the synthesized nHA
and PANI with chitosan and gelatin solution followed by lyophilization technique.
The degradation behavior of biomaterials in physiological environments plays an
important role in the engineering process of a new tissue. It was shown the in vitro
biodegradation process of CS-Gel, CS-Gel/nHA, and CS-Gel/nHA-PANI com-
posite scaffolds in PBS-containing lysozyme (≥30,000 U/mg) involved gelatin
hydrolyzation and chitosan enzymatic degradation. Lysozyme is the primary
enzyme responsible for in vivo degradation of chitosan through hydrolysis of
acetylated residues [104]. Other proteolytic enzymes have shown to have lower
level of degradation activity on the molecule.

It is known that the N-acetyl glucosamine groups of chitosan chains can be
hydrolyzed by lysozyme. Its degradation leads to the release of amino sugars, which
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can be incorporated into glycosaminoglycans and glycoprotein metabolic pathways
or excreted. In the Azhar’s study [7], it was presumed that the macromolecules of
the scaffold surface underwent preferential hydrolytic scission into small molecules
(oligomeric units), which could dissolve in PBS. Also the chains of gelatin, a
hydrophilic polymer (presence of amide and carboxyl groups), hydrolyzed quickly
in the presence of water [171]. In CS–Gel/nHA composite scaffold, the degradation
was decreased by the addition of nHA compared to the CS–Gel matrix. Azhar et al.
[7] found out that by the addition of PANI the degradation percentage was slowed
down, demonstrating that the degradation rate might be controllable by adjusting
the nHA and PANI contents in composite scaffolds.

Biocompatibility and cell attachment studies showed that the prepared scaffold
based on chitosan is nontoxic to bovine leukemia virus fetal lamb kidney cell line
and dental pulp stem cells being a good candidate for bone and tooth tissue
regeneration.

6 Conclusion and Future Perspective

Present chapter reviewed chitosan bio-nanocomposites studies. Making a truly eco-
friendly product keeps both environment and human safety in mind. At a minimum,
the product is nontoxic. Other eco-friendly attributes include the use of sustainably
ingredients, produced in ways that will not deplete the ecosystem.

A naturally occurring polysaccharide, chitosan, shows promise for safe use in
healthcare products being a nontoxic, biocompatible material. However, care must
be taken to ensure that it is pure, as protein, metal or other contaminants could
potentially cause many effects both in derivative syntheses and in dosage forms.
After derivatization (or cross-linking), unreacted reagents should be thoroughly
removed to prevent confounding results as many reagents are cytotoxic uncoupled.
It was shown that for special applications like biomedical, packaging, the
mechanical and thermal properties of pure chitosan were not sufficient.
Furthermore, many research studies focused on systems with chitosan preferred to
synthesize chitosan derivatives at nanoscale level using various methods. The
addition of a small amount of clay nanoparticles enhanced mechanical and thermal
properties reducing the limitations of simple chitosan system to be applied in field
which require a certain strength and thermal stability.

By combination of chitosan nanocomposites with other different polymeric
systems, good results were obtained regarding the antimicrobial activity, solubility,
drug release efficiency, enzyme immobilization, increased biocompatibility and
cytotoxicity, barrier properties offering a wide range of applications (e.g., food
packaging, biomedical and pharmaceutical, tissue engineering) which will be likely
involved in our future lives.
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Environmental Applications
of Polypyrrole—and Polyaniline–Bacterial
Extracellular Polysaccharide
Nanocomposites

V. Janaki and S. Kamala-Kannan

Abstract Nanotechnology is the engineering and art of developing new materials
on a nanoscale. Due to its unique properties, the application of nanoparticles in
various scientific fields, including environmental sciences, has increased greatly—
numerous nanomaterials have been used for the treatment of wastewaters too.
However, easy escaping and ecological risk associated with the nanomaterials
limited the application in industrial scale. Recently, there has been considerable
interest in the synthesis of nanocomposites from different chemical and biological
materials—an important area of nanocomposite research because of its wide
application in environmental sciences. Polypyrrole–bacterial extracellular poly-
saccharides (PPy–EPS) and polyaniline–bacterial extracellular polysaccharides
(Pn–EPS) are nanocomposites with chemical and biological polymers and are good
adsorbents for the removal of reactive dyes and detoxification of Cr(VI) from
wastewaters. This chapter compiles the application of PPy–EPS and Pn–EPS
nanocomposites in wastewater treatment.
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1 Introduction

Nanotechnology is a branch of applied science that focuses on the development and
application of nanomaterials in different scientific fields, including environmental
sciences [21, 22]. Nanoparticles were shown to have highly desirable physical,
chemical, and biological properties largely due to their size (1–100 nm) and
quantum effects [51, 53]. High surface area and ability to interact specifically with
pollutants have potentially increased the application of nanoparticles in wastewater
treatment. However, easy escaping of nanomaterials from fixed bed or any other
flow-through columns, difficulties in separation and reuse of nanoparticles for
several cycles, ecological risk associated with the escaped nanoparticles, and
massive aggregation of certain group of nanoparticles have reduced their applica-
tion on a large/industrial scale [53]. These drawbacks are overcome by preparing
nanocomposites, multiphasic materials with one of the phases having one, two, or
three dimensions less than 100 nm. Nanocomposites are touted to be the materials
of the twenty-first century because of their uniqueness and vital characteristics.

Polymers are macromolecules composed of many small molecules called
monomers. These monomers are polymerized using different polymerization
techniques [38–40]. Today, different kinds of biological and chemical polymers are
available for wide applications [1, 27, 41, 42, 45]. These polymers are modified
using different techniques to obtain materials with desired properties for a number
of applications [30–37]. Biological polymers have been widely investigated for the
wastewater treatment because of eco-friendly nature, biodegradability, low cost,
acceptable specific strength, and low density [5, 42]. The commonly used biological
polymers include cellulose, chitosan, chitin, starch, and bacterial extracellular
polysaccharides (EPS) [4, 16, 45, 50].

EPS is a biopolymer secreted by microorganisms during growth. It consists of
large amounts of proteins, lipids, and carbohydrates and smaller quantities of humic
substances, nucleic acids, and uronic acids [18, 28]. It plays a vital role in the
adhesion of microorganisms onto substrates, aggregation of microbial cells on
biofilms, stabilization of biofilms and flocs, retention of water, sorption of organic
compounds, protecting microorganisms from harmful effects, quorum sensing, and
aggregation of microbial cells in flocs [47]. It has been reported that EPS contain
different functional groups such as carboxyl, amine, hydroxyl, and phosphoric,
which lead to enhanced interaction with different group of pollutants [9, 50, 52].
Wang et al. [46] reported the adsorption of Cu2+ and Zn2+ onto EPS. EPS reduce
the highly toxic Cr(VI) into less toxic Cr(III) [10]. Similarly, the presence of EPS
significantly enhances the microbial reduction of Cr(VI) [6].

Polyaniline (Pn) and polypyrrole (PPy), π-conjugated semiconducting polymers,
have been widely investigated for the removal of heavy metals and dyes from
aqueous solution [2, 3]. In the last decades, there has been considerable interest in
the synthesis of nanocomposite that comprises Pn or PPy and biological polymers.
Lignosulfonate–PPy nanocomposite was used for adsorption of Ag(I) and Pb(II)
ions from aqueous solutions. Maximum adsorption capacities of Ag(I) and Pb(II)
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were up to 759.3 mg g−1 and 207.5 mg g−1, respectively [20]. Pn/rice husk ash
nanocomposite was used for the removal of Zn from aqueous solution. The
adsorption capacity (qmax) for Zn ion in terms of monolayer adsorption was
24.3 mg g−1 [8]. Esfandian et al. [7] reported that Pn-sawdust nanocomposite
removed 97 % of Cr(VI) from aqueous solution at pH 2. Similarly, Pn–cellulose
nanocomposite decolorized 82 % of simulated reactive dye bath effluent [14].
α-cellulose-PPy composite successfully removed Reactive Red from aqueous
solution [24]. Pn–chitosan composite removed 95.4 % of Congo Red, 98.2 % of
Coomassie Brilliant Blue, and 99.8 % of Remazol Brilliant Blue R from aqueous
solution [11]. Pn-starch nanocomposite decolourized 87 % of simulated reactive
dye bath effluent [12].

Reactive dyes gained popularity in the twentieth century, and they represent the
largest classes of dyes used in textile processing industries. Around 30 % of the
total dye market took up reactive dyes due to their bright color, excellent color
fastness, and ease of application [48]. The reactive systems of these dyes react with
ionized hydroxyl groups on the cellulose fiber. However, hydroxyl ions present in
the dye bath can compete with the cellulose substrate, resulting in a percentage of
hydrolyzed dyes that can no longer react with the cellulose fiber. Thus, 10–50 % of
the initial dye load will be present in the dye bath, giving rise to a highly colored
effluent [12, 44]. Thus, disposal of dye effluent into the ecosystem leads to unde-
sirable problems including aesthetic displeasing, decrease in soil quality, alter
microbial activity in soil and water, reduce in photosynthetic rate of aquatic sys-
tems, and, in some cases, toxicity to aquatic organisms [25, 26]. Therefore, there is
a considerable need to treat reactive dye effluents before discharging into receiving
water bodies.

Heavy metal pollution has been considered as a major environmental problem
worldwide. Mining and metallurgical and industrial activities are the major sources
of heavy metal pollution in ecosystem. Chromium is the most common heavy metal
pollutant in the environment because of its wide application in leather processing,
tanning, pulp and paper, dyeing, pigmenting, and wood preserving industries [29].
It exists in the ecosystem in different states such as hexavalent (Cr(VI)) and tri-
valent (Cr(III)). Cr(VI) is highly soluble and mobile in aquatic systems when
compared with Cr(III). Moreover, Cr(VI) is highly toxic and the International
Agency for Research and Cancer declared Cr(VI) as class I carcinogen. Thus, the
removal of Cr(VI) from contaminated water before it is discharged into the envi-
ronment is important.

Recently, EPS was loaded onto Pn and PPy and used for the removal and
detoxification of reactive dyes and Cr(VI) from aqueous solution [11–13, 15]. The
basic principle behind the pollutant removal is based on the chelating properties
ascribed from the amine and secondary amino groups on the polyaniline/bacterial
extracellular polysaccharide (Pn/EPS) and polypyrrole/bacterial extracellular
polysaccharide (PPy/EPS) nanocomposites (Fig. 1). This chapter provides insight
into the synthesis and unique properties of Pn–EPS and PPy–EPS nanocomposites,
and their application in the removal of reactive dyes and chromium.
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2 Synthesis and Properties of Pn–EPS and PPy–EPS
Nanocomposites

2.1 Extraction of EPS

EPS extracted from the Bacillus sp. were used for the preparation of Pn–EPS and
PPy–EPS nanocomposites. In brief, the bacteria were cultivated in Luria Bertani
(LB) broth at 30 °C for 24 h. After incubation, the bacteria were separated by
centrifugation (10,000 rpm for 10 min), and the EPS present in the culture filtrate
were precipitated with six volumes of ethanol. The precipitated EPS were separated
by centrifugation (12,000 rpm for 20 min), freeze-dried (−80 °C), and used for the
preparation of the composites.

2.2 Pn–EPS Nanocomposite

Pn–EPS nanocomposite was synthesized by in vitro oxidative polymerization of
aniline and it is reported by Janaki et al. [13]. Briefly, EPS was dissolved in sterile
water and mixed with 0.01 M aniline monomer to form a homogenous solution. The
polymerization of aniline was induced by adding the oxidant, ammonium per-
oxydisulfate. The molar ratio of oxidant to monomer was 1:2. After polymerization,
the greenish black product was separated by centrifugation and washed several
times with methanol and water until the solution became colorless. The precipitates
were freeze-dried (−80 °C) and used for the treatment of simulated reactive effluent
and detoxification of Cr (VI). The proposed polymerization of aniline with EPS is
schematically represented in Fig. 2. Janaki et al. [15] reported the morphological
characters of Pn–EPS nanocomposite. The size of the nanocomposite varied from
40 to 80 nm. The Pn–EPS nanocomposite was irregular in shape and mostly pre-
sented in aggregates. The surface of the nanocomposite was granular, providing a

Pn/EPS 

or 

PPy/EPS
Reduction

Adsorption

Adsorption
Desorption

Desorption

Fig. 1 Schematic
representation for removal
and detoxification of reactive
dyes and Cr(VI) by Pn/EPS
and PPy/EPS nanocomposites
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good possibility for adsorbing different group of pollutants present in the aqueous
solution.

Fourier transform infrared (FTIR) spectra and X-ray diffractogram of Pn–EPS
nanocomposite are well reported by Janaki et al. [13, 15]. The FTIR spectrum
indicates the presence of various functional groups in the nanocomposite. The O-H
stretching vibration was reported between 3200–3231 cm−1, and N-H stretching
was reported at 2933, 2571, and 1560 cm−1, respectively. The characteristic C-C
aromatic stretching of benzenoid unit, exclusively expected for Pn, was reported at
1487 cm−1 [17]. In addition, alkane (743, 686, 593, and 504 cm−1), aromatic (878
and 796 cm−1), and carboxyl (1297, 1242, and 1138 cm−1) groups were reported in
the Pn–EPS nanocomposite. Some of these functional groups are preferentially
reported for EPS extracted from other microorganisms [49]. Similarly, the X-ray
diffractogram of the nanocomposite carries the peaks for both Pn and EPS. The
polyaniline peaks were reported at 2θ = 20.1 and 26.2°, and EPS peaks are reported
at 2θ = 6.0, 17.8, 30.4 and 40.8°. Also, based on the X-ray diffractograms, the
nature of Pn–EPS nanocomposite was reported as partly amorphous and partly
crystalline.

2.3 PPy–EPS Nanocomposite

PPy–EPS nanocomposite was also prepared by chemical oxidative polymerization
of pyrrole. Briefly, oxidation in the reaction mixture (pyrrole (0.01 M) and EPS)
was initiated by the addition of ammonium peroxydisulfate. The molar ratio of
oxidant to monomer was 1:2. After polymerization, the blackish precipitate was
separated by centrifugation and washed several times with methanol and water until
the solution became colorless. The precipitates were freeze-dried (−80 °C) and used
for the treatment of simulated reactive effluent and detoxification of Cr(VI). The
proposed polymerization of pyrrole with EPS is schematically represented in Fig. 3.

Fig. 2 Proposed polymerization of aniline with EPS (source [11–13])
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The size of the nanocomposite varied from 40 to 70 nm, irregular in shape, and
mostly presented in aggregates. The surface of the PPy–EPS nanocomposite was
rough, providing a possibility for trapping different groups of dyes and metals
present in the aqueous solution.

Functional groups present in the PPy–EPS nanocomposite were reported based
on the FTIR studies. The O-H stretching vibration of polymeric compounds was
observed between 3400–3100 cm−1, and C-N and C-C asymmetric and symmetric
ring-stretching of PPy were observed at 1548 and 1463 cm−1 [19, 23]. The C-H
stretching vibration of fatty acids and sugars was observed at 2934 cm−1, and
characteristic peaks of polymerized pyrrole were observed at 1302, 1048, 910, and
792 cm−1. In addition, peaks for carboxyl and alkane groups, arising from the
sugars and amino acids of EPS, were observed at 1165, 1045, 901, and 506 cm−1

[13]. X-ray diffractogram peak at 2θ = 26° indicates the amorphous nature of the
nanocomposite [43]. Moreover, a minor shift in XRD peak at 2θ = 21.3° and a new
peak at 2θ = 28.3° in PPy–EPS indicates the successful integration of EPS during
pyrrole polymerization.

3 Application of Pn–EPS and PPy–EPS Nanocomposites
for the Treatment of Simulated Remazol Dye Effluent

Janaki et al. [13] reported the potential application of Pn–EPS composite for the
removal of reactive dyes from simulated textile effluents; the composite removed
97 % of reactive dyes from simulated effluents at pH 3. Also, the study reported the
influence of experimental variables (pH, contact time, and initial adsorbent dosage)
on dye removal and possible mechanism of dye adsorption based on the isotherm
and kinetic analysis. Pn–EPS nanocomposite at a dosage of 0.3 g L−1 effectively

Fig. 3 Proposed polymerization of pyrrole with EPS
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removed the reactive dyes from the simulated effluent. A rapid removal of dyes was
reported during the first 10 min, which gradually decreased with lapse of time, and
reached equilibrium at 50 min. Similar to other variables, pH also highly influenced
the dye removal rate. The study reported the maximum removal at pH 3 and
minimum removal at pH 8. Higher decolorization at pH 3 was due to the proton-
ation of functional groups in the Pn–EPS nanocomposite, which directly increases
the electrostatic attraction between the Pn–EPS nanocomposite and the reactive dye
molecules. The authors modeled the decolorization results with modified
Freundlich model and reported high correlation coefficient (R2 = 0.988), indicating
the heterogeneous adsorption of reactive dyes onto the Pn–EPS nanocomposite.
The kinetics of the simulated effluent followed pseudo first-order model (Qe, k1, and
R2 are as 0.3577 L/g, 0.0522 min−1, and 0.9794, respectively); chemisorption being
the rate controlling step.

PPy–EPS nanocomposite was also observed as an effective adsorbent for the
removal of reactive dyes from simulated textile effluent. The PPy–EPS nanocom-
posite removed >90 % of reactive dyes from simulated effluent. Like Pn–EPS, the
reactive dye removal rate in simulated effluent was highly influenced by initial
adsorbent dosage, contact time, and pH. Maximum dye removal was observed at
pH 3, and minimum removal at pH 8. The results of the biosorption isotherms of
dye effluent were modeled using the modified Freundlich model. Very high cor-
relation coefficient, R2 = 0.9040, was obtained, indicating that the isotherm fol-
lowed the Freundlich model. The KF and nF values were 2.6303 L g−1 and 0.0403,
respectively. The kinetics of Remazol dye effluent followed pseudo first-order
model. Values of Qe, k1, and R

2 were calculated as 2.1543 L g−1, 0.0428 min−1, and
0.9861, respectively. The correlation coefficient (R2) was closer to unity, indicating
the better fit of pseudo first-order kinetic model.

4 Application of Pn–EPS and PPy–EPS Nanocomposites
for the Removal of Cr(VI) from Aqueous Solution

Janaki et al. [15] reported the Cr(VI) adsorption and detoxification potential of
Pn–EPS nanocomposite. The study reported that the solution pH highly influence
the adsorption rate of Cr(VI) onto Pn–EPS nanocomposite. Maximum Cr(VI)
removal (65.1 %) was reported at pH 3, and minimum removal at pH 9. The
protonation of amino group, at pH 3, enhances the electrostatic interaction between
the constituent Pn–EPS nanocomposite and HCrO4

−, a predominant form of Cr(VI)
in acidic pH. The study also reported a rapid adsorption of Cr(VI) onto Pn–EPS
nanocomposite during the first 10 min, which gradually decreased with lapse of
time until it reached equilibrium (50 min). The rapid adsorption was due to the
availability of more reactive sites. The authors modeled the removal rate with
Langmuir, Freundlich, and Tempkin isotherm models and reported that Freundlich
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model well described the adsorption equilibrium data with high correlation coef-
fecients (R2 > 0.9915) than Langmuir and Freundlich models. The kinetics of Cr
(VI) adsorption onto Pn–EPS nanocomposite followed pseudo first-order model,
indicating that ionic interaction being the rate controlling step. The correlation
coefficients were closer to 1, and the equilibrium adsorption capacity (Qe) correlates
well with the experimental (Qe) values. Moreover, the study also reported that the
adsorbed Cr(VI) was reduced into Cr(III). The Cr(VI) reduction was confirmed by
XRD studies. Maximum detoxification was reported within 10 min, and gradually
decreased with lapse of time. Similarly, PPy–EPS nanocomposite also detoxified Cr
(VI) into less toxic Cr(III). The PPy–EPS nanocomposite reduced >80 % of Cr(VI)
within 30 min. A rapid reduction of Cr(VI) was reported during the first 5 min, and
gradually decreased with lapse of time. The rapid reduction during the initial time
was due to availability of more reactive sites on the PPy–EPS nanocomposite.

5 Conclusion

Both Pn–EPS and PPy–EPS effectively removed reactive dyes and Cr(VI) from the
aqueous solution, and both the composites reduced the highly toxic form of Cr(VI)
into the less toxic Cr(III), suggesting that the composites could be effectively used
as an adsorbent for the treatment of dyes and Cr-bearing industrial wastewaters.
Research into the removal of dyes and heavy metals using Pn–EPS and PPy–EPS
nanocomposites has provided greater understanding of the environmental applica-
tions of these nanocomposites. The reported results are completely based on in vitro
studies and, thus, more remain to be learned from pilot scale studies. Moreover,
some of the experimental variables altering the adsorption rate of pollutants need to
be explained, such as salts in wastewater, presence of more than one type of
pollutants in some industrial wastewaters, variation in the concentration of the
pollutants, optimum physical conditions, and influence of temperature on pollutant
removal. Answering these will help advance the application of these novel nano-
composites in wastewater treatment.
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Synthesis, Chemistry, and Medical
Application of Bacterial Cellulose
Nanocomposites
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Abstract Bacterial cellulose (BC), an environmental friendly polymeric material,
has recently received immense attention in the human society. Herein, we have
focused on the biosynthesis, chemical structure, and physiological behavior of BC
along with synthetic routes and medical applications of its nanocomposites. The
structure of BC consists of nanofibrils made up of (1 → 4) β-glycosidic linked
glucose units interconnected through intra- and intermolecular hydrogen bonds. The
interconnected 3D network structure of BC nanofibers with a high degree of
nanoporosity makes BC an ideal candidate for the incorporation of nanomaterials to
form reinforced composites. BC nanocomposites have been synthesized through a
number of routes that have not only improved the existing properties of BC, but
also enhanced it with novel features. Among nanomaterials, metal, metal oxides,
and organic nanomaterials have been effectively used to engender antimicrobial,
biocompatible, conductive, and magnetic properties in BC. BC nanocomposites
have been successfully employed in the medical field and have shown a high
clinical value for wound healing and skin tissue repair. Recent interest has been
focused on designing ideal biomedical devices like artificial skin and artificial blood
vessels from BC. This study will provide an extensive background about the pri-
mary features of BC and discuss the synthetic routes and chemical feasibility of BC
nanocomposites along with their current and future application in the medical field.
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1 Introduction

Polymers and polymer-based materials have received immense interest in numerous
field of life and have replaced synthetic materials [1]. These emerging materials are
simplifying the human life and affecting all aspects of current development ranging
from medical to defense fields [2–9]. Polymers-based materials are generally
modified to meet the end-user applications [1, 10–14]. Polymers have been used in
development of various materials including, plastic, elastomers, medical instru-
ments, cosmetic products, paper making, etc. [8]. Among polymers, the biopoly-
mers represent further advance and purified group that are renewable and
environmental friendly materials [8]. The renewable biopolymers such as natural
cellulose fibers, chitosan, and starch offer numerous advantages over the traditional
synthetic materials regarding their biodegradability, eco-friendliness, cost effec-
tiveness, purity, easy availability, low density, etc [15, 16]. For more advance and
successful applications, these biopolymers have been combined with a number of
metallic, nonmetallic, and synthetic materials in the form of composites [10]. To
date, the most impressive applications of these biopolymers have been found in
medical fields.

Bacterial cellulose (BC) is a biopolymer produced by different types of bacterial
species of Acetobacter genus [17]. Since its discovery, it has received tremendous
fame owing to its impressive physicomechanical properties [18]. Unlike plant
cellulose, BC does not contain any impurities like lignin or hemicelluloses. This
pure nature and better structural features like crystallinity, mechanical strength, etc.
make BC much superior material than plan cellulose. Ultra-fine structural analysis
studies reveal that BC consists of three-dimensional reticulated web-shaped net-
works of cellulose fibrils. These fibrils arrangement provide BC with porous
geometry that is ultimately responsible for its wide-spread applications and com-
posite developments. Its mechanical strength, thermal degradation temperature,
crystallinity, and liquid-absorbing capabilities are very high, making it a valuable
material for applications in the medical field and other disciplines [19, 20].

Regardless of all of these impressive features, pure BC comes through certain
limitations that restrict its applications to some extent in several fields. BC is non-
bactericidal in nature and hence cannot provide protection against the microbial
invasion during its application as wound healing material. Further, its lower bio-
compatibility also affects the wound healing and tissue regeneration processes.
Besides biological features, pure BC does not own conductive or magnetic prop-
erties that ultimately limit its applications in designing conductive and optoelec-
tronic devices [21]. It is therefore important to investigate and develop some
strategies that successfully incorporate these required important features in BC and
extend its applications in medical, industrials, and other related fields.

Biopolymer composites synthesis technologies are currently in huge practice to
improve the existing feature of polymers and bless them with new ones. Efforts are
being made to prepare the biopolymers-based composites using more facile synthesis
and techniques [22–24]. The physiological, chemical, and mechanical features of
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various polymers have been improved in their composites [25]. Similarly, efforts
have been made to overcome the limitations of BC by preparing its composites with
bioactive materials, nanoparticles, and polymers [21, 26]. The production process
(microbial fermentation during BC synthesis) and structural features (porous web-
shaped structure) provide an ideal scenario for the synthesis of BC composites. A
number of schemes have been introduced to synthesize BC composites with different
materials. Among these schemes, the initial addition of materials to BC culture media
(in situ addition), the treatment of BC with solutions and suspensions (ex situ addi-
tion), and the dissolution of BC in solvents with consequent blending are the most
commonly used techniques [21]. It has been observed that BC composites have high
levels of antibacterial, antifungal, antiviral, biocompatible, wound healing, conduc-
tive, magnetic, and optical properties [19, 27–29].

To date, BC composites have been synthesized with a variety of polymers and
nanomaterials for specific applications. BC composites with chitosan (BC–Ch)
were synthesized via in situ and ex situ addition strategies to enhance the physi-
cochemical and biological features of BC [27, 30, 31]. These composites showed
better impact in medical applications compared to pure BC. The conductive
properties of BC were enhanced by synthesizing composites with graphene oxide
(GO) and polyanaline (PAni) [29, 32]. Among nanomaterials, silver (Ag), gold
(Au), zinc oxide (ZnO), palladium (Pd), carbon nanotubes (CNTs), iron oxide
(FeO), platinum (Pt), and titanium oxide (TiO2) have been utilized to enhance the
antimicrobial, conductive, and magnetic properties of BC [21].

BC and BC composites have gained numerous applications in different fields.
Among all, the most exciting applications are concerned with the medical field.
Owing to its high mechanical properties and water-absorbing capabilities, BC has
been used as dressing material in wound healing and tissue regeneration [19, 21].
The composites of BC enhanced its biological (bactericidal and biocompatible)
properties and hence promoted its applicability in the medical field. Recent research
work has been focused on developing artificial blood vessels and organs from BC
composites [33, 34, 35]. Similarly, the inclusion of conductive materials in BC
composites has led to the development of optoelectronic devices, displays, bio-
sensors, and many advanced materials [18, 21, 26].

Herein, we discuss the synthetic pathways of BC, the chemical nature of BC, the
efforts made to enable inexpensive and enhanced BC production, the need for
developmental strategies to synthesize BC composites, the pros and cons of
available composite synthesis strategies, and the applications of BC composites in
the medical field and other related disciplines.

2 History of BC and BC Composites

Cellulose production from bacteria, specifically Acetobacter xylinum, was first
reported by A.J. Brown in 1986 in the form of an extracellular gelatinous mat [36].
The material got fame by the name of “vinegar plant”. However, it did not receive
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any serious attention until the twentieth century. Several decades after the discovery
of microbial cellulose, C.A. Browne studied its production through the fermentation
of Louisiana sugarcane juice, which attained a thickness of 25 mm under favorable
conditions and thus affirmed the report of Browne [37]. Moreover, on removing the
substance from the culture media, the cellulose took on a tough structure that was
observed through its cross-section analysis. Its microscopic analysis showed that it
contained living bacteria embedded in a structure less film [37]. Later studies have
reported the production of BC by several other organisms, such as Acetobacter
pasteurianum, Acetobacter rancens, Sarcina ventriculi, and Bacterium xylinoides.
The first report on the production of bacterial cellulose was published by Tarr and
Hibbert in 1931, who conducted a series of experiments to grow A. xylinum in
culture media [38]. In the middle of the nineteenth century, Hestrin et al. [39]
reported that glucose and oxygen were the principal requirements for BC synthesis.
Colvin found that cellulose could also be produced by a cell-free extract obtained
from A. xylinum once it was provided with glucose and ATP, an energy source [40].
This observation confirmed that BC synthesis was under the control of an enzy-
matic pathway.

Recent studies of bacterial cellulose have revealed several useful applications.
Studies have also been focused on the controlled synthesis and characterization of
BC, showing that the BC pellicle comprises a random assembly of microfibrils
(2–4 nm in diameter) that result in a film or sheet upon drying [41]. Moreover, its
crystallographic form is similar to that of plant cellulose, commonly known as
“cellulose I,” and its molecular orientation is similar to the direction of the cellulose
chain axis [42].

BC encounters several problems if it is evaluated in its native form, such as the
lack of antimicrobial activity and the absence of any protection against reactive
oxygen species (ROS) during wound healing. In addition, pristine BC lacks optical
transparency, electrical conductivity, magnetism, and hydrophobicity, and thus
limiting its application in electrical devices, batteries, sensors, electromagnetic
shielding, and electrochromic devices [29, 43]. These limitations necessitated the
development of BC composite materials. To date, several composites of BC have
been developed with various types of materials and evaluated for different useful
applications. Several processing routes for the production of BC composites have
been reported. Some have tried to disintegrate the cellulose network structure in
order to blend it as a standard nanofibril. Others have reported routes that intro-
duced a second phase during the development of BC networks. Touzel et al.
developed a double-network gel of BC–pectin by adding pectin to the culture media
[44]. Mormino et al. incorporated solid-reinforcing particles in the formation of a
BC gel through a rotating disc bioreactor [45]. Recently, the introduction of starch
in the BC network by modifying the BC culture media has been reported [46].
Various nano- and biomaterials have been incorporated in BC matrix through
different methods for broad range of applications. Research is currently in progress
to innovate new methods of synthesizing BC composites for the development of
novel applications in different fields.
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3 Synthesis of Bacterial Cellulose

BC is produced by specified classes of bacteria by utilizing various substrate
sources that mainly contain glucose or fructose as a carbon source. The synthetic
routes are comprised of a complex enzyme system that utilizes carbon and nitrogen
sources through a series of metabolic reaction to produce BC. The details of BC
synthetic mechanism have been described in coming topic. Along with utilizing
synthetic culture media, BC has been produced from a diverse range of cheap waste
media [47]. Among these, the most familiar are coconut media, pineapple media,
beer wastes, agriculture wastes, and a number of fruit juices. The physiological
appearance of the produced BC depends on the production methods. Currently, a
number of methods have been introduced to enhance the production, productivity,
and properties of BC. Some of the BC production approaches are described herein.

4 Development of Various Approaches for BC Production

A number of methods have been reported for the production of BC, including static
culture [48, 49], agitating culture [50, 51], and the numerous designed bioreactors
[52]. The BC production approaches were not merely based on cheap BC
production but also on desired applications like medical and industrial, etc. To
satisfy the commercial demand for BC, large-scale, semicontinuous, and continuous
fermenters have been designed. The aim is to achieve maximum production of BC
with suitable form and properties for the required application. Figure 1 outlines
various strategies applied or the production of BC.

4.1 Static Cultures

Static cultivation is a simple method that is widely used for the production of
cellulose pellicles. Shallow trays are filled with broth medium, inoculated, and
incubated for 5–10 days until a thick cellulose sheet is produced on the surface of
the medium. A gelatinous BC pellicle produced by Gluconacetobacter xylinus has a
denser surface at the air interface. The BC production is directly related to the
surface area of the air/liquid interface, provided that the depth is less than 4.5 cm
[53]. The BC pellicle floats on the liquid surface due to the entrapped CO2 gen-
erated from bacterial metabolism [54]. The BC pellicles produced through this
strategy could be successfully applied in medical fields as dressing and healing
material, etc. Furthermore, the thickness of the developed pellicles was easily
controllable through variation of cultivation time. The low productivity and long
cultivation time not only threatens the economic feasibility but also hinders the
industrial application of the traditional static culture. Shezad et al. [49] proposed a
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new simple fed-batch strategy for the static culture system to increase BC pro-
ductivity, using waste from beer fermentation broth (WBFB) as a nutrient source.
WBFB was found to be a better medium than the chemically defined medium
(CDM) for BC production in a fed-batch process, and a two- to threefold increase in
BC production was obtained compared with batch cultivation. The scanning elec-
tron micrographs revealed much denser and thinner BC fibrils cultivated with
WBFB than those produced using CDM [55]. A novel bioreactor, named
Horizontal Lift Reactor (HoLiR), having fleeces and foils of selectable length and
adjustable height, was developed for the semicontinuous production of bacteria-
produced nanocellulose (BNC) pellicles [48]. This method not only combined the
advantages of static cultivation and continuous harvesting, but also significantly
reduced cost compared to static cultivation.

4.2 Submerged (Agitated) Fermentation

Submerged fermentation is a convenient method for scale-up production of BC.
Therein, BC is produced in environment where the constant rotation of culture
media and cells make provide a homogenous contact resulting in better yield. The
agitation method results in the production of BC pellets instead of pellicles (Fig. 1).
G. xylinus JCM 9730 formed sphere-like BC particles under agitation cultures with

Fig. 1 BC production under static and agitated conditions. Various bioreactors for production
under agitated conditions. Figure has been reproduced from [141] with permission from Elsevier
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a rotational speed above 100 rpm [56]. When the structural properties were
investigated with respect to agitation speed, it was found that spheres with diam-
eters of 0.1–1 and 10 mm were produced at a rotational speed of 200 and 150 rpm,
when cultured in a 250 and 150 mL Erlenmeyer flask, respectively, with 100 mL of
medium. Field emission scanning electron microscopy (FE-SEM) analysis showed
that cellulose spheres 200 rpm were hollow, while spheres produced at 150 rpm
were solid.

The major problems associated in this technique are the insufficient oxygen
supply, irregular shape of the produced BC, and the simultaneous accumulation of
non-BC-producing mutants in agitation cultures [54, 57]. The overall yield of BC
produced through agitation culture is much higher than the static cultures as
observed in various studies. G. xylinus BPR2001 (ATCC® 700178) showed a
1.8-fold increase in BC productivity compared with the commonly used strain,
G. xylinus (ATCC® 23769), cultivated under agitation [58]. Other strains, including
G. xylinus BPR 3001A, Gluconacetobacter hansenii KCTC 10505BP, and
G. xylinus NUST4.1, have also been successfully applied in the agitated fermen-
tation method [55, 57, 59].

5 Various Bioreactors Designed for BC Production

Static and agitated culture methods have been applied for the production of BC. The
static culture method suffers from low productivity due to long culture time and
intensive man power. On the other hand, in the agitated cultures, the cellulose-
producing strains are converted into cellulose-negative strains, which in turn take
over the wild-type strain because of their rapid growth. This conversion reduces the
production of BC [60]. In stirred tanks or airlift bioreactors, the produced BC
adheres to the walls and upper parts of the reactors, creating problems and reducing
BC production [61]. Therefore, it is necessary to design a bioreactor for BC pro-
duction that will reduce culture time while improving production. Scientists have
designed different bioreactors to optimize BC production.

5.1 Bioreactor with Spin Filters

A bioreactor with a spin filter was designed and tested for BC production [62]. The
BC production was carried out in a bioreactor equipped with a six flat-blade turbine
impeller and a spin filter surrounded by a stainless steel mesh whose bottom was
attached to the agitator shaft. BC production of 4.57 g/L was achieved after 140 h of
cultivation using G. hansenii PJK, which was 2.9 times higher than that obtained in
a conventional jar fermenter [62].
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5.2 Bioreactor with Silicone Membranes

Yoshino et al. designed a bioreactor in 1996 in which cellulose pellicles were
formed on an oxygen-permeable synthetic membrane and on a liquid surface. The
rate of BC production was doubled when the bottom end of the cylindrical vessel
was covered with a silicone sheet of 100 mm in thickness. The rate of cellulose
production depended strongly on the degree of roughness of the silicone membrane
surface. The rate of BC production on a smooth silicone membrane was five times
higher than that on a rough one [63].

5.3 Airlift Bioreactor

Airlift bioreactor is another important technique for improved BC production,
which requires a lower power supply compared with the agitated bioreactor. The
first airlift bioreactor for BC production was implemented in 1997 [64]. Air or
oxygen-enriched air was supplied from the bottom of the reactor, which in turn
drove the circulation of the culture media. Later, different modifications in the airlift
bioreactor have been applied to enhance BC production. BC production of 3.8 g/L
was obtained after 67 h of fermentation when a 50 L internal-loop airlift reactor was
employed [65]. A modified airlift reactor, equipped with three wire-mesh draft
tubes, yielded 7.7 g/L BC after 72 h of fermentation [66]. The highest BC pro-
duction obtained to date through airlift bioreactor is 10.4 g/L with a production rate
of 0.22 g/L/h [67].

5.4 Rotating Disk Bioreactor

Homogeneity is difficult to achieve in the agitation and airlift bioreactors because of
the adhesion of produced BC to the different parts of the reactors. The produced BC
pellets also face the limitation of having low mechanical strength compared to
pellicles, restricting their practical applications. The first rotating disk bioreactor
reported for BC production was comprised of an inlet for inoculation and several
circular disks accumulated on a rotating central shaft [68]. During BC production,
half of the area of the rotating disk was inside the medium while the other half was
exposed to air. During rotation, the disk surface alternatively shifts between the
medium and the atmosphere. Thus, the BC produced in this way is not only aerated
but also gains its mechanical strength from being attached to the disk. BC com-
posites were prepared by adding solid particles into the medium. It was found that
the incorporation of solid particles into the BC was related to their concentration
and the disk rotation speed [68]. BC composites have been produced using rotating
disk bioreactors with plastic matrices for enhanced cell adhesion and paper fiber for
improved mechanical properties [45, 69].
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5.5 Cell Immobilization and Biofilm Reactors

Novel techniques such as immobilized-cell reactors, cell recycle reactors, and
hollow fiber reactors are applied for improved BC production. A biofilm reactor is a
type of immobilized-cell reactor that is efficient in cost reduction due to its con-
sumption of high biomass density and production yield. BC production has been
reported using a plastic composite support (PCS) biofilm reactor yielding 7.05 g/L
BC, a 2.5-fold increase from the control [70]. An important aspect of this technique
was the much improved mechanical properties of produced BC that can effectively
lead toward enhanced applications in medical and other related fields.

6 BC Synthetic Pathway

Biosynthesis of BC is a precise, enzyme-regulated process involving a large
number of specific enzymes and regulatory proteins. Though the mechanism of
glucose polymerization into cellulose chains is still not completely known, the
mechanism of uridine diphosphoglucose (UDPGlc) synthesis has been relatively
well explained. Cellulose biosynthesis involves the production of UDPGlc, a pre-
cursor in cellulose synthesis, followed by polymerization of glucose units forming a
β-1 → 4 glucan chain. The individual cellulose chains extrude outside the cell,
resulting in a ribbon-like structure composed of hundreds and thousands of indi-
vidual chains. In turn, the self-assembly of these ribbons leads to the formation of
fibrils [71]. Cellulose biosynthesis in bacteria is associated with catabolic processes
and does not interfere with other anabolic processes, including protein synthesis.
A. xylinum follows either the pentose phosphate cycle or the Krebs cycle coupled
with gluconeogenesis for cellulose synthesis [72, 73].

A. xylinum can convert hexoses, glycerol, dihydroxyacetone, pyruvate, and
dicarboxylic acids into cellulose with almost 50 % efficiency. Pyruvate and dicar-
boxylic acids enter the Krebs cycle and undergo a conversion to hexoses via gluco-
neogenesis, similar to glycerol, dihydroxyacetone, and intermediates of the pentose
phosphate cycle (Fig. 2). The direct cellulose precursor is UDPGlc, involving the
glucokinase-catalyzed phosphorylation of glucose to glucose-6-phosphate (Glc-6-P).
Isomerization of Glc-6-P leads to Glc-α-1-P, catalyzed by phosphoglucomutase, and
conversion of Glc-a-1-P toUDPGlc is mediated byUDPGlc pyrophosphorylase. This
enzyme is crucial for cellulose synthesis as the cellulose-negative species (Cel−) are
deficient in this enzyme [74]. The pyrophosphorylase activity varies among different
strains of A. xylinum and the highest activity has been reported in the most effective
cellulose producer, A. xylinum ssp. sucrofermentans BPR2001 [71].

Cellulose biosynthesis in bacteria is catalyzed by UDPGlc-forming cellulose
synthase. It is a typical membrane-anchored protein tightly bound to the cyto-
plasmic membrane with a molecular mass of 400–500 kDa. The cellulose synthase
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contains certain amino acids and other glycosyltranferases in the globular region,
which is predicted to be cytoplasmic based on the analysis of the transmembrane
segments and the presence of UDPGlc in the cytosol [75]. Cellulose biosynthesis by
the UDPGlc-forming cellulose synthase is essentially a processing of 4-b-glucosyl
transferase, as it transforms glucopyranose residues from UDPGlc into the newly
founded polysaccharide chain. Oligomeric cellulose synthase complexes, often
called terminal complexes, are responsible for β-1 → 4 glucan chain synthesis.

7 Self-Assembly and Crystallization of Cellulose Chains

The unique structural, physical, and mechanical properties of cellulose result from
the extrusion and self-assembly of chains outside the cells. The cellulose export
compounds or nozzles are responsible for the extrusion of the synthesized cellulose
molecules out of the cells, forming protofibrils of approximately 2–4 nm in
diameter. The protofibrils are in turn bundled into ribbon-shaped microfibrils of
approximately 80 × 4 nm in size [76]. The formation of protofibrils and their
assembly into ribbons and cellulose network structures are shown in Fig. 3.

Electron micrographs of the cell envelope have shown 50–80 pore-like sites
arranged along the long axis of the cell and in combination with the extracellular
cellulosic ribbon [77, 78]. These discrete pores are assumed to be the sites for the
extrusion of pre-cellulosic polymer chains. Therefore, the initial assembly of cel-
lulose comprises aggregates of β-1 → 4 glucan chains [79]. The existence of such
aggregates suggests that the simultaneous synthesis of many β-1→ 4 glucan chains
is a common feature of the assembly of cellulose microfibrils in both higher and

Fig. 2 BC synthetic pathway. The figure was modified from Lin et al. [100] and Shah et al. [21]
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lower organisms [80]. As the mutual orientation and association of glucan chains,
aggregates, microfibrils, bundles, and ribbons are governed by the original pattern
of extrusion sites, the process of assembly and crystallization of cellulose is
described as cell-directed [72].

A. xylinum produces cellulose in two distinctive physical forms: (i) the ribbon-
like cellulose I, and (ii) a thermodynamically more stable amorphous form, cellu-
lose II [81]. The β-1 → 4 glucan chains of cellulose I are aligned in parallel and
arranged uniaxially whereas those of cellulose II are arranged in a random manner.
Microfibrillar arrangements of BC and its pure nature compared with plant cellulose
are responsible for most of its distinguishing properties, such as high tensile
strength, high crystallinity, high water-holding capacity, etc.

8 Chemical Structure of BC

Cellulose is a homopolymer consisting of glucose molecules bonded through
β-1 → 4 glycosidic linkages. The polymer unit consists of two glucose molecules
bonded to each other in such a way that one molecule is rotated 180° with respect to
the other (Fig. 3).

The chemical structure of BC is not different from plant cellulose. However, the
degree of polymerization of plant cellulose is 13,000–14,000 while that of BC is
2000–6000 [82]. The repeated glucose units in BC produce a long unbranched
polymer chain while the polymer chains form strong intermolecular hydrogen
bonds. Cellulose from A. xylinum consists of microfibril ribbons, which are 3–4 nm
thick and 70–80 nm wide. Hydrophobic interactions seem to be involved in

Fig. 3 Synthetic route, SEM image, films morphology, and chemical structure of bacterial
cellulose
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maintaining the shape of the BC sheet. The BC sheet is formed through the inter-
and intrachain hydrogen bonds, whereas the crystalline structure of BC results from
the hydrogen bonds between cellulose sheets [71].

Fourier transform infrared spectroscopy (FTIR) and nuclear magnetic resonance
(NMR) have been utilized to study the structural differences between BC produced
by stationary and agitated cultures [83, 84]. X-ray diffraction analysis has shown
two distinct crystalline forms of cellulose as cellulose I and cellulose II [85].
Scanning electron microscopy (SEM) observation revealed a significant difference
in the morphology of the BC surface and cross section. The surface showed
irregular arrangements of fibers while the cross section showed layers of clustered
fibers [86]. CP/MAS 13C NMR spectroscopy, wide-angle X-ray diffractometry, and
transmission electron microscopy (TEM) were used to study the solid-phase
nitration and acetylation of BC. The relative reactivity of OH groups in BC was
found to be in the order of 6′OH > 2′OH > 3′OH. At lower concentrations of nitric
acid in the reaction medium, the 6′OH groups were subjected to nitration, both in
the crystalline and amorphous phases. However, at high concentrations, all OH
groups were subjected to nitration. No regioselective reactivity was observed
among the OH groups during solid-phase acetylation. This result shows that the
reaction proceeds in a very thin layer between the acetylated and nonacetylated
regions in the microfibrils [87].

9 BC Composites

The exciting structural and physiological features of BC have inspired its appli-
cations in a number of fields including food, textiles, paper, and electronics [17, 18,
43, 88]. Currently, the most important applications of BC are presented in the
medical field, where BC has been incorporated in wound healing materials, artificial
skin, scaffolds for tissue engineering, and artificial blood vessels [35, 89–92]. BC
has been proposed as a potential material for preparing environmentally compatible
ion-exchange membranes for fuel cells, biocompatible sensors, and actuators
[17, 21, 93].

Despite its valuable features, pure BC has certain limitations that have restricted
its application to some extent. For example, BC has no antimicrobial properties to
prevent wound infection during its application as a dressing material [94].
Moreover, it lacks antioxidant properties and cannot provide protection against
reactive oxygen species during wound healing. All these limitations reduce the
wide-spread applicability of BC in medical fields. Pure BC does not possess
properties like optical transparency, electrical conductivity, magnetism, and
hydrophobicity, and hence cannot be utilized directly in electrical devices, batteries,
sensors, electromagnetic shielding, and electrochromic devices [21, 29, 43].
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10 Necessity of BC Composites

The above-mentioned deficiencies limit the application of BC. This situation
demands the combination of BC with certain materials that can withstand the
shortcomings of pure BC and extend the applicability of BC. The structural fea-
tures, specifically the fibril arrangement, provide an excellent scenario for the use of
BC in the synthesis of various composites. In fact, BC can be used as both a matrix
and a reinforcement material for composite design [21, 27, 95, 96]. A number of
BC composites have already been produced to overcome the inadequacies and
enhance the physiological, biological, chemical, and mechanical features of BC
[19, 20, 27–29, 43, 96–98]. Some of the BC composites, representing various
combinations of materials, and their applications are described in Table 1.

It is observed that BC composites have been synthesized through a number of
synthetic strategies. All composites bestowed BC with additional properties when
compared with pristine BC. It is evident that the combination of nanomaterials (Ag,
Au, ZnO, etc.) and polymers (chitosan, PAni, PEG, etc.) has helped in the synthesis
of bactericidal and conductive BC [21]. The table is merely a presentation of the
huge number of BC composites that have been synthesized to date. Recent
advancements show the synthesis of BC composites for fabricating display devices,
fuel cells, artificial organs, and more [21]. Comprehensive efforts are still required
in order to develop new routes of composite synthesis and to explore new appli-
cations of BC in miscellaneous fields.

11 Synthetic Approaches for BC Composites

Polymer composites are usually synthesized through a number of synthetic strat-
egies. The use of a particular strategy is mainly specified by the nature of the matrix
and the reinforcement materials as well as the intended application [21]. The pro-
duction route and structural features of BC provide the possibility to develop a
variety of synthetic methods for preparing BC composite. Generally, polymeric
composites are synthesized through three basic approaches: (a) adding the rein-
forcement materials to the polymer during its biosynthesis, (b) injecting the rein-
forcement materials inside the synthesized polymer matrix, and (c) blending the
polymer solution with the reinforcement materials [21]. Being a typical biopolymer,
BC composites are synthesized through all three aforementioned approaches.
Herein, these approaches are described with specific examples. Figure 4a–c rep-
resents various approaches developed for the BC composites, while the mechanism
of composite structure has been shown in Fig. 4d.
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Table 1 Various BC composite materials showing the synthetic strategy, composites type,
improved properties, and concerned applications (Reproduced from [141], with permission from
Elsevier)

Reinforcement
material

Synthetic
approach

Composite
type

Improved
properties

Applications Reference

Chitosan Ex situ
solution
penetration

Polymer-
polymer

Physical,
mechanical
antifungal

Biomedical,
industrial

[27]

Gelatin Physical,
mechanical

Biomedical [108]

Poly aniline Conducting,
medicinal

Electronic
devices,
biomedical

[29]

Polyethylene
glycol

Thermal
stability,
biocompatibility

Biomedical [154]

Graphine oxide
(GO)

Thermal,
mechanical,
conducting
properties

Electronic
devices,
industrial

[32]

Collagen Insitu addition Tissue
engineering
scaffold

Biomedical [155]

Aloe vera gel Mechanical,
physical

Biomedical,
Industrial

[28]

Montmorrilonite Exsitu particle
penetration

Polymer-
particle

Physical,
mechanical,
antibacterial,
thermal

Biomedical,
industrial

[19, 20]

Silver
nanoparticle

Antibacterial
activities

Biomedical [105]

Palladium Conducting Sensors,
electronic

[43]

Gold
nanoparticle

Optical,
photocatalysis,
biosensing

Biosensors,
optical
devices

[156,
157]

Hydroxy apatite Biocompatible Biomedical [107]

Carbon
nanotubes

Exsitu particle
penetration/
Insitu addition

Mechanical,
conducting

Electronic
devices

[50],
[111]

Silica Mechanical
properties

Industrial [103]

Inorganic
particles

Insitu addition Mechanical
properties

Industrial [68]
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11.1 In Situ BC Composite Synthesis

The in situ materials addition technique is the most common approach used for the
synthesis of BC composites. The technique is principally based on the initial
addition of the reinforcement materials to the BC culture media. As explained in the
BC synthetic mechanism, the fibrils of BC aggregate to produce a dense fibril
structure that ultimately produce a web shape. The reinforcement materials con-
tained in the BC culture media can easily penetrate and accommodate in the fibril
network. These added materials either bind through chemical bonding or establish
physical interaction with BC fibrils, and consequently result in the synthesis of BC
composites [96–99]. It is important to mention that these added materials influence
both the production and properties of BC. These materials remain partly or com-
pletely attached to BC after cultivation and processing. The overall mechanism for
the synthesis of such types of BC composites is illustrated in Fig. 4a.

Fig. 4 a Schematic representation of BC composites synthesized through an in situ synthetic
strategy. b Schematic representation of BC composites synthesized through an ex situ synthetic
strategy. c Schematic representation of BC composites synthesized from dissolved BC solutions
through casting approach. The figure is reproduced from [21] with permission from Elsevier.
d Mechanism of BC composite structure synthesized with nanoparticles and polymers
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The strategy of adding materials in situ has been widely utilized in synthesizing
BC and other biopolymeric composites. These reinforcement materials range from
nanoparticles to polymers. Depending upon their chemical nature and physical
appearance, these materials bind differently to the BC network. Yan et al. [50]
prepared BC composites with multiwalled carbon nanotubes (CNTs) through the
in situ strategy. CNTs were well dispersed in the BC culture media. The growing
fibrils trapped the CNTs that were detected through structural analysis, and the
produced BC–CNT composites enhanced the physicomechanical and electrical
properties of BC. In another study, Saibuatong and Phisalaphong prepared BC–aloe
vera composite films via the in situ addition of different quantities of aloe vera to
the synthetic media of BC. The aloe vera components were well entrapped in the
BC fibrils and complemented BC with superior physicomechanical properties [28].
Similarly, chitosan (Ch) was added as a reinforcement to the BC culture media for
in situ synthesis of BC–Ch composites. Consequently, the structural and physio-
logical features of the BC–Ch composites improved significantly as compared with
BC [100]. BC–Ch composite showed significant growth inhibitions against E. coli
and S. aureus. Recently, BC composites were synthesized with a water-insoluble
poly-3-hydroxybutyrate (PBH) via the in situ synthesis strategy [101]. The addition
of PBH to the culture media not only affected BC production, but also changed the
morphology and crystallinity of BC [101]. Literature studies revealed several other
examples of BC composites synthesized through the in situ approach [102, 103].

The strategy of in situ composite synthesis proved effective in several cases and
resulted in successful synthesis of various BC composites. However, the synthetic
approach comes across through several limitations that reduced its broad applica-
bility. The major problem lies in the nature of the culture media and the rein-
forcement materials. In the case where particles are used as reinforcement materials,
they remain suspended for only a short period of time before they settle down in the
media. BC is produced at the surface of the culture media, and uniform dispersion
of the particles in the BC media is required for composite synthesis [70, 104].
However, once the particles have precipitated or moved to the bottom of the media,
they can no longer be entrapped by the BC fibers that are produced on the surface.
This inadequacy could be overcome using agitated cultures for BC production [50,
70, 104] or by designing special vessels containing rotating disks [68]. The constant
movement in the agitated culture keeps the particles suspended throughout the
culturing period and provides better chances for composite synthesis. Polymers, on
the other hands, have a better chance of forming composites even in static culti-
vation cultures. Another important limitation concerning this strategy is the toxic
nature of reinforcement materials. Being a biosynthetic process, it is very important
to verify that the added reinforcement materials are not toxic to the BC-producing
cells. Due to this important fact, various bioactive materials (Ag, ZnO, TiO2, etc.)
cannot be used to synthesize BC composites through this strategy [21].
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12 Ex Situ BC Composites Synthesis

The ex situ strategy deals with the impregnation of reinforcement materials inside
the BC matrix. The strategy was developed to resolve the problems encountered by
the in situ composite developmental approach. Being a web-shaped porous struc-
ture, BC offers an excellent environment for polymeric solutions and nanomaterials
to penetrate into the structural matrix of BC. Figure 4b illustrates the schematic of
BC composite synthesis through the strategy of ex situ materials impregnation. Like
in situ strategy, the interaction between the two combining partners could be
physical or chemical. The porous structure of BC entraps the nanoparticles while
the presence of OH moieties in cellulose chains provides sites for hydrogen
bonding. The detailed binding mechanism can be viewed in Fig. 4d. Compared with
the in situ method, the ex situ strategy is much simpler, broader ranged, and more
effective. This strategy employs the BC sheets prepared through static culture that
have important applications in the medical field [17, 96, 98, 105]. The basic
structure of BC is not disturbed during the composite synthesis. Furthermore, this
strategy is not affected by the toxic nature of the reinforcement materials. Particle
suspension is not an issue, unlike the case of in situ composite development.

The strategy of ex situ synthesis has been applied to a number of BC composites,
including those with polymers, inorganic materials, metals, and metallic oxides [29,
103]. Ul-Islam et al. developed BC–Ch composites through the ex situ impregna-
tion strategy. It was evident that the penetrating Ch produced definite layers inside
the BC matrix. The composites showed hydrogen bonding between the OH and NH
groups on BC and Ch [31]. The composites exhibited higher physical, thermal, and
mechanical properties than pure BC did. Other polymers, including gelatin,
hydroxyapatite (HA), polyethylene glycol (PEG), etc., were combined with BC
through the same strategy with the aim of enhancing the biological features and
promoting the biomedical applications of BC [106–108].

Besides BC-polymer composites synthesized through the ex situ strategy, a
number of BC composites with inorganic materials have been synthesized via the
same approach. These composites were mainly developed to promote BC for
particular applications. Novel nanostructured composite materials based on bacte-
rial cellulose membranes (BC) and acrylate polymers were prepared by atom
transfer radical polymerization (ATRP) [109]. Therein the BC fibrils were initially
functionalized and then it was followed by the atom transfer radical polymerization
reaction. The composites showed better thermal properties and flexibility compared
to pure BC [109]. Yang et al. synthesized BC–Ag nanocomposites using this
strategy, showing that the incorporated Ag nanoparticles enhanced the bactericidal
properties of BC [110]. Ul-Islam et al. prepared BC composites with montmoril-
lonite (MMT) clay with the same approach, mixing well-dispersed MMT particles
into the BC fibril network. In a further extension of this work, modified MMTs
were incorporated into the BC network, producing good bactericidal effects against
E. coli and Staphylococcus aureus [98]. Numerous other types of BC composites
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have been synthesized through the same ex situ production strategy, such as BC–Pd
and BC–CNT [43, 111].

Like in situ approach, the ex situ strategy also faces certain limitations. The
biggest problem is associated with the size of the combining materials. Although
the strategy is highly successful for nanoparticles and water-soluble polymers, it is
less effective for large-sized particles and water-insoluble or hydrophobic polymers.
Large-sized particles cannot penetrate through the BC fibers, and hydrophobic
materials are incapable of forming any bonds with BC. Furthermore, the ex situ
strategy could be successful when the BC fibers take on a uniform arrangement. As
it has been shown that the fiber arrangement is not always uniform, reproducible
results are not guaranteed.

12.1 BC Composites Through Solution Blending

The limitations of in situ and ex situ techniques demand alternatives to cope with
the requirements of BC composites. Solution blending is an important technique
commonly used in polymeric composite synthesis. The technique utilizes a broad
range of materials that can be combined with BC in composite form. Importantly,
the composition of the matrix and the reinforcement materials can be easily con-
trolled in this method. A generalized scheme of BC composite development using
this approach is shown in Fig. 4c. Hard melting and the limited solubility of BC are
the major concerns currently associated with the applicability of this technique. It
has been observed that BC is insoluble in water and common organic solvents
[112]. The lower solubility is mainly caused by strong inter- and intramolecular
hydrogen bonding and the high crystallinity of BC [112]. This unusual behavior has
generated high attention to explore various suitable solvents for dissolving BC.

Recently, a few classes of compounds have been reported to completely dissolve
BC [112]. Among these solvents, N-methylmorpholine N-oxide (NMMO) [97],
ionic liquids [102], ZnCl2 (3H2O) [113], NaOH [114], and LiOH/urea/thiourea
[115] have been used for BC dissolution and composite synthesis. Based on these
findings, BC composites have been prepared with nanomaterials through the
solution casting method. Dissolved BC can be used to synthesize BC films,
nanofibers, nanocrystals, and composite materials. After dissolution, various
materials, specifically nanomaterials, are added in desired quantities and homoge-
neously dispersed through sonication [21, 97].

Literature studies revealed several examples of BC composites synthesized via
the solution casting technique, imparting new properties in BC. Gao et al. dissolved
BC in NMMO and prepared regenerated BC (RBC) films from dissolved BC [116].
It was found that fibril structure and arrangement in RBC is much uniform than BC
and they possess higher thermal and mechanical properties. A recent study by
Ul-Islam et al. [97] reported the synthesis of RBC–ZnO nanocomposites via the
same approach. They added various quantities of ZnO nanoparticles to a BC
solution dissolved in NMMO. After sufficient dispersion, the composite solution
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was casted on glass plates and composite films were developed. The composites
possessed high antibacterial properties and were nontoxic to animal cells.
Furthermore, the dissolution of BC in various ionic solvents and their use in BC
composite synthesis has also been reported.

The solution blending/casting technique is still new and has not been extensively
applied to BC composites. However, the approach has been comprehensively
employed for the synthesis of various polymeric composites with inorganic materials
including clay, metals, and nanoparticles [117]. This approach provides certain
advantages and can overcome the limitations faced by the methods discussed earlier.
BC composites synthesized through this method have stronger interactions with the
combining material. The use of multiple materials in a composite is possible and
there is no issue of material size, shape, or toxic effects. It is expected that this
approach will be very useful in future strategies of BC composite development.

13 Applications of BC Composites

Bacterial cellulose is a versatile polymer that has been used in numerous applica-
tions in various fields. The major applications take advantage of its structural and
physiological characteristics. The most impressive applications of BC and BC
composites are found in the medical field. In addition, they have been used as a
food source and have also found use in food additives, cosmetics, pharmaceuticals,
display devices, medical devices, biosensors, filter membranes, and optoelectronic
devices [21]. Figure 5 illustrates a generalized scheme of various applications of BC
composites. Herein, we describe some of the main applications of BC and its
composites.

14 Medical Applications of BC and BC Composites

The unique structural and mechanical features of BC make it a better choice than
plant cellulose for various applications. Precisely, BC fibers have a high aspect ratio
with a diameter of 20–100 nm and very high surface area, conferring a very high
liquid-loading capacity to BC. Moreover, several other salient features, such as
biocompatibility, hydrophilicity, transparency, and nontoxicity make it a suitable
candidate for a wide range of applications in various fields including biomedicine
and biotechnology [118]. Generally, the choice of a biomaterial for medical
applications is principally dependent on its biocompatibility (i.e., ability to remain
in contact with living tissues without causing any toxic or allergic side effects).
Likewise, a proposed medical application should advocate the choice of a particular
cellulose structure. For instance, implantable cellulose should display high porosity
with interconnected pores of 50–150 µm in diameter for artificial skin substitutes to
facilitate skin cell integration into a cellulose scaffold, such as one made of plant
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cellulose, reported to support bone tissues and hepatocytes [119]. Similarly, for
temporary wound dressing purposes, cellulose should exhibit a nanoporous struc-
ture and keep the wound moist during the healing process. Several in vivo studies
have reported the use of microbial cellulose (MC) on animal models, such as rabbit
and mouse [120, 121]. To date, various biomedical applications of BC have been
reported, including artificial organs (skin, blood vessels, cornea, urethra, bone,
cartilage, and porcine knee meniscus), heart valve prosthesis, and deliveries of
drugs, hormones, and proteins. Table 2 represents various composites of BC
applied for specific medical applications.

14.1 Skin/Tissue Regeneration

Skin regeneration, or more precisely skin grafting, is usually carried out in situa-
tions of extensive wounding or trauma, severe burns, substantial skin loss due to
infection, or specific surgeries that may require skin grafts for healing to occur. The
materials used for dressing during skin regeneration should stop the exudates and
should be easily removable from the wound surface after recovery. In addition, they
should exhibit absorbent and permeable properties. Recently, interest in BC as a

Fig. 5 Applications of BC composites in different fields. Figure is reproduced from [21] with
permission from Elsevier
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wound dressing material has increased dramatically because of its potential appli-
cations in medicine and cosmetics [122]. BC serves as an attractive candidate
material for skin tissue repair since it provides a moist environment for the injury
site. However, BC by itself lacks antimicrobial activity to prevent wound infection,
and it exhibits no significant influence on the biochemical state of chronic wounds.
Various BC composites have been prepared, therefore, with materials that confer
the antimicrobial activity against invading microorganisms, hence proving its
applicability as a skin tissue repair material. Considering the properties of BC and
its clinical performance, the commercialization of BC for wound care is very
promising [89]. Figure 6 illustrates some of the medical applications of BC com-
posites including regeneration of soft and hard tissues.

Table 2 Illustration of various biomedical applications of BC-composites materials

BC-composite Application Improved features References

BC-chitosan and
silver NPs

Skin tissue
regeneration

Antibacterial activity; improved
transparency, flexibility, and
mechanical properties

[123]

BC-collagen
type I

Skin tissue
regeneration

Reduced concentration of adsorbed
proteases and interleukins; improved
antioxidant activity

[125]

BC-
hydroxyapatite

Cartilage and bone
tissue engineering

Improved biological activity and
mechanical strength

[158],
[107]

BC-laponite Drug delivery Improved electrical properties and
thermal stability

[159]

All BC
composites

Small grafts, ligament
or tendon substitute,
drug delivery

Improved mechanical properties [160],
[161]
[162]

BC-
montmorillonite
(BC-MMT)

Wound healing Improved mechanical properties,
thermal stability; antimicrobial
activity

[19, 20]

BC-lysostaphin Wound healing Antimicrobial activity [163]

BC films Replacement of
diseased arteries

Minimized blood clotting, increased
biocompatibility, high mechanical
strength, substantial permeability to
water, high water retention, and low
surface roughness

[164]

BC-chitosan Wound healing and
skin burns

Highly nonporous, enhanced wound
healing, high mechanical properties

[89]

BC tubes
(BASYC®)

Artificial blood
vessels in
microsurgery

High mechanical strength, highly
moldable, high tensile strength,
Improved Young modulus, inner
smooth surface

[92]

BC membrane Scaffold for
mammalian cell

High permeability [134]
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Several composites of BC synthesized with different materials have been
reported to serve as substitutes for conventional biomaterials used in skin regen-
eration. The enhanced mechanical properties, high water-holding capacity, and
slow water release rate make these composites attractive candidates for wound
dressing and other medical applications [31]. BC–chitosan nanocomposites rein-
forced with silver nanoparticles to exhibit antibacterial activities have been prepared
and thus serve as an appropriate biomaterial for skin regeneration. The nanocom-
posite films were highly transparent, flexible, and displayed better mechanical
properties when compared with pure BC [123]. Similarly, BC–collagen type I
composites showed that the collagen molecules were not only coated on the surface
of the BC fibrils, but also penetrated inside the BC and thus formed hydrogen
bonding between BC and collagen [124]. The composite was able to significantly
reduce the adsorbed amounts of certain proteases and interleukins, showing a
distinct antioxidant capacity [125]. A similar behavior was shown by BC–PEG
(polyethylene glycol) composites. BC–gelatin double-network (DN) hydrogels
showed high mechanical strength, improved fracture strength, and high elastic
modulus under compressive stress. BC–gelatin membranes mediated the

Fig. 6 Prospects of various biomedical applications of BC-based materials: hard tissues; a cornea
b blood vessels, c urethra d skin, e scaffold, f heart valves, g liver, and soft tissues; h menisci,
i bone, j cartilage
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proliferation of NIH/13 cells and served as a biodegradable skin tissue regeneration
template. Composites of BC with several other polysaccharides, such as sodium
alginate, gellan gum, and i-carrageenan, have also been reported [108]. BC-poly(3-
hydroxubutyrate-co-4-hydroxubutyrate) (P(3HB-co-4HB)) composite scaffolds
showed better proliferation of Chinese Hamster Lung (CHL) fibroblast cells than
pure P(3HB-co-4HB) scaffold did [126]. The BC–alginate composite sponge has
served as a promising material to be used as a nonadherent hydrogel dressing
because of the many advantages it offers, such as skin tissue compatibility,
excellent water uptake ability, high mechanical strength, and stability in both water
and PBS.

14.2 Wound Healing

Wound healing is a dynamic process involving complex interactions between
various cell types, extracellular matrix (ECM) molecules, and soluble compounds
[127]. It requires the coordination of a series of events including homeostasis,
inflammation, granulation tissue formation, and remodeling [127]. Problems in
ulcer wound healing are mostly caused by the failure of one or more of these events
to occur properly. Recent research in wound healing has been focused on improving
the process by optimizing elements that accelerate healing and reduce scarring,
developing novel tissue or organ substitutes, and identifying signals that gear up the
healing process by regeneration and not repairing. For example, the healing of skin
wounds requires the regeneration of different tissue types, cell types, and matrix
components [128].

To date, various natural and synthetic wound dressing materials have been
evaluated to treat surgical and nonsurgical lesions. Though these materials are
successful in closing the wounds, efforts are being made to find appropriate
materials that must be similar to autograft tissues, both structurally and functionally,
in order to mediate complete wound healing. The healing of ulcers has been
attempted using hydrogels, hydrocolloids, synthetic, and biological membranes,
and alginate as dressing materials [129]. BC has been extensively explored as a
wound dressing material due to its unique features, such as small-sized fibrils, wet
nature, highly nanoporous structure, and ease of molding. These features confer
several advantages, such as providing a moist environment for the wounds, facil-
itating the transfer of antibiotics and other medicines, and serving as a physical
barrier against infections. The first commercial application of BC as a wound
dressing material was reported by Johnson & Johnson Company in the 1980s. Czaja
et al. [90, 91] found that BC serves as a better dressing than conventional wound
dressings do in several aspects, such as conforming to the wound surface, main-
taining a moist environment within the wound, significantly reducing pain, accel-
erating re-epithelialization, forming granulation tissues, and reducing scar
formation. In another set of studies conducted by Fontana et al. [130] and Mayall
et al. [131], who developed a BC product called Biofill, the product proved to be a
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very successful wound dressing material for skin problems, such as burns and
chronic ulcers. Biofill was shown to be more effective than other wound dressing
materials in several ways, such as providing pain relief, protecting the wound
against infection, accelerating the healing process, and reducing the cost of treat-
ment. Moreover, it was also proven to be more effective than other skin treatments.
Xylos Corporation developed another BC product called XCell, used in a study
conducted by Alvarez et al. [132]. XCell was developed from never-dried BC and
was used to treat chronic venous ulcers. This material proved to be more effective
than conventional wound dressing materials in various aspects, such as promoting
autolytic debridement, reducing pain, and accelerating granulation. XCell could
simultaneously donate and absorb moisture from the wound, a feature that is par-
ticularly important for wounds with a large volume of exudates [133].

14.3 Artificial Blood Vessels

Artificial blood vessels are tubes made from synthetic materials to restore blood
circulation. In case of coronary vessel blockage around the heart due to the hard-
ening of arteries, a bypass operation is required, bearing a fatal risk due to the
sophisticated and complex procedures that are involved. BC could be used for the
synthesis of artificial blood vessels as it carries a lower risk of blood clots compared
with chemically synthetic materials, such as vinyon, Teflon, and synthetic fiber
Dacron. BC exhibits several mechanical properties useful for the synthesis of
artificial blood vessels, including shape retention and tear resistance, which are
superior to many synthetic materials. Compared to organic sheets like polypro-
pylene, polyethylene terephthalate, or cellophane, BC processed into a film or sheet
showed remarkable mechanical strength. Tubular-shaped BC served as an attractive
candidate as a blood vessel replacement [92]. Moreover, cellulose works very well
in contact with blood and thus may serve as a substitute for artificial blood vessels.
BC fibers support the growth and proliferation of smooth muscle, endothelial, and
fibroblast cells to eventually create a viable blood vessel. Its mechanical properties,
shown in its tensile strength and flexibility, may also prove to be appropriate in
order to withstand the forces generated by the circulatory system, hence proving to
be effective for the generation of blood vessels. The artificially synthesized blood
vessels (BASYC tubes) usually have an inner diameter of 1.0 mm, a length of
5 mm, and a wall thickness of 0.7 mm, allowing the cells to grow on their surfaces
and thus ensure the prevention of blood clotting. High mechanical strength, resis-
tance to mechanical strain, and blood pressure are the other important features of
these artificial blood vessels.

The practical development of cardiovascular grafts has been limited by a com-
pliance mismatch between the synthetic graft and the surrounding tissues. This
limitation could be overcome by the development of biomaterials exhibiting
properties close to the tissues being replaced. An anisotropic BC–PVA (polyvinyl
alcohol) nanocomposite has been prepared that displayed the desired medical
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properties showing high biocompatibility. The mechanical properties of nano-
composites, like anisotropy, were varied in broad range by controlling material and
processing parameters. Furthermore, its properties were closely matched in both the
circumferential and axial directions within the physiological range, with improved
resistance to further stretch beyond the physiological strain. These observations led
to the conclusion that the degree of anisotropy of BC–PVA nanocomposites could
be controlled to closely match the mechanical properties of the soft tissues to be
replaced, ranging from cardiovascular to other connective tissues. However, prior to
the development of artificial blood vessels, the material to be evaluated, including
BC, needs to be compared with conventional graft materials in terms of the
potential to support endothelial cell proliferation and thrombogenic properties.

14.4 Scaffolding

The key element that determines the success of tissue regeneration in tissue engi-
neering approaches is the development of a three-dimensional biomaterial scaffold
that provides structural support for cell attachment, spreading, migration, prolifer-
ation, and differentiation, aside from the shape of the new growing tissues.
Moreover, the scaffold should possess an interconnected network of pores allowing
cell movement and transport of nutrients to the growing cells. The cells for the
formation of a desired type of tissue are seeded onto the scaffold, which coaxes
them to develop into the proper three-dimensional structure. This tissue construct,
developed in vitro, is then implanted into the affected area of the body, which could
be a burn, a nonhealing wound, or an ulcer, as either a replacement tissue or organ.

Earlier studies have suggested that scaffolding materials should be biodegradable
so that the seeded cells would secrete their own extracellular molecules as they
proliferate, eventually replacing the implanted material. Yet, this approach
encountered several limitations as scaffolds often degrade faster than the rate at
which cells replace it. This problem can be overcome through the development of a
permanent scaffolding material that must be biocompatible, porous, and contains
the mechanical properties required for normal tissue function. Various materials
have been evaluated for the design of scaffolds including natural polymers like
collagen, alginate, hyaluronic acid, fibrin glue, and chitosan, and synthetic poly-
mers like polyglycolic acid (PGA), poly(lactic acid) (PLA), polyvinyl alcohol
(PVA), polyhydroxy ethyl methacrylate (pHEMA), and poly(N-isopropylacrylam-
ide) (pNIPAA) [17]. Preliminary studies indicated that BC could serve as an
excellent material for scaffold development in tissue engineering since it is not
harmful whether used as implant material or as a substrate. It has been extensively
used as a scaffolding material both in its native and modified form. However, some
studies have shown that native BC was an ineffective substrate for cell culture or
tissue engineering because cells do not adhere to it and hence do not proliferate.
Upon soaking native BC in serum and electrolytic solutions such as sodium
hydroxide, cells began to adhere and proliferate, proving the ability of BC to be
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used as a cell culture substrate for scaffold development [134]. G. xylinus has been
evaluated as a novel material for scaffolding owing to its unique properties of
biocompatibility, mechanical strength, and degradability. Native and chemically
modified BC materials (phosphorylated and sulfonated BC) have also been eval-
uated using bovine chondrocytes. The results demonstrated that unmodified BC
supported chondrocyte proliferation at levels of approximately 50 % of that of the
collagen type II substrate and provided significant advantages in terms of
mechanical properties. Compared with tissue culture plastic and calcium alginate,
native BC promoted significantly higher levels of chondrocyte growth. Chemical
sulfonation and phosphorylation of BC did not show improved chondrocyte
growth, but the porosity of the material did affect chondrocyte viability.

14.5 Bone and Cartilage Regeneration

Natural bone is composed of a collagen matrix reinforced with hydroxyapatite
(HAp). Bone tissues severely damaged by disease are often difficult to regenerate
by the healing process. Every year, over two million bone-grafting surgeries are
performed worldwide, costing more than $15 billion. Similarly, cartilage is an
avascular tissue consisting of only one type of cells, chondrocytes, which are
embedded in a matrix composed of collagen and proteoglycans. Adult cartilage
tissues have a limited self-repair capacity due to the sparse distribution of highly
differentiated and nondividing chondrocytes. In addition, the self-repair process is
inhibited by a slow matrix turnover, a low supply of progenitor cells, and a lack of
vascular supply. Bone transplantation is carried out either through autografting,
allografting, or orxenografting, the latter two of which often face the problem of
immune rejection. Despite the maximum chance of success, autografting is often
avoided due to limited availability, size, and shape of the donor tissues as, well as
surgical pain during the removal of autogenous bones. Thus, it may not be
appropriate for the repair of large bone damages [135]. Besides, synthetics grafts
made from metals, bioactive glass, alumina ceramics, calcium sulfate, poly(glycolic
acid), poly(lactic acid), polycaprolactone, calcium phosphate, collagen, and natural
corals or ceramics [136] do not provide optimal mechanical properties, exhibit poor
overall osseointegration, and eventually fail due to infection or fatigue loading.
These limitations necessitate a major clinical need for novel bone-grafting materials
that can be readily processed into larger, more complex structures and guide the
natural repair mechanism through tissue engineering.

Several synthetic polymers are currently in practice in biomedical engineering
and some of their important properties, such as degradation time, can be improved
during polymer processing. The scaffold in tissue engineering supports cell pro-
liferation and maintains the cells’ differentiated functions in addition to defining the
shape of the new growing tissues. BC has served as a scaffold in tissue engineering
practices for the regeneration of bone and cartilage tissues because of its biocom-
patibility, high tensile strength in dry and wet states, fine fibril networks, high
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crystallinity, and moldability [136]. Studies have shown that BC supports the
growth of several cells type, such as endothelial cells, smooth muscle cells, and
chondrocytes, important components of bone and cartilage. BC has also shown
nontoxic effect to these cells. However, a major limitations associated with BC is
that nanofibrils from a dense mesh can limit the cell infiltration [137]. The problem
was overcome by introducing porosity into the BC through incorporation of por-
ogens during the fermentation of A. xylinum [138] that produced a network of
interconnected pores. Studies with smooth muscle cells demonstrated better
incorporation into the microporous BC material.

14.6 Other Medical Applications

Several other reports have shown various useful applications of BC and its com-
posites including hemodialysis membranes, diffusion-controlling membranes, and
membrane carriers for enzyme immobilization in biosensors, coating materials for
drugs and drug-releasing scaffolds, and in vitro hollow fibers perfusion systems. BC
has also been extensively used for cell culturing and implantation, either in its pure
form or in the form of composites, which gave rise to important organ formation
such as artificial liver, bones, and cartilage [139].

15 Applications of BC in Other Fields

It is noteworthy that BC has become very well-known biomaterial in the medical
field as a result of its multiple applications. Besides medical as the primary
applicable field, BC has gained applications in various other fields. For example, it
has been used in the food industry as well as the paper and pulp industries.
Additionally, BC has been applied as a membrane for separation and purification as
well as in the development of conductive and electrical devices. Herein, we briefly
discuss these miscellaneous applications of BC and BC composites.

15.1 Applications in the Food Industry

Dietary fibers are important constituents of daily food and offer several advantages,
specifically in reducing the risks of chronic diseases [140]. BC is a type of dietary
fiber that is “generally recognized as safe (GRAS)” in its classification [141]. BC
offers several advantages over other dietary fibers including its highly pure nature
that avoids harsh treatments processes, the easy inclusions of color and taste pig-
ments, possible production in desired shapes, and the three-dimensional web-
shaped structure [141]. BC gels have been used as a famous food named Nata in the
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Philippines [142]. Various flavors have been incorporated in Nata based on the
sources of medium, like coconut and pineapple. Figure 7 illustrates the application
of BC in food industry. Owing to its simple manufacturing process and good taste,
the market of BC as a type of food is quickly increasing, and it is becoming a
popular food in South Asia, specifically Japan.

Besides pure food, BC fiber has been utilized successfully as a food additive to
produce food items with low calories. Its use as an additive has been considered to
replace fats in emulsified meat products [143]. It is noteworthy that BC fibers have
been found to reduce cholesterol levels by producing low cholesterol products.
Compared to fiber-free foods, an appreciable reduction in serum triglyceride, serum
cholesterol, and liver cholesterol was observed in in vivo experiments involving BC
fibers. The applicability of BC in the food industry is also boosted by its higher
water-absorbing capabilities. BC complexes fused with monascus (natural red
pigment) has a meat-like taste and can be used to replace meat. BC composites with
poly(lactic acid) have been effectively used in the food packaging industry due to its
high mechanical properties, transparent nature, and biocompatibility [144].

Fig. 7 Utilization of BC in food. Figure has been reproduced from [141] with permission from
Elsevier
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15.2 Separation and Waste Purifications

BC composites have shown tremendous potential as a purification or separation
membrane. The porous membrane of BC offers an ideal scenario when combined
with other polymeric materials (having effective separating capabilities). BC
composites were prepared with acrylic acid (AAc), which possessed ion-exchange
capabilities, for applications as separating membranes. Compared with commercial
membranes, the BC–AAc composite membranes possessed improved electro-
chemical properties and showed excellent absorption capabilities for heavy metals
through binding with metal ions and separating trace metals. The preparation of BC
composites with biodegradable materials is an effective strategy because it not only
shows good separation capabilities, but also avoids environmental problems as no
disposal issues are associated with the preparation. With the capabilities of ion
exchange and heavy metal absorption, these composites can effectively be utilized
for wastewater treatment and purification [145].

With the development of BC membranes for separation purposes, an important
application arose in affinity chromatography. BC composites with molecularly
imprinted polymers can be used for the separation of desired isomers from racemic
mixtures. MIP nanoparticles can be impregnated into BC through either of the com-
posite synthesis techniques. These BC–MIP composites contain a huge number of
binding sites that can pick up the desired enantiomer from a racemicmixture and carry
out the separation. Jantarat et al. successfully dispersed MIP microspheres (S-pro-
pranolol selective) in a porous BCmatrix with controlled allocation and availability of
molecular recognition sites [146]. Similarly, in another study, BC–MIP composite
membranes were developed for the separation of the S-propranolol enantiomer. The
composites were successfully utilized for enantioselective separation [147].

15.3 Conductive Materials and Electrical Devices

BC has received a great deal of interest as substrates in the development of flexible
optoelectronic and photonic devices [148]. Although structural features favor the
development of BC for such devices, the main problem associated with its use is its
nonconductive nature. Therefore, in the first step, BC is converted into electrically
conductive sheets by the incorporation of conductive materials. The BC composites
with conductive properties are then immobilized with electrochromic dyes and
attached to electrodes. The application of a potential to the electrodes results in a
reversible color change [149]. Display devices based on BC composites are highly
flexible and biodegradable, having high contrast and high reflectivity [150]. A study
performed by Okahisa et al. [148] reported the successful fabrication of OLED
displays on cellulose and acrylic resin nanocomposites. These devices have several
potential applications, including e-newspapers, e-book tablets, rewritable maps, and
learning tools [149].
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A number of conductive materials ranging from polymers to nanomaterials have
been applied in the synthesis of BC composites with conductive properties. In this
regard, BC–PAni composites, synthesized through the ex situ approach, produced a
high degree of conductivity. BC–PAni composites were therefore recommended for
implementation in biosensors, flexible electrodes, flexible displays, substrates to
evaluate the effects of electrical signals on cell activity, and devices to direct desired
cell function for applications in tissue engineering [29, 151]. Among nanoparticles,
carbon nanotubes (CNTs) were incorporated both through in situ and ex situ
strategies to develop BC with conductive properties. Besides a high conductivity of
1.4 × 10−1 S/cm, BC–CNT presented much better thermal and mechanical prop-
erties than pure BC did [50, 111]. Other BC composites fabricated for similar
applications include BC–graphene oxide, BC–Pd, BC–Au, and BC–Pt.

15.4 Industrial Applications

Polymers with high mechanical properties have been implemented in numerous
applications in various industries. Consequently, different materials are added to
produce BC composites with improved mechanical properties. Materials were
initially added to the BC growth media and incorporated in the growing fibrils,
subsequently improving the mechanical properties of BC. Mormino and Bungay
used scrap paper as reinforcement materials to enhance the mechanical properties of
BC. The scrap paper was added in controllable quantities to the BC media and was
found embedded inside the BC fibers. The resulting paper composites were stronger
than pure BC and can be used as parchment or for currency [45]. In other related
work, glucose phosphate was added to the BC culture media to produce a modified
form of BC. The phosphate group was incorporated inside the resulting BC gels,
and these BC gels containing phosphates were used in synthesizing BC composites
with wood pulp for preparing paper sheets. Modified BC–pulp composites signif-
icantly enhanced the strength and fire-resistance properties of the paper sheets.
Thus, these composites will likely play an important role in the synthesis of high-
quality paper [152].

A number of optically transparent polymers seek applications in the develop-
ment of optoelectronic devices. The major barrier associated with these polymers is
their weak mechanical properties. It has been observed that composites of BC
synthesized with such polymers can overcome this limitation, while possessing
excellent mechanical properties. In developing such types of composites, BC is
used as the reinforcement material where it does not inflict negative effects on the
transparency of the polymeric materials [153]. Nogi et al. prepared BC nanocom-
posites with acrylic resins through the ex situ composite synthesis strategy, keeping
BC sheets in an acrylic resin solution. The composites were transparent and had
great potential in the development of optoelectronic devices. Moreover, the com-
posites were much stronger than the polymeric materials alone and showed stable
transmittance upon temperature variation [153].
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16 Conclusion and Future Prospects

Pure BC produced by microorganisms offers several advantages and applications
owing to its unique structural features. Further advancement in its applications has
been achieved by synthesizing composites with nanomaterials and polymeric
materials. The demand for advancement in the preparation and applications of BC
has led to the innovation of several strategies for the synthesis of BC composites.
BC composites have been implemented in impressive applications in the medical
field, specifically in wound healing, tissue regeneration, and the development of
artificial organs. Antimicrobial, conductive, separating, purifying, biocompatible,
biosensing, and many other characteristics have also been enhanced in the BC
composites. Additionally, current research on BC composites is leading toward the
development of electronic papers, displays, LEDs, and various optoelectronic
devices.

Currently, several challenges are hindering the versatile applications of BC and
BC composites. Among these, one is to find an economically feasible method of
producing BC. The synthetic media currently used in BC production are very
expensive. It is of utmost importance to find cheap, economically, and environ-
mentally feasible sources of BC production. Second, it is important to develop
techniques that enhance the production and productivity of BC without disturbing
its basic structural features. In this regard, the use of genetically stable bacterial
strains could be one possible strategy. Among the different types of reactors, the
rotating disk biofilm reactor should be enhanced so as to accumulate the BC-
producing cells on the disks while continuously producing BC without further
inoculation.

The third major issue is related to the strategies of composite synthesis, as all of
the aforementioned studies are currently facing one or more problems. There is a
strong need to develop new methods of composite synthesis that can cope with all
the limitations of previous strategies and seek new applications.
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Chitin-Based Nanocomposites: Biomedical
Applications

Carlos Filipe Cidre João, Jorge Carvalho Silva and João Paulo Borges

Abstract Chitin, the second most abundant polymer in nature, is a renewable,
nontoxic, biodegradable, and antibacterial polysaccharide. This semicrystalline
biopolymer exhibits hierarchical structure from nano to micro-scale and is
responsible for interesting living tissue properties. Recently, the scientific interest in
chitin nanofibrils for applications in biomedical and tissue engineering fields has
increased due to their particular capabilities such as matrix reinforcements, bioac-
tivity and morphology similar to natural tissues. This chapter is focused on com-
posite materials reinforced with chitin nanofibrils and their biomedical applications.

Keywords Chitin � Nanofibrils � Nanowhisker � Biomaterials � Tissue
engineering

1 Introduction

The Tissue Engineering and Regenerative Medicine fields have aimed, since their
inception, at developing new therapeutic solutions based on materials that might
present advantages in promoting tissue repair and regeneration. Among the avail-
able options, polymers emerged as valuable materials due to their ease of fabrica-
tion, structural control, low cost and availability [45, 48, 49].

Concomitantly, the importance of renewable, biodegradable and eco-friendly
materials has been emphasized due to shortage of natural resources, increasing
energy demand and exhaustion of nonrenewable fuels [36, 44], which has triggered
researchers to explore the use of polysaccharides (cellulose, chitin/chitosan, starch,
alginate) and animal protein-based biopolymers (gelatin, wool, silk, collagen) as
materials for new bioapplications [48].
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Cellulose and chitin (Fig. 1) are the first and second most abundant natural origin
biomaterials and therefore have been extensively considered whenever bio-based
polymers from renewable sources were sought. Cellulose is found primarily in
plants and is a linear chain of ringed glucose molecules (poly-β-(1 → 4)-D-glu-
cosamine units) with a flat ribbon-like conformation [30]. During biosynthesis, the
hydrogen bond between hydroxyl groups and oxygen of adjacent molecules induces
the formation of a parallel stacking of multiple cellulose chains. The continuous
packing of the long chains gives rise to the formation of hierarchic structures
starting from elementary fibrils and going to macro-fibers. Cellulosic fibers have
been extracted from different sources (wood, plant, tunicate, algae, bacterial) and
considered with different purposes. Its main use as reinforcement is due to easy
renewability, biodegradability, availability, high toughness, low specific gravity,
acceptable specific strength and enhanced energy recovery [4, 9, 46].

Chitin is a polysaccharide structurally similar to cellulose with huge biological
and chemical attributes. Composed of poly-β-(1 → 4)-N-acetyl-D-glucosamine

Fig. 1 Cellulose and chitin chemical and crystalline structure. From [5]
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units (Fig. 1), it is found mainly in the exoskeleton of crustaceans and insects but
also in mollusks and fungi [33]. Because of its linear structure with two hydroxyl
groups and an acetamide group, chitin is predominantly crystalline with strong
hydrogen bonding.

Notwithstanding their substantial applicability, native cellulose and chitin are
somehow limited regarding properties, functionality, durability and uniformity
required for the fulfillment of society’s demand for high performance materials. For
this reason, researchers have dedicated attention to the highly crystalline regions
that compose these natural fibers—nanofibrils—to prepare nanoscaled polymeric
assemblies [30]. Cellulose and chitin nanofibrils are anisotropic particles with high
degree of biodegradability that exhibit extremely high modulus and strength along
their axes, allowing also facile chemical modifications of their surfaces.

A large number of works have been developed involving nanocrystalline cel-
lulose, also known as cellulose nanowhiskers or cellulose nanofibrils, which exhibit
properties such as lightweight, stiffness, nontoxicity, transparency, low thermal
expansion, gas impermeability, and outstanding mechanical properties. Electronic/
optoelectronic, food, paper, packaging, medical, and pharmaceutical markets have
all benefited from the advantages of applying cellulose nanofibrils in products like
displays, sensors, intelligent windows, flavor carriers, suspension stabilizers,
improvement of paper’s mechanical properties, barriers in greaseproof-type papers,
antimicrobial films, water absorbent pads, excipients, and biocoatings [10].

Also, an interesting feature has been explored regarding the self-assembly of
anisotropic nanofibrils when in suspension. Liquid crystalline behavior of the
rod-like cellulose nanowhiskers led to interesting studies based on cholesteric
lyotropic mesophases [8, 11, 24]. The possibility of using nanofibrils’ self-assembly
to recreate the natural arrangement of fibrous proteins in living tissues opens a new
and promising avenue regarding the production of biomimetic materials for tissue
regeneration [6, 7, 40].

Cellulose and chitin show significant resemblance, the reason that the scientific
community has been exploring chitin nanofibrils’ capabilities supported by the
knowledge of cellulose nanocrystalline production and application. In this chapter
we invite the reader to become acquainted with and understand chitin nanofibril’s
potential in the production of biomedical and tissue engineering products.

2 Chitin: Structure and Properties

As a biomaterial, chitin is nontoxic, antimicrobial, biocompatible, bioabsorbable,
and shows low antigenicity with the ability to induce healing effects, which make it
a good candidate for applications in the biomedical and tissue engineering fields
[54]. The largest chitin source for biomedical applications is the food industry
waste, including shells of crabs and shrimps chemically treated and purified.
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In living tissues, chitin generally appears as ordered semicrystalline fibrils that
can create complex hierarchical architectures within multiple length scales (nano to
micro) from simple molecules to composites.

First, chitosomes promote chitin synthesis through polymerization of glucosa-
mine units. Depending on the species and molecular chain orientation, this bio-
polymer can be polymorphic originated as either α, β or γ - chitin [15]:

• α-chitin, present in shrimps and crabs, is the most stable and common form. The
polymer units are disposed antiparallel (similar to cellulose type II) allowing
maximum connection between the macromolecules through hydrogen bonds.
This induces formation of strong and highly stable fibrils with crystallinity
higher than 80 %.

• β-chitin, founded in squids, has its molecular units aligned parallel (similar to
cellulose type I). Fibrils can reach 70 % crystallinity. A bigger distance between
molecules makes it more reactive and more susceptible to dissolution in sol-
vents. It can also reach a higher hydration degree which allows the formation of
more flexible tissues.

• γ-chitin consists of a combination of α and β with the assembling of two parallel
chains alternately, with one antiparallel chain.

The aggregation of 18–25 native chitin chains promotes the formation of fibrils,
exhibiting a rod-like or spindle-like morphology of length approximately 300 nm
and diameter 2–5 nm (Fig. 2). High crystalline chitin (which can be obtained by
amorphous region dissolution after acid hydrolyses) is often called chitin whiskers,
chitin nanocrystals, or chitin nanofibrils (CTN). In the following sections, syn-
thesis methods, characterization and applications of chitin nanofibrils are presented.

Fig. 2 Schematic of chitin hierarchical architecture in crabs. From [23]
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Nanofibrils tend to group in clusters of polymer and proteins, which lead to the
formation of long bundles of nanofibrils of diameter length 50–350 nm. These
filaments distribute themselves parallel and equidistant to each other in long range
of piled layers whose stacking levels rotate in periodic and small constant angles.
When observed under polarized light microscopy the resulting structures reveal
textures analogous of cholesteric liquid crystals, as a consequence of the molecular
self-assembly, which suggests that tissue formation involves liquid crystalline states
of matter.

Finally, the organic tissue loses its fluidity with the increase of rigidity through
molecular cross-linking and calcification [12]. The tissue thus formed by this
hierarchical organized setup achieves a unique combination of properties like
stiffness and strength with low weight and crack deflection.

3 Chitin Nanofibrils

3.1 Synthesis and Characterization of Chitin Nanofibrils

A large number of natural nanofibrils like collagen, fibroin, keratin, and cellulose are
already known to the scientific community, which has developed several methods
for fibril extraction from bulk material. Due to the similarity with cellulose, many
authors have applied analogous protocols for chitin nanofibril synthesis. The main
approach consists in chitin hydrolysis either by acidic and/or enzymatic activity.

Although chitin treatment process can differ depending on its origin (crab shell,
prawn shell, mushrooms, etc.), there are common steps to achieve the nanofibrils
state, including extraction of chitin from the natural source, purification trough
mineral and protein removal and isolation of the nanocrystals (Fig. 3).

Fig. 3 Schematic of chitin nanofibrils production

Chitin-Based Nanocomposites: Biomedical Applications 443



Food wastes remain the main source to obtain this polymer. Alongside to chitin
(20–30 %), shrimps and crab wastes also contain proteins (30–40 %), calcium
carbonate (30–50 %), lipids, and astaxanthin (<1 %) [59].

To extract chitin, the wastes are ground and treated with acid (hydrochloride or
acetic) in order to remove all mineral and inorganic content. Then the resultant
suspension is stirred, filtered, and washed with water several times before adding
KOH to promote deproteinization. Alternative methods like enzymatic treatment
(proteases) can also be applied in protein removal and chitin extraction [57]. The
dissolution of pigments is achieved by adding an NaClO2 aqueous solution [56].
Following this the samples are washed and centrifuged with ethanol and water and
finally dried (heat, vacuum or freeze-drying) originating chitin flakes.

In order to achieve the nanowhisker state, the chitin flakes are subjected to a
hydrolysis process involving an acid bath for a specific and well-defined combi-
nation of temperature and time. This process allows the dissolution of chitin
amorphous content, when compared to the crystalline fibril content, due to the faster
swelling and hydrolysis. In Table 1 the main procedures for chitin fibrils production
are referenced, sorted by chitin source, fibrillation process, temperature, and time of
hydrolysis and results of the procedures. Depending on source and hydrolysis
condition parameters, fibrils with different diameters and lengths can be obtained,
ranging from tens to hundreds of nanometers. The most used fibrillation process is
performed with 3 N hydrochloric acid (HCL) at temperatures near HCL boiling
point (104 °C) during periods of time close to 90 min.

After the acidic treatment, the chitin solution is centrifuged and the supernatant
CTN suspension is dialyzed against distilled water to adjust pH. Depending on
further use, chitin can be freeze-dried and recovered as cotton-like samples (as a
result of the aggregation of millions of nanofibrils) or even kept as liquid sus-
pensions (that can result in liquid crystalline solutions due to the self-assembly of
the anisotropic chitin nanofibrils). In Figs. 4 and 5, typical scanning electron
microscopy (SEM) and transmission electron microscopy (TEM) images of chitin
nanofibrils are shown.

3.2 Chitin Nanofibrils for Biomedical Applications

Chitin nanowhiskers have been attracting growing interest for different applications
like drug delivery [23], cosmetic [31], adsorbents in industry, and water purification
or even protein biosensors [29]. A great number of nanofibers, nanoparticles, and
nanocomposites have been developed using chitosan/chitin [18, 34]. In this section
special attention will be given to the high crystalline region of chitin—chitin
nanofibril—used in the development of scaffolds, hydrogels, drug release systems
for wound healing, and in biomedical and tissue engineering applications.

Thanks to their size, mechanical strength, and relevant biological properties,
CTN have been majorly applied as nanofillers in the reinforcement of both natural
and synthetic composites [59].
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Morin and Dusfrene [29] developed solid films of policaprolactone (PCL) and
chitin whiskers that highlighted the use of chitin nanofibril as fillers in different
nanocomposites. Gopalan et al. [14] reinforced natural rubber with chemically
modified CTN; Lu et al. [27] developed soy protein insulating thermoplastics with
chitin nanofibers; Sriupayo et al. [43], produced chitosan films reinforced with
chitin whiskers. Araki et al. [2] constructed chitosan hydrogels with rod-like chitin,
Junkasem et al. [21, 22] produced electrospun nanofibers of composite CTN and
polyvinylalcohol, Yudin et al. [58] fabricated composite chitosan and CTN fibers
by wet spinning.

It was generally concluded that, at critical concentrations, nanofibrils form a
percolation network where the fibril aspect ratio and high crystalline morphology
play an important role as they influence the mechanical properties, allowing a
higher performance of the resulting composite. At the same time, the CTN were
responsible for swelling capacity decrease, enabling a more stable behavior in

Fig. 4 SEM image of chitin
nanobrils (shrimp). Scale bar
200 nm

Fig. 5 TEM image of chitin
nanofibrils (shrimp). Scale bar
200 nm
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aqueous environments, and also for increasing the glass transition temperature
compared to the matrix.

Wongpanit et al. [55] studied the nanofiller influence of chitin whisker on the
dimensional stability of silk fibroin sponges and tested its feasibility for tissue
engineering applications with fibroblast-like cells. Aqueous suspensions of 4, 63 wt
% chitin nanofibrils (Table 1—ID 10) were added to silk solutions in a proportion
of 0, 1/8, 2/8 and 4/8 CTN/silk ratio. To produce the sponges, ultrasonication and
mechanical stirring were applied to ensure complete solution homogenization,
before freezing the samples at −40 °C overnight followed by freeze-drying at 10 Pa
for 24 h. The sponges generated by this method were morphologically characterized
by SEM revealing an interconnected pore network as a result of ice crystals
removal, with 150 μm average pore size. Mechanical behavior was evaluated with
compressive tests that have shown that mechanical properties were substantially
enhanced by hydrogen bonding between the matrix and the chitin nanofibrils. The
biological tests performed after seeding L929 cells on the sponges demonstrated
that after 24 h, cell spreading was enhanced in the composite sponges (64 %)
compared to initial silk fibroin sponge (31 %).

Phongying et al. [39] undertook the task of building a chitosan scaffold by direct
transformation of chitin whiskers into its co-polymer. CTN were obtained after acid
hydrolysis of chitin flakes (Table 1—ID 13) and then lyophilized to obtain solid
CTN. Posterior to this the nanofibrils were treated with 40 % wt/v NaOH aqueous
solution to promote deacetylation and transformation into chitosan. Different
reaction temperatures (100–180 °C) and time (7–28 h) were applied to measure the
influence on the deacetylation degree and molecular weight. FTIR analysis con-
firmed higher crystallinity of CTN compared with chitin flakes, although the
opposite occurred for the CTN treated with NaOH, explained by the existence of
amorphous regions typical of chitosan. SEM observation has shown that lyophili-
zation induced the formation of a fibrous network of deacetylated CTN (chitosan)
of pore diameter approximately 200 nm.

Watthanaphanit et al. [52] fabricated a nanocomposite wound-dressing material
with CTN and alginate through wet spinning. With this combination researchers
were seeking mechanical properties improvement and a faster wound healing
process caused by the release of CTN present in the composite after enzymatic
degradation by lysozyme. Chitin nanofibrils, prepared by acid hydrolysis (Table 1
—ID 14), were added to a 6 % wt/v sodium alginate aqueous solutions in pro-
portions of 0, 05–2, 00 wt% CTN. The final mixtures were extruded through a 30
holes spinneret in a first coagulation bath of 5 % wt/v CaCl2 in 50 % v/v methanol
aqueous solution and a second coagulation bath of 100 % methanol.

SEM images revealed an increase of roughness in the fibers surface with increase
of CTN content due to nanofibrils aggregation. The evaluation of fiber’s mechanical
and thermal properties led to the conclusion of an existence of plateau region. The
composite fibers present an increase of mechanical and thermal properties due to
hydrogen bonding and electrostatic interactions between alginate molecules and
CTN until a maximum CTN content is reached. After that, natural aggregation of
CTN occurs decreasing the ability of the matrix to transfer the stress to fibrils and
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also increasing the ionic radius between the alginate molecules and the CTN
aggregates, thus reducing the restriction in the motion of alginate molecules.
Biodegradability tests were conducted for 5 days in two different media of
Tris-HCL buffer solution and buffer solution containing lysozyme. The presence of
CTN accelerated the biodegradability of the composite fibers in buffer solution
containing lysozyme mainly because of the partial degradation of CTN, although
toughness values increased in the Tris-HCL buffer solution due to Ca2+ diffusion
into the fibers, responsible for further cross-linking.

Later, and based on this work, Watthanaphanit et al. [53] also produced
alginate/chitosan whiskers composite fibers by wet spinning, acetylating the CTN
(average dimensions: length = 309 nm, width = 64 nm, aspect ratio = 4.8) to obtain
its co-polymer. This alternative fiber also achieved great results as effectual wound
dressing since the incorporated CS whisker could be released to the medium thanks
to surface erosion, conferring antibacterial activity against microbial pathogens
Gram-positive S. aureus and Gram-negative E. coli.

Muzzarelli et al. [35] developed wound healing applications based on chitin
nanofibrils/chitosan and glycolate composites. They formulated three types of
products: spray (97, 5 % CTN suspension; 0, 56 % glycolic acid; 0, 97 % chitosan
and 0, 40 % chlorhexidine); gel (91, 1 % CTN suspension, 3, 13 % glycolic acid; 4,
81 % chitosan, 0, 40 % chlorhexidine and sodium hydroxymehtylglycinate) and
gauze (0,8 g dibutyril chitin nonwoven, 1.0 % chitosan glycolate solution con-
taining CTN (2 g/l) and 0,4 % chlorhexidine.

After implantation in the murine model for 7 days and gathering the morpho-
logical and immunohistochemical data, researchers concluded that spray could be
applied as first aid tool for abrasions with little bleed; the gel was capable of
enhancing physiological repair in particular areas with thin epidermal layer; and the
gauze had excellent results in effective skin repair with scarless epidermis.
Moreover, the gauze was clinically tested in hospitalized patients with diverse
traumatic wounds and the results of treatment were considered as satisfactory.

Hariraksapitak and Supaphol [16] developed bone scaffolds through
freeze-drying, from a combination of hyaluronan (HA) and gelatin (GEL) with the
incorporation of α-chitin whiskers (Table 1–ID 6). Solutions of 2 wt% polymer in
deionized water containing 50/50 % HA and GEL were used to prepare mixtures
incorporating CTN at 0, 2, 5, 10, 20, and 30 % (w/w). The final solutions were
introduced in specific molds and lyophilized at −50 °C for 24 h in order to produce
cylindrical (10 mm diameter and 2 mm height) and disk shaped (1 mm thickness)
structures. The scaffolds were characterized regarding their microstructure,
mechanical properties, water-retention capacity, in vitro degradation, thermal
analysis, and biological evaluation. Observation of SEM images has shown that all
scaffolds preserved a well-defined porous structure with pores averaging 139 μm at
transverse section and 166 μm at longitudinal section. Researchers also verified that
scaffolds’ mechanical properties were enhanced by increase of chitin nanofibrils
content, although a maximum value of elasticity modulus was reached at 2 % CTN.
The increase of CTN also gave higher thermal stability and lower biodegradation.
Human osteosarcoma cells (SaOS-2) were seeded on the structures. Cytotoxicity
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and in vitro response was evaluated revealing good cell adhesion and proliferation
with best results in scaffolds containing 10 % CTN.

Yamamoto et al. [54] developed an inorganic/organic hydrogel inspired on the
biomineralization of liquid crystalline chitin nanofibrils. Suspensions of CTN
(Table 1—ID 5) and aqueous solution of poly (acrylic acid) with calcium chloride
(CaCl2) were placed together in a chamber containing a vial of ammonium car-
bonate, for 30 days.

Under cross-polarized optical microscopy the suspensions exhibit isotropic and
liquid-crystalline mesophases around 5.3 wt% CTN, reaching a complete liquid
crystalline state around 11.3 wt%. After introducing the suspensions in the
ammonium chamber, an automatic conversion to gel (Fig. 6) was verified with the
maintenance of the liquid-crystalline character. Fingerprint textures, typical of
cholesteric liquid crystals were observed with spaces between fringes of 20–30 μm.

The chitin gels were immersed in the aqueous solution of CaCl2 and after 3 days
spherical CaCO3 crystals appeared on the surface of the gels. Laser Raman spectra
confirmed no existence of amorphous CaCO3. After 30 days of experiment the gel
matrix was completely filled with the calcium carbonate crystals, completing the
production of hybrid CaCO3/CTN hydrogels (Fig. 7).

Zhang et al. [60] developed cyclodextrin (CD) hydrogels with three kinds of
polysaccharide nanofillers—cellulose, chitin, and platelet-like starch—with the
objective of increasing mechanical properties and to regulate the drug release
behavior of these structures. Chitin nanofibrils (Table 1—ID 8) were added to α-CD
aqueous solutions in concentrations of 0.1, 0.5, 1.0, and 2.5 wt%. Biological assays
performed with mouse muscle cell line L929 showed that the chitin composite
hydrogels did not add cytotoxicity to the structure compared to CD hydrogel. The
presence of polysaccharide fillers enhanced the mechanical properties and con-
tributed to creation of a permanent network within the hydrogel, increasing strength

Fig. 6 Images of cholesteric chitin gel. a Photograph, b Polarized optical micrograph image.
From [54]

Chitin-Based Nanocomposites: Biomedical Applications 449



and rigidity. Shear-thinning and thermo-sensitive properties were also improved.
The gelation process was faster and the retention of bovine serum albumin was
more efficient compared to native CD hydrogel, indicating the potential use as
injectable smart delivery biomaterial.

Lin et al. [26] investigated a new drug release product also using the three
polysaccharide nanofillers integrated with alginate-based microspheres. Chitin
nanofibrils (dimensions: length = 200–300 nm, width = 10–20 nm, aspect
ratio = 20) suspensions were prepared in deionized water in which the same amount
of sodium alginate (SA) was added to produce stock solutions of 2 wt% SA. In
order to obtain the microspheres, the stock solution was injected in a 10 wt% CaCl2
aqueous solution (promoting crosslinking) and the resulting product was washed
with distilled water to remove non-reacting free Ca2+.

Nanocomposite microspheres thus obtained were of diameter 3500 ± 50 μm in
wet condition but 900 ± 20 μm after drying. With addition of CTN, the alginate
microspheres exhibit higher values of storage modulus (G’) and loss modulus (G’’)
confirming fibril reinforcing function. Morphologically, composite microspheres
exhibit smoother surface and nonexistence of cracks compared to the wrinkled
surface and cracked aspect of single alginate microspheres, suggesting that nano-
fibrils were responsible for adhesion and structural integrity.

Drug encapsulation efficiency was tested with theophylline (TP). Results dem-
onstrated that nanofibrils had the capacity to induce more than 55 % encapsulation
due to creation of a dense 3D network that behaved as a barrier, retaining more
quantity of TP. The nanofibrils were also responsible for changing the in vitro drug
release profile, evidencing a 3-step regime with lower, faster, and equilibrium
releases. Despite having lower release at the beginning, composite microspheres
were able to achieve higher accumulative release at the end of equilibrium stage by
restricting the motion of SA molecules and consequently improving the drug load
and controlled release action.

Fig. 7 Images of mineralized chitin gel. a Photograph b SEM image. From [54]

450 C.F.C. João et al.



Shervani et al. [42] conducted a series of experiments where the combination of
chitin nanofibrils (Table 1—ID 9) and gold nanoparticles was explored with pos-
sible applications in different fields like cosmetics and pharmaceutics. Researchers
prepared suspensions of CTN (16 wt%) in which they added Au nanoparticles.
After stirring and sonication, sheets of films, flakes, and powder were produced. To
prove CTN—Au nanoparticles adhesion, characterization techniques like TEM,
SEM, X-ray diffraction, and UV-spectra were used. Results indicated that 56 %
polymer and 100 % nanoparticles phase transferred from polymer water solution to
CTN suspension and that phase transfer phenomena was responsible for CTN–Au
composite formation.

Ji et al. [19, 20] questioned the limitation of dispersing chitin nanofibrils only in
aqueous solvents and produced composites of CTN and policaprolactone in non-
aqueous medium. CTN (Table 1—ID 15) powders were first dispersed in deionized
water and then the water was exchanged by acetone. The resulting CTN was finally
dispersed in trifluoroethanol (TFE), the same solvent used for PCL dissolution.
Cross-polarized optical microphotographs of CTN (0, 1 % w/v) dispersed in water
and TFE revealed the existence of birefringent domains in both cases. In more
concentrated suspensions (5 % w/v) fingerprint and band texture appeared, char-
acteristic of cholesteric liquid crystal, proving that CTN could self-assemble in both
solvents.

The two polymers were mixed at different mass ratios of 5:95, 10:90, 15:85,
20:80, 25:75, and 30:70 CTN/PCL. The final composite solution was used for
production of films and electrospun fibers that were characterized regarding its
wettability (static-water-contact-angle analysis), morphology (SEM), thermal (dif-
ferential scanning calorimetry with thermogravimetric analysis—DSC/TG),
mechanical (DMA), and biological properties.

Through micrographs and dynamic mechanical analysis (DMA) it was possible
to conclude that CTN organize themselves differently in films and fibers. In films
the nanofibrils form a rigid network caused by mutual interactions, while in fibers
the CTN dispose themselves within the fiber and along the fiber’s long axis.
Significant fiber diameter decrease occurred compared to PCL fibers. Like previous
works reported in this chapter, CTN was responsible for higher crystallinity degree
conducting to mechanical properties improvement. Despite the fact that PCL is
hydrophobic the electrospun composite fibers have shown hydrophilic behavior for
CTN content greater than 25 wt%.

To perform biological evaluation, human dermal fibroblasts (hDF) were seeded
on different disks (10 mm diameter) of fiber mat. Considering micrographs of
scaffolds cross-section after 14 days of culture, the cells spread along the surface
and migrated through the scaffold interior. Nevertheless, the fiber scaffold had
smaller pores than cell size; the hDF penetrated more easily the composite scaffold
probably because of lower hydrophobicity and higher wettability, facilitating
adhesion and infiltration.

Azuma et al. [3] tested the anti-inflammatory and anti-fibrosis properties of
chitin nanofibrils in inflammatory bowel disease mice model. For the experiments,
C57BL/6 mice were used as model for dextran sulfate sodium (DSS)-induced acute
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ulcerative colitis. Gels of 1 % α-chitin nanofibrils in 0, 3 % acetic acid aqueous
solutions were administered at the site of injury.

Characterization was performed through quantitative digital morphometric
analysis of extracellular matrix and immunohistochemical detection of nuclear
factor-KB (NF-KB) in the colon. Results have shown that CTN gels suppressed
clinical symptoms and tissue injury of the colon by decreasing serum MCP-1
(monocyte chemotactic protein 1) expression and NF-KB (nuclear factor-kB)
activation. Likewise, CTN suppressed the fibrosis process with a decrease in col-
lagen formation.

Rodriguez et al. [41] reported a preliminary study of an innovative bone scaffold
based on gelatin sponges filled with hydroxyapatite (HAp), chitin nanofibrils and
platelet-rich plasma (PRP). The introduction of the HAp and CTN fillers was
designed to increase structural strength while PRP had the purpose of enhancing
scaffold bioactivity.

To produce the scaffolds, solutions of 30 mg/ml gelatin in deionized water were
used as base in which mixtures of 10 mg/ml of HAp, CTN, and PRP were added.
After a cycle of slow freezing at −15 °C overnight, −20 °C for 4 h and −70 °C for
another 4 h, the composites were lyophilized for 24 h, giving origin to
gelatin/PRP/HA/CTN sponges.

In vitro tests were performed with MG-63 osteoblast-like cell line seeding on the
proposed scaffolds. Further analysis demonstrated that sponges’ absorption capacity
was capable of eliciting cell infiltration into the scaffolds and controlled proteins
release. Moreover, the composite was able to induce osteogenesis with cell-created
mineral matrix.

Ang-atikarnkul et al. [1] fabricated bionanocomposite sponges of cellulose
nanofibers (CN)/chitin whisker (CTN)/silk sericin (SS) and studied the potential for
wound care application. Suspensions of CN, CTN, CN/CTN, and CN/CTN/SS were
prepared with different composite mass ratios, poured into cell culture plates, and
subjected to freeze-drying followed by cross-linking with gluraldehyde.

TEM images of the suspensions showed needle-like CN averaging width 7.3 nm
and length 400 nm, with aspect ratio of 55. CTN with rod-like aspect averaged
width 27, 1 nm, length 307.7 nm, and aspect ratio of 11. SEM images of the
scaffolds have shown porous structures in all scaffolds, although some of them had
closed pores at the surface, which prevents access to the interior of the structure
(Fig. 8).

The complex CN/CTN/SS is the one that has a better architecture, with open
porosity that grants oxygen transportation in a possible wound healing application.
Due to higher aspect ratio, CN works as a support material, CN as wound healing
accelerator and SS as binder for the different nanofibrils, preventing whiskers
fluctuation and promoting a porous structure.

The structural effect of releasing SS from the sponges when in physiologic pH
medium with and without lysozyme was investigated leading to the conclusion that
SS follows a diffusion profile with a release rate that decreases with time.
Complete SS release was not achieved due to previous cross-linking process. It
is expected that the remaining SS trapped in the sponges can help to provide
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moisturizing effect to the wound at the same time that chitin regulates collagen
synthesis and facilitates granulation and damaged skin tissue repair.

Wang and Esker [51] developed nanocrystalline chitin films for enzyme
immobilization. CTN suspensions were prepared by HCL hydrolyses of α-chitin
(shrimp) that lead to the formation of nanofibrils ranging in length 200–600 nm and
width 30–70 nm. The suspensions were spincoated onto a gold modified surface
creating an ultrathin smooth and homogeneous layer of CTN film. The use of data
from a quartz crystal microbalance with dissipation monitoring (QCM-D) allowed
the acknowledgment of slower chitinase-catalyzed hydrolyses of CTN film com-
pared to amorphous regenerated chitin films. To investigate film protein immobi-
lization capacity BSA was used as model. Despite the adsorption dependency on
the thickness BSA was highly adsorbed by the CTN films. The films lost very little
quantity of BSA after washing with water, showing great loading capacity and
indicating potential as bio-supports for sensors and catalysts.

Li et al. [25] applied salt leaching and thermally induced phase separation (TIPS)
technique to produce poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) and
chitin nanofibrils scaffolds for tissue engineering. The produced scaffolds, incor-
porating CTN with 200–500 nm length and 20–40 nm width, exhibit macro pores
of 100–300 μm and micro pores of 10 μm.

When performing compressive tests the composite scaffolds showed enhanced
mechanical properties with compressive modulus of (7.12 ± 0.24) MPa, while the
PHBV scaffolds only achieved (5.21 ± 0.14) MPa. Bioactivity performance was
also higher in the composite scaffolds. After 7 days of incubation of human
adipose-derived stem cells (hADSCs), confocal microscopy images showed the
adhesion of cells at the surface of PHBV scaffold while evidence of penetration and
migration of hADSCs through the PHBV/CTN scaffold was observed.

Another product for wound dressing was proposed by Naseri et al. [37].
Chitosan-based nanocomposite fiber mats reinforced with chitin nanocrystals were

Fig. 8 Images of sponges. a CN, b CTN, c CN/CTN/SS. From [1]
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produced by electrospinning. For spinning solutions, chitosan and PEO were
blended in 1:1 ratio and used as matrix, while CTN was used as reinforcement in
order to produce final solutions of 3 wt% polymer in 50 % aqueous acetic acid
solvent. With the purpose of verifying nanocrystals dispersion, flow birefringence
was studied by placing the electrospinning solutions under stirring, between two
cross-polarized filters, and visually compared with dilute water CTN suspensions
birefringence.

After the electrospinning process, fiber (diameter = 223–966 nm) mats were
cross-linked with genipin to enhance the mechanical properties and pH stability.
This was confirmed by uniaxial tensile tests performed in mat samples with the best
fibers (50 % CTN) exhibiting tensile strength of 64.9 MPa and elastic modulus of
10.2 GPa. Adipose stem cells were seeded on the fiber mats and after 7 days of
culture, non-cytotoxicity was verified with conservation of cells morphology.

4 Conclusions

Chitin is after cellulose the most abundant polymer in nature. However, due to
chain rigidity it is difficult to dissolve in most solvents, which has limited its
applications in the biomedical field. Most of the applications found in the literature
deal with the production of nanofibrils and its use as reinforcements in composite
materials. These nanofibrils are highly crystalline and rigid (high Young Modulus)
allowing the improvement of mechanical performance of composites. Recently, the
attention of the scientific community has been attracted to assembling these
nanofibrils when in suspension, giving rise to cholesteric lyotropic mesophases.
These mesophases are able to mimic the supramolecular organization of collagen in
living tissues and the possibility of developing new biomimetic products from it can
be foreseen in the future.
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Eco-Friendly Cellulose–Polymer
Nanocomposites: Synthesis, Properties
and Applications

S. Karuppusamy, P. Vengatesh and M. Anbu Kulandainathan

Abstract Grafting or deposition is a powerful tool to modify the cellulose/textile
surfaces permanently with precisely controlled structure in nanometer to micro-
metre scale, which leads to multifunctional applications. The properties that can be
imparted through functionalization include superhydrophobicity, superoleopholic-
ity, shape memory effect, high conductivity, drug storage/delivery, flame retardant,
heat storage/release, and UV protection. Through this functionalization new
applications for textile can be achieved such as waterproof textiles, textile actuators,
fire resistive textiles, UV-protective materials, Band-Aids, transdermal batches,
medical textiles, supercapacitor electrodes, separator of oil–water mixture, wearable
textile electronics, conductive textiles, self-protection cloths. This chapter sum-
marises recent publications about modifying the cellulose surfaces with biopoly-
mers along with nanoparticles and their composites used for superhydrophobicity,
oil–water separation, conducting fabrics and drug delivery devices leading to smart
bandages. The main objective is to clarify the true significance of functionalization
for each application. Thus, another important purpose of this chapter is to establish
general guidelines for functionalization and propose future direction for cheaper
devices that can elevate the textile industries.

Keywords Cellulose � Superhydrophobicity � Energy storage applications �
Oil–water separation � Grafting
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Poly (ethylenedioxythiophene)/fluorinated decyl polyhedral
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propylmethacrylate)]
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1,1,1,3,3,3-Hexamethyl disilazane/titania sol-silica sol
@polydimethylsiloxane hybrid

PHEA Poly(2-hydroxyethyl acrylate)
PNIPAAm Poly(N-isopropylacrylamide)
PMETAC Poly[2-(methacryloyloxy)ethyltrimethylammonium

chloride]
SI-ATRP Surface-initiated atom transfer radical polymerization
PFHEA-b-PIPSMA Poly[2-(perfluorohexyl)ethyl acrylate]-block-poly[(triiso-

propyloxysilyl)propyl methacrylate]
PFHEA-b-PGM A Poly[2-(perfluorohexyl)ethyl acrylate]-block-poly(glycidyl

methacrylate)
AD-HFPS 3-Aryl-3-(trifluormethyl)diazirine functionalized highly fluo-

rinated phosphonium salts
PLMA Poly-laurylmethacrylate
PHMA Poly-hexylmethacrylate
Ag NPs Silver nanoparticles
ZnO NPs/PS Zinc oxide nanoparticles/polystyrene
HDMSO Hexamethyldisiloxane
rf-PECVD Radio frequency-plasma enhanced chemical vapour deposition
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1 Introduction

1.1 Biopolymers

Biopolymers are structurally classified into three major types by its linkage between
the monomer units: polynucleotides (nucleotide monomers) such as DNA and
RNA, polypeptides (amino acids) such as ribosome and protein, and polysaccha-
rides (carbohydrate units) such as cellulose, starch, chitosan and lignin (Fig. 1)
[89–91]. Biopolymers are acquired from the extraction from biomass, such as

Fig. 1 Structures of some of the important biopolymers
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Saccaharum cilliare [65, 66, 75], Grewia optiva, Hibiscus sabdariffa (Singha and
Thakur [75, 76]), pine needles [76] and synthesised from bio-derived monomers/
organisms such as bacterial cellulose, ethyl cellulose acetate [81–84, 92]. Different
types of cellulose-based graft copolymers materials have been obtained using free
radical polymerization techniques [81, 84–88].

The contemporary world have been utilising natural and synthetic polymer-
based composite materials for important applications since the discovery of
Bakelite resin [77–80]. Based on the renewable biopolymer application, this kind of
materials has possible substituent for metal supported materials, petrochemical-
based materials and natural fibres reinforced composite materials [59, 67, 68]. The
contemporary world postulates applied materials as non-toxic, abundant, recyclable
and biodegradable. Natural fibres are fulfilling the modern world’s requirements
that are 40–45 % cellulose, 26–34 % lignin and 7–14 % pentosan [18, 90].

Cellulose (C6H10O5)n, the polysaccharide is the most common organic bio-
polymer that can be classified based on their source, viz., bacterial, animal and plant
(Fig. 1). The cellulose has hydroxyl groups (OH), on C2, C3 and C6, and further
OH groups on C1 and C4 are utilised for the linkage of β(1 → 4) glycosidic bonds
between the D-glucose units that brings up the linearity of structure [69, 74]. The
extension of the linearity enables the molecules to get closer, and form a compact
structure by virtue of intra- and intermolecular hydrogen bonding and thus
increasing the cohesive energy. Moreover, the hydroxyl groups can be converted
into some useful functional groups that in turn provide multifarious properties to
such kind of compact OH structural materials [100].

Lignin is the second most abundant biopolymer next to the cellulose in nature
and generated from the chemical industries about 50 million tons every year as both
major and by-product. Lignin is a hydrophobic in nature, structurally linking with
C–C and C–O bonds between the monomers, biodegradable and non-toxic. Like
cellulose, lignin also has vital advantages of having the reactive functional groups,
high carbon content, and good stability and can be able to make this as reinforcing
materials in polymers, nanocomposite materials, cross-linking polymers, etc. Due to
the problems associated with the disposal, variable and complex nature of lignin
limits its applications [93].

Starch is another important biopolymer, which is a combination of two gluco-
sidic macromolecules (amylose 18–28 % and amylopectin 72–82 %), amylose is
linear macromolecules that are linked by α-(1 → 4) glycosidic bonds, whereas
amylopectin linked by α-D-(1 → 6)-glycosidic bonds (Fig. 1). It is highly abundant
(reserves in plants, tubers, seeds) and generated more than 50 million tons in 2012.
Due to its own advantages of biodegradability, low cost, renewable, is useful in
biomedical field, such as drug delivery systems and tissue engineering scaffolds,
paper industries, adhesives and food industries [28]. The main disadvantages of the
starch are weak absorbing functional groups, poor processability, stability and
mechanical properties of its end products [28, 70].

Chitosan is a long chain copolymer of D-glucosamine and N-acetyl-D-gluco-
samine, linked by β-1, 4-D-glucosamine, and can be obtained from the

462 S. Karuppusamy et al.



deacetylation of chitin (Fig. 1). It is highly abundant in nature, biocompatible, non-
toxic and biodegradable [103]. Due to these properties, it can be used in biomedical
applications, such as antitumor, antifungal, antimicrobial, antioxidant activities,
immune enhancing agent, water treatment, drug delivery, tissue engineering and
food packaging [21]. The drawbacks of chitosan polymer nanocomposites are
discoloration, surface cracking, lack in the mechanical properties and stiffening.

Some of the important applications of biopolymers have been listed in Table 1.
However, due to large potential applications and plenty of resources of cellulose, its
functionalization for the multifunctional applications is very important and needs
literature reviewing. Hence, this chapter highlights the importance of functionali-
zation of cellulose surfaces to introduce multifunctional properties and to develop
the research focuses towards effective grafting/coating for innovative products to
the modernised scientific community.

1.2 Cellulose

Cellulose is an easily available, renewable, soft and flexible fibre, hydrophilic in
nature (water contact angle, WCA is 17–47°) and has very high breathability, and
hence it is used in wearable materials, composites, smart textiles, adhesives, paper
products, medical bandages and adsorbent materials [35, 60–64]. By changing, the
nature of the cellulose through certain modifications, one can introduce the mul-
tifunctional properties to the cellulose fabrics. Depending on the type of modifi-
cations, either through physical or chemical processes, the cellulose fibres are used
for several applications (Fig. 2). The chemical reactivity mainly depends on the
hydroxyl groups on C2, C3 and C6 positions of cellulose and the relative reactivity
is influenced by the steric effect between reacting group and the cellulose.

Table 1 Impact of biopolymers coating on fabrics for multifarious applications

S.No Biopolymer Application References

1 Chitosan Drug delivery, antimicrobial Petkova et al. [51]

2 Polyvinyl alcohol Wound healing Gupta et al. [24]

3 Cyclodextrin Drug carrier Hebeish et al. [25]

4 Sericin UV-resistant, drug delivery Doakhan et al. [16]

5 Alginate Moisture absorber, drug delivery Yang et al. [102]

6 Polydopamine Oil–water separation,
hydrophobicity, conductivity,
drug carrier

Liu et al. [38]

7 CASEIN Flame retardant Carosio et al. [11]

8 DNA Flame retardant Mateos et al. [43]

9 Polyphenol oxidase UV protection Zhuo and Sun [117]
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Nowadays, the cellulose or textile market mainly depends on introducing multi-
functional properties to the cellulose. As the cellulose is weightless and flexible
substrate; they find their application in energy storage devices (separator, sup-
ercapacitor), superhydrophobicity, membrane (oil–water separation), conducting
materials and drug delivery.

Most of the functional garments that are used for high-performance applications
such as protective wears from flame, UV rays, liquids and microbes lack comfort.
Coating is the process that is mainly employed for obtaining such performance,
which often closes the pores of the fabrics substrate providing very low air per-
meability, which reduces air and water vapour transmission, a reason for reduced
comfort. Hence, protective wear with high performance and comfort level is to be
focused and developed.

Thus, an idea of developing a functional garment with cellulose grafting using
biopolymers along with nanocomposites that are comfortable, without compro-
mising its functionalities and performance is proposed. The garment having
hydrophilic group on one side, which wicks away the sweat from the skin, per-
meable to wear vapour, is expected to provide better microclimate comfort.
Absorption of sweat leads to dampness, which is a media for microbial growth and
malodours, hence, antimicrobial polymers, can also be blended with hydrophilic
polymers to nullify such issues. Hydrophobic polymers that repel water and other
fluids can be coated over the substrate in order to obtain superhydrophobic func-
tionality, required for many applications including surgical theatre garments. Front
side of the fabric can also be coated with UV-repellent finishes as well as flame-
retardant finishes that find their application as protective wears for UV and fire-
fighters respectively.

Fig. 2 Flow chart of cellulose materials towards future smart textiles
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1.3 Functionalization of Cellulose

Effective functionalizations of cellulose have been achieved through various
methods such as, some of which are mentioned as below.

1.3.1 Coating

The coating methods are simple, low cost and an efficient process to fabricate/
introduce multifunctional properties onto cotton and in general onto the materials.
To succeed in this method, it requires three to five individual processes that include
preparation of coating mixture in suitable phase to apply, drying and curing. Using
the above technique nanomaterials, dopants, fluoroalkylsilanes, polymers, and some
inorganic compounds can be deposited over the substrate. The number of steps
involved in this method will vary depending on the types of technique used
including spin coating, spray coating and dip-coating. The coating thickness is
more than 100 nm depending on the type of coating and thus enhance/produce the
micro- to nanoroughness on the surface. The method is moderate-to-rapid process
because of few steps of fabrication (sophisticated techniques producing even in a
single step using spray coating) [47]. Moreover, the method has certain disad-
vantages like less durability, low laundering capacity and lack of strong attraction
between the substrate and the coating mixture. These disadvantages can be out-
smarted by using highly reactive coating mixture with the base substrate. This
method brings up nanoroughness surface and synthesis the molecules bind with
cellulose covalently and hence opening up a wide spectrum of possibilities for
various levels of functionalization.

1.3.2 Plasma Etching

Plasma etching is one of the processes to get nanoscale roughness, low energy
surface and porous on the cellulose surface. Plasma is the fourth state of matter in
the universe, ionised gas or free electrons, bombarded on the surface with high
energy under the electric field/super magnetic field so that it cuts the link between
carbon, hydrogen and oxygen and making the surface into nanoroughed surface
[45, 74]. This method is highly targetive, selective and a controlled process and
further selective deposition can be achieved through chemical vapour deposition
method. Disadvantages of this method are usage of costly instrument, batch pro-
cessing, moderate durability and time-consuming (Example, oxygen plasma).
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1.3.3 Surface Modification by Nanoparticle Growth

Roughness/hierarchical structure can be generated through dispersing organic/
inorganic nanoparticles onto the cellulose surface. This kind of nanoparticle growth
was formulated by dip-coating, spray coating and in situ generation of nanoparti-
cles. In situ nanoparticles generation will be effective owing to its increased
durability and laundering capacity. Superhydrophobic surface decorated by the
nanoparticle deposition have nanoscale roughness and the hierarchical surface that
can hold the air pockets in it which will not allow liquid phase to pass through it.
Moreover, the conducting fibre can be prepared by several methods, and this kind
of nanoparticle deposition will enhance the conductivity by effective transfer of
electrons through it. Nanoparticle deposition on cellulose plays a vital role in
introducing antimicrobial properties since the drug material of our interest can be
imprinted on such fabrics, which would be used as smart bandages.

1.3.4 Grafting

Grafting is a process of making strong chemical bonding between the substrates. As
discussed earlier cellulose has a number of reactive hydroxyl groups that can be
functionalised through linking and deriving the required functional property
[81–84]. The hydroxyl group can be reacted with the polymers, low surface energy
molecules and utilised for nanoparticles formation and depositions by successful
grafting with required functional group materials in a single material. The cellulose
was fully/partially cross-linked with the substrate containing cyanate, epoxy, azide
and polycarboxylic acid groups and such links existing as covalent bond-
ing/hydrogen bonding (Fig. 3). The H-bonding is also existing between OH group
and the heteroatom of applied substrate, for example direct adhesion of amide
containing polymers forming hydrogen bonding between the cellulosic OH and
heteroatom amide group. The way of polymer introduction on cellulose by covalent
bonding is huge, but it belongs generally to direct reaction of polymer group with
cellulose (polycarboxylic acids with cellulose) and in situ polymerisation. In situ
polymerisation has three steps, preparation of monomer adhesive cellulose groups,
introduction of monomers, polymerisation, after which the fibre washed with many
times to remove the unreacted monomers. The main advantages of grafting process
are strength arising from chemical bonding of the substrate with molecules, which
is responsible for application so that it is highly robust, tuneable, withstand for
several washes, the thickness of materials thus formed never exceeds 200 nm and
long-lived surface. Sustained release of drug materials is the main problem in
classic medical industries but layer-by-layer grafting and other grafting processes
have effectively aided the modernised life-curing institutes in achieving sustained
release of drug molecules. Some of the disadvantages of grafting process are time-
consuming and sometimes exceeds more than five steps, hence making it
expensive.

466 S. Karuppusamy et al.



1.3.5 Chemical Vapour Deposition

Chemical vapour deposition (CVD) is one type of chemical reaction, which can be
carried out using gaseous precursor to achieve nanolevel solid deposition. This is
the main tool to create nanoroughness as well as chemical functionalization.
Chemical vapour deposition can be easily carried out on the surface along with
plasma etching. These two processes are collectively called plasma etching–
chemical vapour deposition (PECVD). PECVD technique is also useful in creating
superhydrophobic surface on the cotton surface because this process is highly
selective, useful for making thin film deposition and nanotexture surface. CVD
process is carried out in high temperature chamber, the vapour of starting material is
allowed to deposit over the cellulose surface, followed by the covalent formation
between the hydroxyl group and the multifunctional precursors. During the reac-
tion, the vapour generated as by-product might damage the cellulose fibre strength
because cellulose can be easily damaged by acid/DMF. Some of the disadvantages
of this technique are the fibre tensile strength is reduced and its durability becomes
moderate. Yet, this is the simplest, short process, thin film (≤100 nm) with nano-
textured on the surface.

Fig. 3 The important functionalization of cellulose fabrics
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2 Superhydrophobicity

Surface with superhydrophobicity possesses excellent water repellence behaviour
because of their low surface energy and nanoscale surface roughness. The term
“Superhydrophobicity”, scaled by very high water contact angle (WCA > 150o),
very low sliding angle (SA < 5o) and very low contact angle hysteresis (CAH < 5o)
have aroused because of its potential applications in vast areas. This property has
variety of applications from waterproof material to smart microfluidic devices,
whereas wettable surfaces also used for printing, coating and adhesive applications.
The hazardous liquids, highly corrosive materials and foreign materials affect the
wettable surfaces so that the materials require protection from it to retain its
properties. Moreover, the additional properties achieved by introducing superhy-
drophobicity depend on the materials used and types of preparation method [9, 10].
Such kinds of preparations need to be effective, highly durable, easy to prepare,
environmental friendly and use of biodegradable materials. Hence, the method of
preparation to attain the superhydrophobic behaviour is grandness to make multi-
farious cellulose-based textiles such as filter for oil–water separation, as separator in
the battery applications, wearable cloths, raincoats, self-cleaning application, cor-
rosion resistance, household applications and other industrial applications. In this
part, the details about the method of preparation and improvements achieved in the
superhydrophobic cellulose surface are being discussed further.

2.1 Methods of Preparation

Two different approaches were developed in the recent literature to get water re-
pellence behaviour on the solid surfaces. That are, (a) making low energy or ultra
low energy surfaces and (b) creating micro- and nanoscale roughness on the sur-
face. The nanoscale roughness was observed by using the nanoparticles encapsu-
lation on the cellulose fabrics or by layer-by-layer grafting. The grafting of
molecules that contain muckle of hydrophobic functional groups, fluorine, silicone-
containing polymers and layer-by-layer grafting process created low energy surface.

2.2 Functionalization with Low Surface Energy

Zhu et al. [118] reported coating methods for hydrophobic cotton and polyester
(cellulose derivatives) by using various carbon atom having alkyltrialkoxysilane
and/or else (3-glycidyloxypropyl)trimethoxysilane with alkyltrialkyloxysilane.
According to Zhu et al., reported a generalised method with two ways, (1) first
series involving hydrolysis of alkyltrialkoxysilane using NH4OH in ethanol solu-
tion (Sol A) and (2) second series (Sol B) has additionally one step of adding
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(3-glycidyloxypropyl)trimethoxysilane and alkyltrialkyloxysilane to the sol A.
Generally, it is applied on the fabrics by pad-dry-cure method as explained below.
The cotton/polyester fabric has to be immersed in a modified silica sol (either or
both, Sol A and Sol B) for 30 s, drying at 80 °C and curing at 120 °C for an hour.

The authors [118] highlighted the

(1) Catalyst effect on the size: the optimised amount of NH4OH for hydrolysis and
depending on the amount the NH4OH, the average size of the silica particle
size increases,

(2) Substrate effect on the size: the number of carbon atom increases in the chain,
the average particle size also increases.

(3) Substrate effect on CA: the number of carbon atom increases in the chain, the
contact angle also increases. Based on these factors, optimization process for
the preparation are easier to make the required contact angle to go with the
textiles to fabricate drug delivery-orientated devices (Fig. 4).

Wang et al. [94] used cotton functionalization with low surface energy mole-
cules (siloxanes) to get superhydrophobic surfaces. The author has hydrolysed the
methoxy group containing silane molecules and further undergoes co-hydrolysis

Fig. 4 Water contact angle of the cotton and polyester fabrics treated with different modified silica
sol. Reprinted with permission from [118], copyright 2011, American Chemical Society
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with other silane precursors to fabricate superhydrophobic coatings on fabrics. The
fabrics were then dipped in the solution, padded, and dried at room temperature and
further it was cured at 110 °C for 1 h. The cellulose having OH group has the
tendency to bond with the epoxide group present in the 3-glycidoxypropyltri-
methoxysilane (GPTMS) that can be achieved by adding cotton fabrics into the
solution, the binding between these two was made of covalent bond to impart high
laundering durability. WCA and SA on the cotton fabric coated with the GPTMS
containing sol were approximately 170° and <10° respectively. It can have
superhyphobicity behaviour with WCA of 160° even after 50 washing cycles.

Zhou et al. [114] reported superhydrophobic fabrics with highly durable
behaviour by simple dip-coating method. The combination of long chain fluoro
groups and siloxane bonds can enhance the superhydrophobic properties which
were achieved by using tridecafluorooctyltriethoxysilane and polydimethylsiloxane
(PDMS) precursor. To apply on the fabrics the molecules had to be dissolved in
THF solution, then the fabrics were dip-coated and cured at 135 °C for 30 min to
afford an excellent mechanical and chemical durability. The WCA of a pristine
coated cotton and after 500 washes were 170° and 165° respectively, and the SA
was changed from 3° to 6° correspondingly. The authors demonstrated that the
fabrics retain its superhydrophobic properties while treating with boiling water and
acid or base solutions.

2.3 Creation of Nanoroughness

Duan et al. [17] treated cotton fabrics with cerium dioxide (CeO2) sol and do-
decafluoroheptyl-propyl-trimethoxylsilane (DFTMS) using a dip-pad-cure process.
The cotton fabrics were dipped into the solution of CeO2, padded and cured at 170 °
C for 3 min. The whole dip-pad-cure process was repeated until to get a dense film
of CeO2 xerogel of coating on cotton. After this process, the fabric was immersed in
ethanol solution of hydrolysed DFTMS for a day and then it was further dried and
cured at 120 °C for 1 h. The cotton fabrics showed superhydrophobic properties due
to the irregular surface topography of aggregated CeO2 nanoparticles with a size of
15 nm properties. The WCA of irregular topography with silicone bridged fabric
and after completing 30 washing cycle were 158° and 150° respectively.
Additionally, the fabrics show bifunctional behaviour of UV-shielding property and
superhydrophobicity behaviour, which will be useful for functional materials.

2.4 Polymerization

Zhou et al. [115] fabricated a highly durable superamphiphobic coating with self-
healing property on polyester, wool and cotton fabrics using two-step dip-coating
method in which the cotton fabrics were immersed in a suspension of
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fluoroalkylsilane + TEOS modified silica particles in ethanol for 1 min as a first step
and the fabric was dried at room temperature for 10 min without rinsing and in the
next step, it was immersed in a poly(vinylidene fluoride-hexafluoropropylene)/FAS
containing DMF solution for 1 min and dried at 130 °C for 1 h. The coated fabrics
showed great contact angles with low SAs 170°, 163°, 160° and 2°, 5° and 8° for
water, soybean oil and hexadecane, respectively, and retains its superhydrophob-
icity behaviour after washing and acid/base etching. The coating was robust and
self-healing, resistance to strong acid/base, boiling and ozone treatments, and
showed high laundering capacity say 600 cycles.

Kivotidi et al. [33] fabricated superhydrophobic materials on cotton fabrics/
cellulose papers by treating the samples with aqueous solutions and supercritical
CO2. High amount of Ca(OH)2 was impregnated on the cellulose by immersion of
cellulose substrates in the CaCl2 solution and followed by immersion in the equi-
molar amount of NaOH and each process takes 40 min. After this, the fabric was
exposed to supercritical CO2 atmosphere for 40 min at 80-bar pressure to get
corresponding carbonates. Further, this sample was immersed into the white spirit
solution of silane–siloxane monomer solution for 20 min and dried in an air
atmosphere. This sample showed superhydrophobic behaviour with contact angle
between 145 and 154° and additionally it offered flame-retardant property as well.

Zhao et al. [113] and Basu et al. [8] demonstrated that LbL assembly of azido-
functionalized silica nanoparticles and azido-grafted poly(allylamine hydrochlo-
ride) coated on the cotton fabrics to show the superhydrophobic properties. The
poly(acrylic acid) treated cotton fabrics dipped in the 2.0 wt% FAS in hexane for
1 h and then dried at 100 °C for 30 min. The detail of the scheme is presented as
Fig. 5. After coating, the fabrics were coated with 70 nm particles of diameter,
hence showing the water contact angle on this multilayer-coated cotton fabric was
measured to be 158°, and the superhydrophobicity coating showed good chemical
resistance against various organic solvents and aqueous solutions of wide range of
pH and washing durability.

Wu et al. [97] prepared highly durable superhydrophobic cotton fabric (SCF)
obtained by the graft polymerization of lauryl methacrylate (LMA) and n-hexyl
methacrylate (HMA). The cotton fabric were soaked in monomer solution in
methanol and irradiated by γ-ray followed by polymerization, the fabric subjected
to hot solvent extraction for 72 h. The fabrics were exhibiting the contact angle of
154° and after around 8000 and 9000 abrasion cycles for PHMA and PLMA-
grafted fabrics lost their superhydrophobicity, respectively. However, if the cotton
fabric is ironed at 200 °C, the fabric regains the superhydrophobicity behaviour
within certain cycles. Interestingly, the fabric grafted with PHMA and PLMA after
ironing at 200 °C does not lose its superhydrophobicity even after 24,000 abrasion
cycles (Fig. 6). Further, without ironing only PLMA-grafted fabrics retains the
superhydrophobicity up to 24,000 cycles.

Changes in water repellency with respect to various processes and usage of
various compounds are listed in the Table 2.
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Fig. 5 Schematics for the synthesis of a silica-N3 nanoparticles and b PAH-N3, c the UV cross-
linking of the PAH-N3/silica-N3 multilayers and d the possible photochemical reactions of phenyl
azido groups. Reprinted with permission [113], copyright 2012, American Chemical Society
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3 Oil–Water Separation

The increasing interest of conserving water and oil/fuel/solvent and reflects in
recyclability, reusability, protection from the foreign material mixing, saving for the
future resources. The industrial oily wastewater, marine accidents and spillage
influence environments and future energy so that the development of saving these
things from each other also getting importance. The research efforts on flexible
solid surfaces with well-controlled superhydrophobic and superoleophilic proper-
ties are useful to separate the oil–water after industrial and oil transport accidents,
which leads to oil/fuel spills over aquatic environment. The modified cellulose
surface should retain the inherent property of cellulose and porous structure in the
network fibrils. This allows the flow of adsorbed liquid through capillary action.
The immiscible oil–water mixture was then poured onto the functionalized fabrics,
which permits the organic phase due to the superoleophilicity and Van der Waals
force of attraction between the organic/composite interfaces. The permeability of
the organic layer also depends on the micro texture, porous nature and additional
gravitational force acting on the wetting organic liquid. Due to the superhydro-
phobic nature of the surface, the aqueous layer remains on the top of the membrane
[110]. The separation capability of the composite membrane was checked with
different amount of oil–water mixtures and successfully separated the oil such as

Fig. 6 a CA value versus the abrasion cycles of the Cotton-g-PHMA (DG 5 37.0 %) and the
Cotton-g-PLMA (DG 5 21.8 %); inserted images: the image of a water droplet on the
Cotton-g-PLMA (DG 5 21.8 %) before (left) and after (right) an abrasion test of 9,000 cycles;
b SEM image of the Cotton-g-PHMA (DG 5 37.0 %) after an abrasion test of 8,000 cycles; c SEM
image of the Cotton-g-PLMA (DG 5 21.8 %) after an abrasion test of 9,000 cycles; d The
temperature measuring of the iron. e CA value before and after the steam ironing versus the
abrasion cycles of the Cotton-g-PHMA(DG 5 37.0 %); f CA value before and after the steam
ironing versus the abrasion cycles of the Cotton-g-PLMA (DG 5 21.8 %) [97]. Copyright © 2013
by Nature Publishing Group. Reproduced with permission of Nature Publishing Group in the
format trade book via copyright clearance centre
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Table 2 Superhydrophobicity variations with respect to various compounds and type of process

Classification
of materials

Materials Method of
preparation

Contact
angle (°)

Remarks References

Siloxane MCTS Solution-
immersion
process

160 Formation of a dense
PMSQ nanofilament
texture layer on the
surface of fibres

Shirgholami
et al. [57]

ATS/GPTMS Pad-dry-cure 154 Treated fabrics
possessed negligible
reduction in tensile
strength, whiteness,
and air permeability

Zhu et al.
[118]

HDMSO rf-PECVD 163 Maintains its
superhydrophobicity
after water vapour
condensation and
after oil-wetting

Shin et al.
[56]

Nanomaterials HDMS/TiO2-
SiO2@PDMS

Solution-
immersion
process

158 Thermally stable and
photocatalytic
superhydrophobic
films

Deng et al.
[15]

Janus
particles

Dip-coating 140 200 nm large Janus
particles are very
efficient for the design
of water-repellent
textiles

Synytska
et al. [72]

Nano-Al Sol–gel
technique

146 Excellent
hydrophobic
properties and UV
protection efficiency
with UPF value
(164.06)

Pan et al.
[48]

Ag NPs Solution-
immersion
process

153 Excellent antistatic,
UV protection with
ultraviolet protection
factor (UPF) of 396.5

Guo et al.
[23]

Ag NPs Dip-coating 151 High antibacterial
activity against the
gram-negative
bacteria, Escherichia
coli

Xue et al.
[98]

ZnO NPs/PS Drop-coating 155 Excellent property in
water–oil separation

Zhang et al.
[111]

Polymers PGMA-b-
PTFEMA

Dip-coating *163 Mechanical abrasion,
strong laundering
conditions

Zou et al.
[120]

p(V4D4-L-
PFDA)

Chemical
vapour
deposition

153 Maintained its water
repellence even after
20,000 cycles of the
abrasion test and after
75 cycles of the
laundry test

Yoo et al.
[104]

(continued)
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Table 2 (continued)

Classification
of materials

Materials Method of
preparation

Contact
angle (°)

Remarks References

P(POSS-
MMA-
VBFC)

Dip-coating 160 Excellent water and
oil repellency

Gao et al.
[19]

PHEA Cograft
polymerization

*90 Enabled with a
photocatalyzed self-
cleaning effect under
UV light radiation

Yu et al.
[107]

PNIPAAm Grafting 152 Thermo responsive
switchable wetting
fabrics

Jiang et al.
[29]

PMETAC Grafting (SI-
ATRP)

154 Tunable wettability
by counterion
exchange

Jiang et al.
[30]

PFHEA-b-
PIPSMA
PFHEA-b-
PGMA

Dip-coating >150 Modestly water-
repellent cotton
fabrics with relatively
poor stability
Exhibited robust
water repellency that
withstood harsh test
conditions

Shi et al.
[58]

PLMA,
PHMA

Graft
polymerization

152 Self-healing fabrics
which could able to
withstand at least
24,000 cycles of
abrasion with periodic
steam ironing

Wu et al.
[97]

Combination
of above

(PVDF-
HFP)/FAS/
modified
silica
nanoparticles

Dip-coating 156 Self-healing ability to
auto-repair against
chemical damages

Zhou et al.
[115]

CeO2-
DFTMS

Dip-pad-cure 158 Rendered excellent
protection against UV
radiation

Zhou et al.
[17]

PEDOT/FD-
POSS/FAS

Vapour-Phase
polymerisation

169 Could able to
withstand 500 cycles
of standard laundry
and 10,000 cycles of
abrasion

Wang et al.
[95]

PANI-PTES Vapour-phase
deposition

156 Separation of water
and oil mixture with
separation efficiency
as high as 97.8 %

Zhou et al.
[116]

PAH-N-3/
silica-N3/
FAS

LBL 158 Stability of the silica
nanoparticle/
polycation multilayer
film was greatly
improved after UV
irradiation

Zhao et al.
[113]

(continued)
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petroleum ether, ethyl acetate, dichloromethane or chloroform from water. Apart
from the separation efficiency the durability, preparation method, processing and
high cost are also disadvantages to cut off for the good separator.

3.1 Siloxane Functionalization

Zhou et al. [116] fabricated the cotton textiles to introduce superhydrophobic
properties in it for the separation of oil–water mixture. The preparation process
involved vapour phase deposition of aniline at 70 °C for 30 min to previously
coated cotton fabric with perfluorooctyltriethoxysilane, PTES and ferric chloride.
The fabric was thoroughly rinsed with anhydrous ethanol, distilled water to remove
all the residuals and dried at 100 °C for 30 min. The prepared PANI-PTES fabrics
showed superhydrophobic behaviour with a WCA of 156°. Due to superhydro-
phobic and superoleophilic behaviour, cotton fabrics were useful in oil/water sep-
aration, with high separation efficiency up to 97.8 % and showing excellent
durability (Fig. 7).

3.2 Metal Nanoparticles

Basu et al. [8] developed superhydrophobic behaviour on the glass substrate and
cotton by depositing CuO film on the surface. Copper acetate and pyrrole were

Table 2 (continued)

Classification
of materials

Materials Method of
preparation

Contact
angle (°)

Remarks References

PFDT Dip-coating 158 mechanical stability
and easy repairability
by a simple method

Zhu et al.
[119]

SiO2/DFPA Dip-coating 153.6 Superhydrophobicity
using microphase
separation

An at al. [2]

Poly-
DMDAAC/
SiO2/
HDFTDT

LBL/Dip-
coating

155 Excellent chemical
stability and
outstanding non-
wettability

Zhang et al.
[112]

P(FOEA-co-
IPSMA)

Spray coating 160 Robust and resistant
to both solvent
extraction and NaOH
etching

Zhang et al.
[109]

AD-HFPS Solution-
immersion
process

139 High durability
towards wash cycles
and sonication in
organic solvents

Ghiassian
et al. [20]
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poured in a vessel and heated for 1 h at 80 °C, after the appearance of blue colour,
the cotton wool was immersed for an hour to become black, which indicates the
deposition of CuO. The fabric was washed thoroughly, dried and reserved for the
deposition of CuO by immersing and shaken well for an hour with the various thiol
solution in ethanol. The prepared fabric having both superhydrophobicity with
contact angle of 152° and superoleophilicity. Hence, the fabric was used for the
separation of water immiscible solvents and the schematic representation of sepa-
ration is shown in Fig. 8 and using that setup the solvents can be separated like
hexane, petroleum ether, petrol, etc. from water in successful manner.

3.3 Nanocellulose

Cervin et al. [13] utilised the superhydrophobic ultra-porous nanocellulose aerogels
as separation medium for oil/water mixtures. The aerogels had porosity greater than
99 % and their absorption capacity of hexadecane was up to 45 times of the aerogel

Fig. 7 Variation of water contact angles on the coated fabric a under 95 % RH at 60 °C, b at 120 °C,
c exposed to acidic and alkaline solutions. Insets are the corresponding separation efficiencies for the
oil–water mixture. Reprinted with permission [116], copyright 2013, American Chemical Society
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weight. The aerogels could be reused several times as they did not show significant
changes in volume upon sorption/desorption cycles.

4 Conductivity

The flexible conducting materials can be synthesised using metal wires (107 S/m)
Ag(6.3) > Cu(5.85) > Au(4.25) > Al(3.45) > Al–Mn(2.95) > Na(2.1), conjugating
polymers containing S, N and пC-пC backbone, charge-transfer complexes, anionic
polymers and carbon materials such as CNT, graphene and its derivatives. After
fabricating with these materials, the conductivity can be tuned using various do-
pants and doping methods. Conductive fibre are used in conducting wires, sensors,
actuators, wearable displays, embedded health monitoring devices, electromagnetic
interference shielding, textile-based circuits and energy harvesting devices, and
collectively multifunctional fabrics in wearable textiles [42]. The method of prep-
aration involves direct dip-coating, spray coating and sol–gel methods. These
methods have several disadvantages like the problems associated with the con-
ducting polymers solubility, viscosity, wettability with the substrate and non-uni-
form coating, which leads to lack in the homogeneity in the thickness decreasing
the conductivity on the surface. The in situ polymerisation onto the substrate is the
way to bringing up effective conductivity throughout the surface by several

Fig. 8 Schematic representation of separation of kerosene–water mixture using modified cotton
wool. Reprinted with permission [8], copyright 2011, American Chemical Society
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methods such as electro-polymerization, chemical polymerization, plasma poly-
merization, etc. Layer-by-Layer method is a simple technique for using wide range
of polymers, forming thin films onto the surface, which in turn helps in tuning the
properties of the materials.

4.1 Conducting Polymers

Conductivity can be triggered on the nonconducting surfaces using conducting
polymers with extensive π conjugation, metal implantation by electron transfer/flow
and usage of graphene and its derivatives. Further, this was improved by various
doping and applying procedures. Conducting polymers are conducting electricity
by the flow of electrons in aromatic compounds (polypyrrole, polyaniline, poly-
thiophenes, polyazulenes, etc.), aliphatic compounds (polyacetylenes) via effective
delocalisation of electrons. These kind of organic conducting polymers have the
conductivity in the range of 10−4–104 S/m.

4.1.1 Polypyrrole

Polypyrrole has been extensively studied in the past decades and pyrrole was
polymerized by CVD, chemical, electrochemical, plasma polymerization tech-
niques and the problems associated with the conductivity is the cross-polymeri-
zation of 2-3', 2-4', 2-5' by the rotation of pyrrole unit. The defects in the
polymerization decrease the orientation of linearity in chains, conjugation between
the rings, and thereby affecting the conductivity of PPy. The action of atmospheric
oxygen attack on polypyrrole leads to formation of β-unsaturated carbonyl groups,
which acts as an electron trap, thus decreasing the conductivity of the fabric day-by-
day. This reduces the life span but there is no need of special design for disposal
(biodegradable).

Effect of Dopants

Patil and Deogaonkar [49] used the in situ chemical polymerization of pyrrole on
textile using oxidant at various temperatures with various dopants to study about the
conductivity behaviour. From this study, for effective polymerization two electrons
are required to polymerise the each pyrrole unit and the 1/3 electrons required to
oxidise the dopants in a chain. The pyrrole units are interacting with H-bond with
the cellulose fabrics, further treating with oxidant (FeCl3) pyrrole gets polymerized
product which observed by the colour change over the textile from white to black.
After the polymerization, it was washed, dried to remove the unreacted monomers
and water. The temperature affects the rate of polymerization that reflects in
orientation of the pyrrole units and conductivity behaviour. The low temperature of
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the reaction lowers the rate of the reaction, which eventually results pyrrole–pyrrole
unit in 180° rotation, thus making it more conductive.

The polymer with sulfonic acid dopants can increase its atmospheric stability
and conductivity of the fabrics with the extent of ½ to 1/3, due to peculiar posi-
tioning of dopants in the PPy chain facilitates interchain charge hopping more
readily than small dopants like Cl− ions. Based on this, the conductivity order
changes with respect to the dopants as given below. AQSA > NSA > N@D2SA >
DBSA, Cl.

Effect of Oxidant

Muller et al. [46] utilised hydrated bacterial cellulose to prepare electrically con-
ductive nanocomposite using in situ polymerisation method. The polymerisation of
pyrrole was carried out on the bacterial cellulose surface using FeCl3/APS as an
oxidant. After 4 h, grafted fabrics were washed with distilled water and dried at
room temperature. Depending on the amount of polypyrrole and the type of oxidant
used, the conductivity of the fabrics varies, i.e. 80 % of PPy content (0.05 mol of
pyrrole, FeCl3 as oxidant) grafted fabrics exhibited conductivity up to 270 S/m,
whereas 32.5 % (0.05 mol pyrrole, APS as oxidant) exhibited 1.2 S/m. The 2nd
order magnitude variation of conductivity observed in the fabrics was achieved by
using same monomer concentration with different oxidants. Even though, the
pyrrole having same doping degree, the counterion mobility and number of defects
in the polymer chains contributing the 2nd order magnitude changes in the electrical
conductivity.

Effect of Metal Nanoparticles

Babu et al. [4] prepared PPy-Ag embedded antimicrobial textiles by adding silver
nitrate solution onto the 30 min impregnated cotton fabrics, stirred for 24 h, washed
with methanol and water followed by drying. The silver nanoparticle greatly
influenced the conductivity of the cotton fabric up to 4-fold (4.82 x 10−1 S/m) with
respect to the polypyrrole-coated fabric (1.03 x 10−1 S/m) and additionally con-
ductivity increased with the NPs concentration (Fig. 9) and Xu et al. fabricated the
cotton with PPy/Ni [101]. They developed a textile-based electrode for the appli-
cation of high-performance supercapacitors and DSSC applications.

4.1.2 Polyaniline

Li et al. [36] utilised the in situ polymerization grafting techniques to develop
conducting textiles by the APS oxidative polymerization of aniline onto the pre-
viously grafted acrylamide using PPS. The polymerisation and dopants were carried
out in two bath, viz., APS bath to oxidise the monomer and HCl bath to introduce
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the dopants on it. The authors extensively studied the problems associated with the
grafting process such as concentration of oxidant affecting the conjugation due to
over oxidation, and dopants making the salt formations at higher concentration. So
the concentration of oxidant, monomer, dopant and processing time of chemical
grafting process are import to impart reasonable conducting properties to the cel-
lulose fabrics. While dipping the cotton fabric (previously soaked in 0.9 mol/L of
APS and 0.6 mol/L aniline solutions) in 1 mol/L HCl for 30 min, the conductivity
increases by one order magnitude with the value of 2.45 × 10−2 S/m.

Fig. 9 Scanning electron microscopic images of textiles a PPy-Cotton at lower magnification,
b PPy-Cotton and c bare cotton at higher magnification, d PPy-Viscose atlower magnification,
e PPy-Viscose and f bare viscose at higher magnification. Adopted from [6] with permission,
copyright 2013, Elsevier
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Polyaniline with Nanoparticles

Savitha et al. [53] developed highly durable polyaniline–TiO2 coated cotton fabrics
with conductivity up to 10,000 S/m. The 1.3 ml of solution (2 ml of TiCl4in 10 ml
of alcohol) and 0.6 ml of aniline were added into the flask containing 40 ml of 1 M
acetic acid at r.t. and the reaction mixture stirred at 80 °C for 4 h. The cotton fabric
was completely immersed in the colloidal solution by continuous stirring for 1 h at
room temperature. The fabric with aniline–TiO2was polymerised using 1.0 molar
ratio of APS and 0.5 molar ratio of CSA with respect to aniline. Then the fabric was
washed with distilled water, dried and conductivity measured as 1.5 × 10−1 S/m.
The conductivity of the fabrics is increased with TiO2 concentration but it is
reverted due to the higher TiO2 concentration due to orientation defect and con-
jugation blocking of conjugation and hinder the carrier transport between different
molecular chains of polyaniline.

4.1.3 PEDOT:PSS

Tarabella et al. [73] converted cotton yarns into semi-conductive yarns using the
simple and economic by coating and baking method. Cotton yarns were soaked in
the aq. PEDOT:PSS at 6 °C for 48 h followed by baking on the hot plate at 145 °C
for an hour. Then the fabric was soaked in ethylene glycol for 3 min at room
temperature to improve the conductivity and stickiness on the yarn. Fabrics showed
low electrical resistivity of 25 x 103 Ω/cm, whereas modified aqueous solution of
PEDOT:PSS with 5 % dodecyl benzenesulfonicacid (dopant, surfactant) and 20 %
of ethylene glycol showed 430 Ω/cm due to the dopants and effective coating by
reducing solubility of PEDOT:PSS in aqueous media. This process is simple, low
cost and used as a channel of an organic electrochemical transistor for wearable
health care electronics.

Mattana et al. [44] developed a technique in which metal nanoparticle (Au)
imprinting onto the conducting polymer PEDOT-coated fibres. The cotton fabrics
were soaked in the solution of metal nanoparticles for 24 h and then the fabric
rinsed with water to remove the loosely bounded gold nanoparticles, after which it
was dried in air oven. Previously, the cotton fabric was converted into cationic
cellulose fabrics by immersing in aqueous solution of (2,3-epoxypropyl) triethyl-
ammonium chloride. The prepared gold nanoparticles decorated on cotton fabrics
having the resistance up to 1.2 x 108 Ω/cm. The chemical vapour deposition
techniques were employed to deposit thin film of PEDOT:tos on the cotton yarns.
PEDOT:tos coated cotton yarn was soaked in a solution of 125:25:1 wt% of iso-
propanol:Fe(III)-tosylate:pyridine for 10 min and dried at 80 °C for 3 min followed
by 50 °C for half an hour. The fabrics were finished with rinsing with ethanol and
drying in oven for 12 h at room temperature. From the experimental results,
PEDOT:tos coated over the Au NPs coated cotton fabrics exhibited improved
conductance behaviour up to 4 orders of magnitude. This kind of nanoscale
modification on natural cotton fibres with metal nanoparticles imprinting onto the
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conjugative conducting polymers enhances the conductivity by 7.5 % comparing
polymers and similarly 104 times with natural cotton yarn. Obviously the increasing
order of conductivity will be cotton + Au NPs + PEDOT:tos > cotton + PEDOT:
tos > cotton + Au NPs > Cotton. The fabric coated with Au NPs and PEDOT:tos
have the good electrical and mechanical properties that can be useful for making
conductors, electrochemical transistors.

4.2 Nanoparticles Coating

Cotton textiles conductivity was improved by electrochemical nanoparticle depo-
sition method using three electrodes system [7]. The activated cotton textiles, ACT
was made of dipping, drying and annealing processes which were carried out by
dipping the textile in 1 M NaF solution for 1 h and drying at 120 °C, followed by
annealed in tubular furnace at 800–1200 °C in argon atmosphere for an hour.
Counter electrode, Pt foil and working electrode, ACT was immersed into the
electrolyte solution of equimolar 0.1 M solution of Mn (CH3COO)2 and Na2SO4.
A constant current 1 mA/cm2was applied for 30–240 min to coat the MnO2, and
then fabrics were washed with deionised water to remove the electrolyte and then
dried in oven at 100 °C for 3 h. Such fabrics have resistivity of 10–20 Ω/sq which is
enough to get the supercapacitor behaviour on the textiles.

Wei et al. [96] developed a novel textile-based six-layer structured sensor
including conductive layer, which was achieved by applying silver/polymer paste
over cotton/polyester fabric and cured at 150 °C for 30 min. This kind of printing
method for conductive applications gave satisfactory resistivity about 0.015 Ω/sq.
They have developed cantilevers using the above conductive material as motion
sensors to detect human arm movements that can sense both slow and fast motions.

Superhydrophobic antimicrobial cotton conductive fabrics with silver nanopar-
ticles without using any conducting polymers were developed by Xue et al. [99].
10 wt% NaOH treated cotton fabrics were dipped into the [Ag(NH3)2]

+ solution for
1 h and then fabric transferred into 0.1 M glucose solution and the reaction mixture
were stirred with the dipped fabric for 15 min and then fabrics were washed, dried
in air. The conductivity of the dried superhydrophobic fabrics was measured to be
37 Ω/cm.

In2O3/SnO2nanoparticles:

Hu et al. [27] reported cotton fabric was dipped into the previously prepared ITO
precursor solution (indium chloride and tin chloride) for 2 h under vacuum, dried at
60 °C for 0.5 h and the same process was repeated three times. After calcination at
350–550 °C for 4 h, the size of NTO particles over fabrics is changed to 20–30 nm
resulting in conductive network. The conductivity of the regular nanoparticle net-
work on cotton template was improved up to 5 S/m.
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ZnO Nanoparticles:

Jur et al. [31] used atomic layer deposition method (ALD) technique to deposit
nanoparticles conformal layer on the fabric with retainable inherent properties. One
of the drawbacks of this method is mechanical cracking with increasing number of
cycles (i.e. after 500 cycles). 20–200 nm thickness ZnO oxide films were deposited
on the cotton fibre using diethylzinc and water in an ALD cyclic process (180–600).
The conductivity of the fabrics increases with number of cycle and at the end of
240th cycle, the conductivity hits its highest notch at 2400 S/m.

4.3 Carbon Derivatives

Carbon derivatives such as graphene and carbon nanotubes have greater number of
sp2 carbon atom which allows extensive delocalization of electrons which increases
the conductivity of the materials. Based on the effective coating the conductivity of
the materials will vary due to lack of connectivity between the coated conductivity
batches.

Yun et al. [108] fabricated highly conducting fibre by chemical reduction
method of graphene oxide using HI. Bovine serum albumin (BSV), universal
adhesive, was used to coating on cotton, nylon-6, polyester to improve the holding
capacity of graphene oxide. BSV-coated fabric was further dipped in aqueous
solution of graphene oxide after that reduced with HI and finally reduced graphene
oxide coated on cotton. Thus, conductivity was achieved up to 103 S/m along with
properties with highly durable and 400 bending cycles.

Guinorart et al. [22] built electrochemical sensors for wearable textile devices
using commercial cotton yarns into electrical conductors through a simple dying
process using a CNT ink. CNT ink was prepared by 3 mg/ml of SWCNT in an
aqueous solution of sodium dodecyl sulphate. After drying, the resistivity of the
textile fabric was decreased to 500 Ω/cm due to CNTs wrap around the cellulose
fibres through strong supra molecular interaction. The improved conductivity by the
supramolecular interaction is enough to make sensor and to sense the electro-
chemical reactions.

Mateos et al. [43] developed conducting recipe by dip-coating of polycation and
polyanion in the industrial scale. The textile was coated with 1.0 wt% of branched
polyethylenimine, (BPEI) as an adhesive to bind the polycation and polyanion
effectively. The textile were rolled for 12 h in 0.25 wt% of positively charged
aqueous solution of poly(diallyl dimethyl ammonium chloride), followed by soni-
cation at 20 W for 1 h in a solution of 0.05 wt% of MWCNT and 1.0 % sodium
deoxy cholate (DOC, stabilizer). After that, the solution pH was adjusted to 4 to
bring out the effective deposition. A nip-roll techniques were used to remove excess
solution after each deposition. The coated textile fabric was dried in an oven at 70 °C
to remove moisture. The industrially scaled textile fabrics with MWCNT coating is
bringing resistivity up to 8.1 x 104 Ω.
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4.4 Applications

Conducting textiles used for several applications such as sensor [22, 31], sup-
ercapacitors, wearable electronics, DSSC [32, 37], drug delivery applications [4].
Due to its advantages, it can be useful as electrode material for supercapacitor
applications [6, 105]. Phase memory polymers can respond to external stimuli due
to the enthalpy changes during the phase change. Babu et al. [5] developed a
thermally responsive textile pads with the polypyrrole-modified textiles.
Polypyrrole-modified cellulose derivatives are one such type of materials that can
respond to external thermal stimuli due to the molecular level/local dimensional
changes and interfacial interaction between NWVR (nonwoven viscose rayon) and
polypyrrole. Polypyrrole–NWVR strips are illustrating the upward movements and
angle variation with respect to the actuation of thermal stimuli (Fig. 10). These
kinds of highly responsive materials are useful for the electric fields and robotic
engineering technological products.

Fig. 10 a Schematic illustration of the bending movement/unbending of the PPy-NWVR strip
towards temperature changes, b Digital photographic image of the bending movement at different
temperatures, c time profile of unbending movement after removal from the hot plate and
temperature-dependant actuation d angle and e height of the PPy-NWVR strip (1 × 7 × 0.3 cm3).
Reproduced with permission [5], copyright © 2014 WILEY-VCH Verlag Gm bH & Co. KGaA,
Weinheim
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5 Drug Delivery

Clothing materials, pressure garments, artificial body parts, wound dressing mate-
rials, transdermal patches and bandages are also made of cellulose materials that are
having the high breathability, flexibility, fibrous in nature. Due to the wide usages,
the production of such materials with high durability and recyclability against the
increased problems of microbial contamination and fibre damages due to envi-
ronmental factors. Hence, the highly durable antimicrobial textiles were prepared
by coating/grafting with various metal nanoparticles, metal oxide nanoparticles,
quaternary ammonium compounds, N-halamine derivatives and other class of
antibiotics. Further, these materials can be useful for the water purification methods
to kill the microbes present in the aquatic environment. Microbial survival per-
centage on the cellulose derivatives was calculated using the following formula:

Reduction viability; %ð Þ ¼ A� B
A

� �
� 100

Where, A and B are the average number of bacteria with the respect to time and
zeroth time on the contact with the microbial.

5.1 Nanoparticles

Metal/metal oxide nanoparticles are effective antimicrobial agents used in drug
delivery and other biomedical devices. Even though, certain metal/metal oxides are
hazardous for the body, after optimization of the concentration level (non-hazard-
ous) the drug can be delivered into the body for safety. The controlled release of
such hazardous materials is usually done by encapsulating the drug molecules into
the polymer matrix which also increases the stability and efficacy of the core drug
molecules.

Perelshtein et al. [50] and Petkova et al. [51] developed an innovative approach
of sonochemical method to develop antimicrobial dressings on cotton fabrics. ZnO
NPs were coated sonochemically on the cotton fabrics using an ultrasonic trans-
ducer for 30 min in a solution containing aqueous ZnO NPs and chitosan. After
coating, the samples were washed thoroughly with water and dried to obtain 12–
40 nm of ZnO coating thickness. Antibacterial activity of the coated fabrics showed
good antimicrobial activity which shows that more than 98 % of both S. aureus and
E. coli survival was controlled within 60 min (Fig. 11). The antimicrobial coatings
were highly resistant to multiple washings and temperature (up to 75 °C) for uses in
a hospital environment.

Moreover, the cellulose-based fabrics were used for coating with combination of
metal nanoparticles and metal nanoparticles/polymers giving efficient drug delivery.
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Arain et al. [3] used a simple pad-dry-cure method to study about the antibacterial
activity of AgCl–TiO2/chitosan colloid coated fabric. The antimicrobial cotton
fabrics were fabricated by dipping into solution containing chitosan and AgCl–TiO2

colloid, nipped, dried for 3 min at 120 °C, curing for 3 min at 150 °C. Authors
highlighted that the synergistic effect of the colloid (Chitoshan and AgCl) resulted
in effective antimicrobial activity against the microbes. Several reports are also
available on Ag NPs within PPy matrix [4], Ag with chitosan [1], Ag NPs with
sericin [106], TiO2 with sericin [16], MgO NPs [71], Zn NPs with CuO [41], Cu2O
[54] coating with the cellulose substrate.

5.2 Drug Molecules

Luo et al. [39] synthesised cellulose–EDTA conjugates by esterification of cotton
fabrics with EDTAD (Ethylenediaminetetraaceticdianhydride) to show the initial
protection of mammalian cells from microbial cells. 15 g of pre-treated cotton
fabrics was added to the solution of 30 g of EDTAD in 500 ml of anhydrous DMF
and the reaction was carried out under constant stirring at 75 °C. After completion
of the reaction, the treated fabrics were washed, dried and stored for 72 h. The
authors highlighted the antimicrobial efficacy of these materials with respect to
different grafting yields, in which the fabrics having 15.7 % grafting yield is enough
to kill the bacteria in 2 h minimum contact time.

Zhuo et al. [117] reported the development of anthraquinone-based light-induced
antimicrobial cotton fabrics and evaluated against the microbes. 1–9 % of 2-
Ethylantraquinone, 2EtAQ/0.5 % of Vat Yellow GCN was dispersed in water under
alkaline conditions and then allowed to react with sodium dithionite for 10 min at

Fig. 11 a Percentage of remaining antibacterial activity of the coatings after 10 washing cycles at
75 °C against S. aureus (light grey bars) and E. coli (dark grey bars), after 15 min of contact.
b Antibacterial activities of the Zn2+/CS fabrics before and after washing. Reprinted with
permission from [51], copyright 2014, American Chemical Society
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50 °C. To this 20 times diluted salt solution, the cotton fabrics were immersed and
then dyeing for 50 min with agitation at room temperature. Upon dye exhaustion,
the treated fabrics were dried, oxidised at r.t. in air, and then washed with boiling
detergent water for 30 min, rinsed and dried at r.t for overnight. The light-induced
antimicrobial function of the cotton fabrics were evaluated by in vitro studies which
exhibited that the 99.99 % reduction rate of bacterial count was noticed in 30–
60 min depends on the weight percentage of the drugs.

Hong and Sun [26] produced photoactive antimicrobial cotton fabrics by
esterification of benzeophenonetetracarboxylicdianhydride (BPTCD) with cellu-
lose. The cotton fabrics were immersed in a solution of BPTCD and sodium
hypophosphite hydrate and then the reaction mixture shaken for 30 min. Further,
the fabrics were padded to have a 130 % wet pickup rate, dried at 85 °C for 30 min
and cured at 150 °C for 4 min followed by washing and air drying at 25 °C for 24 h.
The antimicrobial activity was found to be increasing with increase for BPTCD, so
that reduction rate of 99.99 % was achieved in 2 h for 0.2 M of BPTCD. The
mechanical properties of the fabrics retain after the process.

Chen et al. [14] grafted an environmental friendly antibacterial cotton fabrics
with siloxanesulfopropylbetaine (SSPB). The cotton textiles were functionalised
covalently with Si of SSPB by dip-coating. In detail, the cotton textiles were
ultrasonic washed with dimethylacetamide and water for 10 min and then the dried
fabrics dipped in 2.0 wt% SSPB/alcohol to get the 0.03 mg/cm2 of SSPB on
textiles. The authors highlight that the drug materials is nontoxic, non-leachable
from the fabrics, and does not induce skin stimulation. These hydrophilic anti-
bacterial fabrics have a good killing efficiency of 89 % within first 1 h.

Shimanovich et al. [55] developed a sonochemical method to coat tetracyclin,
TTCL-loaded proteinaceous microspheres were made of BSA and casein proteins.
The authors made TTCL-encapsulated microspheres with proteinaceous proteins
and optimised the optimal concentration to coat on the cotton/polyester is
5.4 × 10−3 M. Dodecane and aq. BSA/casein solution and cotton fabrics were taken
in a reaction cell and to the solution 5 % of TTCL was added to it. The whole
mixture was sonicated for 3 min and then ultrasonic horn was positioned bottom of
the reaction cell to coat at constant temperature of 22 °C. After the reaction, the
bandages were washed to remove the unbounded microspheres on 1328 nm cotton
fabrics and 680 nm polyester fabrics. Such prepared fabrics show good antimi-
crobial activities and comparable with the 30 µg of TTCL tablet with a zone
inhibition of 27 mm for 12 µg of TTCL.

Cerkez et al. [12] have used simple and layer-by-layer assembly technique for
multiple time coatings onto cotton surface. 0.2 wt% of poly(2,2,6,6-tetramethyl-4-
piperidyl methacrylate-co-trimethyl-2-methacryloxyethylammonium chloride),
PMPQ and Poly(2,2,6,6-tetramethyl-4-piperidyl methacrylate-co-acrylic acid
potassium salt), PMPA in water was made in two separate bath. Bleached cotton
swatches were dipped alternatively into these solutions for 5 min followed by 2 min
ethanol rinsing and drying at 100 °C for each dipping process. Between these two
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dipping process, the fabrics is washed with deionized water for 30 s to remove the
unbounded polyelectrolytes. The fabric is treated at 120 °C for 12 h, and then
washed with detergent and subsequently with water. Finally, it undergoes chlori-
nation to activate the drug. Chlorinated halamine drugs show effective bacterial
activity against microbes within 15 min of contact time.

Ma et al. [40] reports the synthesis of N-halamine epoxide and grafting with
cotton fabrics to apply for antimicrobial dressings. N-halamines-based antimicrobial
activities depend on the stabilities of the halamine bond and structure (descending
order imide > amide > amine). N-halamine based drugs are traditionally coated
using pad-dry-cure process. 1-Glycidyl-s-triazine-2,4,6-trione, (GTT) was previ-
ously synthesised and dissolved in water with 3–10 %, to this solution, cotton
swatches were soaked for 15 min. After two dips and two nips process, the swat-
ches were dried at 95 °C for 5 min, cured for 10–20 min at 160–170 °C and then
soaked with 0.5 % detergent solution for 15 min, washed and dried at ambient
temperature. The cotton swatches were activated with 10 % sodium hypochlorite,
NaOCl at pH 7 for 1 h at r.t. This fabric was further washed with distilled water and
dried at 45 °C to remove the free chlorine and to get highly durable antimicrobial
textiles. The authors demonstrated that the more than 99.98 % reduction against
bacteria within 1 min contact time. The fabrics showed good stability of imide
halamine after repeated washing 50 cycles with a loss of 30 %.

Kocer et al. [34] prepared N-halamine-based copolymers showing the antimi-
crobial activities on cotton swatches. The copolymer of 3-chloro-2-hydroxypro-
pylmethacrylate and glycidyl methacrylate (called GM) and 3-glycidyl-5,5-
dimethylhydantoin (M) were dissolved in acetone to obtain a homogeneous solu-
tion. The cotton swatches were soaked in the above solution for 15 min, and then
padded, cured at 165 °C for an hour. After this process, the swatches were washed
with detergent solution and water for several times. The coated fabrics were
immersed in 5,5-dimethylhydantoin potassium salt solution in ethanol for 5 min
under reflux conditions to afford stiffer and slightly yellow fabrics, after washing
the fabrics with water, the fabrics became soft and white. The drug molecules were
activated by the chlorination using household bleach solution. Thus prepared fab-
rics inactivates the bacteria within 5 min of contact time.

Ringot et al. [52] reported a simple synthesis of photosensitizer-bearing anti-
microbial cellulose substrates for effective killing of gram-positive bacteria.
Aminoporphyrin, (TPP-NH2)/anionic sulfonedaminoporphyrin, (TPPS-NH2)/cat-
ionictrans-pyridiniumaminoporphyrin, (trans-MePyþ-NH2), was dissolved in THF
and then 1.2 eq of cyanuric chloride and 1.2 eq of DIPEA/NaHCO3/DIPEA were
added at 0 °C. The reaction mixture stirred for 15 min at 25 °C. The cotton fabric
pre-treated with NaOH, the grafting was achieved with the above reaction mixture
in 24 h at 70/80/70 °C. Finally, the fabrics were washed with THF, CHCl3, and hot
DMF for 24 h at 100 °C and then finishing with drying at 100 °C for an hour (as
shown in Scheme 1). The prepared fabric will be called as neutral/anionic/cationic
photosensitive cotton fabrics. The fabric showing good antimicrobial activity
against S.aureus and following this order of better activity in the increasing order of
anionic, neutral and cationic.

Eco-Friendly Cellulose–Polymer Nanocomposites … 489



6 Conclusion and Future Perspective

The main part of cellulose research focused on various approaches from one-step to
multi-step process for effective durability and properties. The polymerization and
coating methods are extensively used to obtain superhydrophobic, conductive and
biological properties on the biofibrous materials. The limitations that are yet to
overcome are durability of the coating, problems associated with the conversion of
lab scale to plant process, multi-step processing, coating thickness, economically
viability processes and low grafting efficiency. The chemistry of biofibres with
polymers and nanoparticles will satisfy modern world requirement with eco-
friendly composites for multifunctional applications. The biofibre composite
materials durability can be enhanced up to 20,000 usage cycles with retaining the
properties through grafting polymerization methods. The research area opens to find
such grafting methods with the cellulose for achieving highly durable, highly
conductive (>1000 S/m), amphiophobic and eco-friendly biocomposites.

As can be seen from the above discussions, grafting of polymers along with
nanocomposites with cellulose fabric is an exciting topic of research. Future
developments in this polymer nanocomposites biofibres filled will surely revolu-
tionise the textile industries. The promising future developments include,

(a) The novel functions to be introduced on textile surfaces include, detoxification
(filtering of toxic chemicals), membrane for oil–water separation, sensor,
actuators and flexible electrodes for energy storage devices.

(b) Health care materials, where sustained release of drug is required for wound
healing especially in case of diabetic/cancer purposes.
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1 Introduction

Recently, there has been a continuing increase in the research of polymer-based
materials starting from synthetic polymers to biorenewable and biodegradable polymer
[1, 2]. Among the different polymeric materials, biopolymers are considered most
environmental friendly, for various purposes, in particular for multifunctional appli-
cations, since many of these polymers, in addition to being biodegradable, also possess
antimicrobial and antioxidant properties [3–6]. Among the biodegradable matrices of
natural origin have, in particular, polysaccharides (starch, cellulose, pectin, or
chitin/chitosan); proteins (casein or gluten); and lipids (fatty acids, resins, and waxes),
that has ability to form nanocomposite films and nontoxic, and biocompatible, which
have the advantage of being able to be in contact with food products.

1.1 Biopolymers: Bio-Based Matrix Material

Natural polymers belong to the special class of polymers found in nature such as natural
fibers, starch, proteins, etc., [7, 8] and possess a well-defined structure [9–11]. The use of
natural polymers-basedmaterials by human beings is not new as these polymermaterials
have been used in the earlier civilization bymany centuries ago. Polymers obtained from
different biorenewable resources are generally refereed as bio-based polymers [12, 13]. It
is well known that renewable resources such as plants (e.g., cellulose or chitin, vegetable
oils, etc.), bacteria, as well as nonrenewable petroleum (e.g., aliphatic/aliphatic–aromatic
co-polyester) are sources of a variety of polymeric materials. Accordingly, biodegrad-
able polymeric materials have been classified as natural or synthetic depending on their
origin. Also, biodegradable polymers themselves can be classified depending on their
origin such as agro polymers (starch or cellulose), microbial poly (hydroxyalkanoate),
chemically synthesized from agro-based resource monomers poly (lactic acid), and
chemically synthesized from conventionally synthesized monomers.

Most natural polymers are water sensitive, in that they absorb water, and may even
be water soluble, causing their properties to deteriorate (Figs. 1 and 2). This is nor-
mally overcome by blending them with polymers or plasticizers to enhance their
performance (and value). These can lead to “new polymers” with attractive properties.
To take advantage of this and their cost as well as the properties of “old polymers,”
several low-cost monomers are used. Thus, a change in the paradigm in polymers has
been occurring during the last few decades to obtain functional polymer including
structural polymers. The details of some biopolymers are given in Figs. 1 and 2.

1.2 Starch-Based Polymers and Composites

Starch is the main storage supply in botanical sources such as cereals (wheat, maize,
rice), tubers (potato), and legumes (pea). In the past, studies carried on starch esters
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were abandoned due to their inadequate properties in comparison with cellulose
derivates. Only in the recent years, a renewed interesting starch-based polymers has
been aroused.

Starch consists of two major components, amylose and amylopectine. Amylose
(Fig. 3a) is a linear or sparsely branched carbohydrate based on α(1-4) bonds with a
molecular weight of 105–106. The chains show spiral-shaped single or double
helixes. Amylopectine (Fig. 3b) is a highly multiple branched polymer with a high
molecular weight of 107–109 based on α(1-4) bonds and α(1-6) links constituted
branching points occurring every 22–70 glucose units [16, 17]. In nature starch is
found as crystalline beads and in three crystalline modifications according to the
botanical source.

The crystallinity of the starch granules is attributed mainly to the amylopectin
and not to amylase, which is although linear, presents a confirmation that hinders its
regular association with other chains. Starches exhibit poor melt processability and

Fig. 1 Silylation of Starch with bulky thexyldimethylchlorosilane (TDSCl) inN-methylpyrrolidone
(NMP)/ammonia. Reprinted with permission [14]. Copyright 2001, American Chemical Society

Fig. 2 Preparation of a starch-graft-poly(1,4-dioxan-2-one). The diisocyanate (NCO) group links
the poly 1,4-dioxan-2-one (PPDO) to the starch chains. Reprinted with permission [15]. Copyright
2006. Elsevier
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are highly water soluble, difficult to process, and brittle due to anarchical growth of
one their constituents, and hence need a plasticizer [18, 19] to make them suitable
for engineering applications.

Plasticizers such as water or glycols make starches flow and suitable for ther-
moplastic processing [18]. In this process, the glass transition temperature Tg and
melting point of starch decrease due to the mechanical and heat energy. Also, by
using the blends of some of these polymers, it is possible to tailor the mechanical
properties of such thermoplastics to suit structural applications, depending on the
source and processing conditions, or by using fillers, including cellulose
micro/nanofibrils, and natural “macro” fibers [18, 20–23].

Modifications of starches, including blending them with other polymers, have
been the subject matter of many studies. For example, blends of wheat starch with
PLA (Fig. 4) or low density polyethylene (LDPE) have been prepared economically
using twin-screw extruders, without affecting their biodegradability, by incorpo-
rating dry starch granules into the poly(lactic acid) (PLA) or LDPE, where the
starch granules act as a filler resulting in an increased modulus, but also in further
loss of ductility with increasing starch content.

1.3 Poly(lactide) (PLA)

Poly(lactide) (PLA) has been the frontrunner in these (bio)polymers due to its
attractive mechanical properties, renewability, biodegradability, and relatively low

Fig. 3 Structures of
a amylose and
b amylopectine (depicted by
Prof. Dr. Vicente de Oliveira
Sousa Neto)
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cost [25]. In the first method to prepare PLA, l-lactic acid was condensed and water
was removed continuously, leading to low molecular weight PLA [26]. However,
due to its reversibility, this polycondensation method suffers from several draw-
backs such as the need of high temperature, the continuous removal of by-products
(most often water) and long reaction times. In this respect, ring-opening poly-
merization (ROP) of lactide (LA) (cyclic dimer of lactic acid) promoted by protic
compounds (water, alcohol, and amine) as initiators and tin(II) octoate (Sn(Oct)2)
as catalyst is industrially preferred to obtain high molecular weight PLA in bulk
(absence of solvent) (Fig. 5) [27].

Grafting of PLA chains on the surface of nanocelluloses has also been explored
to enhance the compatibility between the nanocellulose and PLA through “grafting
onto” or “grafting from” strategies. Li et al. [29] succeeded to graft epoxy-
terminated copolymer of polylactide and glycidyl methacrylate onto the surface of
BC nanofibers. The resulting polymer-grafted nanofibers showed a good ability to
disperse in PLA matrix, but any of the thermomechanical properties was reported in
this study. Through “grafting from” approach, polycaprolactone (PCL) chains were
grown from the surface of CNs by microwave-assisted ring opening polymeriza-
tion, and redisperse into PLA [30]. Although PCL and PLA are immiscible, the
authors reported that the resulting PCL-g-CNs showed good dispersion in PLA, and
consequently improved the mechanical properties of PLA at certain extent.
“Grafting from” method was also exploited by Goffin et al. [31] to graft PLA chains
from the surface of CNs (Fig. 6), which were then redispersed into PLA using

Fig. 4 The OH groups of the starch (St) are reacted with lactic acid and then the polymerization is
started by adding Sn(Oct)2 as catalyst. Reprinted with permission [24]. Copyright 2006. Elsevier

Fig. 5 ROP of LA promoted with ROH/Sn(Oct)2. Reprinted with permission [28]. Copyright
2013. Elsevier
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extrusion technology [31, 32]. The grafted PLA chains not only enhanced the
compatibility with the matrix but also co-crystallized with PLA matrix, creating
therefore a co-continuous network made of the filler within the PLA matrix. This
played a key role in the good adhesion acquired and hence in the improvement of
the mechanical properties for the final PLA-based nanocomposites.

1.4 Polycaprolactone (PCL)

Polycaprolactone (PCL) and its copolymers are a type of hydrophobic aliphatic
polyester based on hydroxyalkanoic acids. They possess exceptional qualities:
biocompatibility; FDA approval for clinical use; biodegradability by enzyme and
hydrolysis under physiological conditions and low immunogenicity. These critical
properties have facilitated their value as sutures, drug delivery vehicles, and tissue
engineering scaffolds in pharmaceutical and biomedical applications. However, the
hydrophobicity of PCL and its copolymers remains a concern for further biological
and biomedical applications. One promising approach is to design and synthesize
well-controlled PCL-based amphiphilic block copolymers.

PCL-based amphiphilic block copolymers are prepared by combing a hydro-
philic segment with PCL blocks in various architectures which can then self-
assemble into intriguing aggregates of various shapes and sizes in selected solvents
such as micelles, vesicles, and hydrogels [33–36]. Hydrophilic components such as
poly(ethylene glycol) (PEG), poly(acrylic acid), (PAA), poly(2-ethyl-2-oxazoline)
(PEtOz), poly(N-isopropylacrylamide) (PNIPAAm), and poly(N,N-dimethylamino-
2-ethyl methacrylate) (PDMAEMA) have been utilized to construct amphiphilic
block copolymers with PCL as the hydrophobic segment.

PEG-PCL diblock copolymers were previously synthesized by ring opening
polymerization (ROP) of ε-caprolactone using monomethyoxy poly(ethylene

Fig. 6 Grafting from method based on ROP of LA carried out via hydroxyl functionalities present
at the CNs surface. Reprinted with permission [28]. Copyright 2013. Elsevier

502 F.C. de Freitas Barros et al.



glycol) MPEG as the macroinitiator (Fig. 7). Calcium ammoniate [37], HCl/Et2O,
rare earth catalyst yttrium tris(2,6-ditertbutyl-4-methylphenolate) [Y(DBMP)3] [38],
Lewis acid [37], and Tin compounds [38] are effective catalysts for the ROP of
ε-caprolactone when using the terminal alcohol of PEG as initiators [38].

Triblock copolymers comprising of three different segments can be built into
A-B-C triblock architecture. For example, a series of well-defined amphiphilic
triblock copolymer MPEG-PCL-PDMAEMA were prepared by a three-step reac-
tions in the combination of ROP, transesterification, and ATRP (Fig. 8). These
PLA-based amphiphilic block copolymers have found a variety of bio-related
applications; typical examples include: self-assembled nanoparticles for drug
delivery and hydrogels for tissue engineering.

Fig. 7 MPEG-PCL diblock copolymers prepared by ring opening polymerization. Reprinted with
permission [38]. Copyright 2013. Elsevier

Fig. 8 Synthetic scheme of MPEG-PCL-PDMAEMA A-B-C triblock copolymer. Reprinted with
permission [38]. Copyright 2013. Elsevier
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1.5 Lignin

Lignin is the second most available polymer next to cellulose and comprises 25–
30 % of the nonfossil organic molecules on earth [39, 40]. Lignin is hydrophobic in
nature, thus making the cell wall impermeable to water and ensuring an efficient
water and nutrition transport in the cells [41, 42]. It is known as a cross-linked
macromolecular material based on a phenylpropanoid monomer structure. The
Fig. 9 shows monomer structure has been reported to consist of the same phenyl
propenoid skeleton [9, 11, 43].

Nair et al. [45] showed that on chitosan–lignin composites for adsorption of dyes
and metal ions from wastewater all the interactions between chitosan and alkali
lignin are likely due to the formation of weak hydrogen bonds. The hydroxyl group
present in the phenolic ring of alkali lignin can interact with (a) β-1,4-glycosidic
oxygen (shown as dashed line 1 in Fig. 10) and (b) hydroxyl group of chitosan
(dashed line 3). A weak bond is also formed between hydroxyl group of chitosan
and methoxy group of alkali lignin (dashed line 2). A weak interaction between
aromatic ring of alkali lignin and secondary amino group of chitosan was also
observed and then worked (dashed line 4).

Fernandes et al. [46] have obtained from high-density polyethylene (HDPE) and
cork powder cork-polymer composites (CPC) with improved properties (Fig. 11).
This work focuses on the development of cork–polymer composites (CPC) using
suberin and lignin as bio-based coupling agents through a reactive extrusion
(REX) process, in order to overcome with environmental benefits the insufficient
adhesion between cork and a high-density polyethylene (HDPE) matrix. REX has
the capability of functionalize, prepare the composite, and produce pellets in a
single step. No environmental or health hazardous solvents are used, low invest-
ment costs, and high production yields are obtained [47]. Benzoyl peroxide
(BPO) was used as initiator agent, and suberin or lignin isolated from
cork-enhanced filler-matrix bonding and promoted mechanical reinforcement with

Fig. 9 Monolignol monomer species: a p-coumaryl alcohol (4-hydroxyl phenyl, H), b coniferyl
alcohol (guaiacyl, G), c sinapyl alcohol (syringyl, S). Adopted with permission. Reprinted with
permission [44]. Copyright 2011. Elsevier
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Fig. 10 Preparation of chitosan–alkali lignin composite. The dashed lines show the possible weak
bonding between chitosan and alkali lignin. Reprinted with permission [45]. Copyright 2014.
Elsevier
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environmental benefits. According to the authors, the novel composites were
characterized in terms of dimensional stability, evolution of morphology, thermal
and mechanical properties, and their performance was compared with that of
composites containing polyethylene-grafted maleic anhydride (PE-g-MA) as cou-
pling agent. As expected, composites with coupling agent present higher
mechanical properties, lower water uptake, and thickness swelling variation.
Suberin acts as plasticizer with antioxidant benefits, while lignin works as a cou-
pling agent, improving tensile modulus and maximum strength. Increasing lignin
content does not improve the mechanical properties but improves thermal stability.

Fig. 11 a Twin-screw extruder setup. Screw profile is defined in terms of (pitch_length) of the
various elements. a and b denote locations of material sampling; b Scheme for the production of
extruded functionalized cork-polymer composites (CPC) from a CPC 3 composition with 2 wt% of
suberin and b CPC 5 with 4 wt% of lignin as coupling agent in the pellet form. Reprinted with
permission [46]. Copyright 2014. Elsevier
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1.6 Cellulose

Cellulose is the world’s most abundant natural, renewable, biodegradable polymer,
and a classical extracellular high-performance skeletal biocomposite consisting of a
matrix reinforced by fibrous biopolymer [48, 49].

1.7 Cellulose Chemical Composition

It is a linear homopolysaccharide consists of glucose (D-glucopyranose) units
linked together by β-(1-4) glycosidic bonds (β-D-glucan), Fig. 12. This polysac-
charide is widespread in nature, occurring in both primitive and highly evolved
plants. The size of the cellulose molecule is normally given in terms of its degree of
polymerization (DP), i.e., the number of anhydroglucose units present in a single
chain. However, the conformational analysis of cellulose indicated that cellobiose
(4-O-β-D-glucopyranosyl-β-D-glucopyranose) rather than glucose is its basic
structural unit [50].

1.8 Cellulosic Chemical Features Versus Their Incorporation
into Composites

Cellulose’s chemical characteristics provide it a rich variety of options for chem-
istry and engineering for many material applications [52]. Cellulose’s structure is
based on a 180o turn-screw ß-1,4-glucopyranoside cellulose polymeric chain that
gives rise to various crystalline domain formations that are considered allomorphs
[53]. These domains possess very high strength, approximately on the order or
greater than a comparable structural steel sample. This intrinsic strength is available
in the fundamental domains, the nanocrystals, which can be obtained upon a variety
of acid hydrolyses to yield rod-like crystals [54]. These nanocrystals are able to
provide reinforcement in a variety of composites [55–59]; yet, a problem is that
failures in a composite with these materials are really due to weak boundary layer

Fig. 12 Bassic chemical structure of cellulose [51]. http://www.lsbu.ac.uk/water/hycel.html,
(September, 2010)
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interactions, especially between polar (cellulose) and nonpolar components. Thus,
chemical modification schemes are necessary, which can generally be done to the
cellulosic portion followed up by cross-linking [60]. Cellulose can easily accom-
modate hydrophobic appending chains to overcome adverse interactions with
nonpolar composite matrices. Moreover, the high melting temperature of the cel-
lulose nanocrystals can positively affect the thermal transition properties of these
appending chains, a very attractive feature for designing materials that need to
perform at high temperatures. Likewise, the high hydrophilicity of cellulose is
sometimes a disadvantage in certain applications; thus, a variety of surface modi-
fication strategies are available such as coating them with surfactants [61] or
grafting hydrophobes onto them [59].

By utilizing ROP of monomers such as ε-caprolactone or l-lactide from cellu-
lose, composite materials with new and/or improved properties can be obtained.
Grafting of solid cellulose substrates, such as cotton, microfibrillated cellulose
(MFC) or cellulose nanocrystals, renders cellulose that can easily be dispersed into
polymer matrices and may be used as reinforcing elements to improve mechanical
and/or barrier properties of biocomposites. A surface-grafted polymer can also
tailor the interfacial properties between a matrix and the fibrillar structure of cel-
lulose. When derivatives of cellulose are grafted with polymers in homogenous
media, amphiphilic materials with interesting properties can be achieved anticipated
to be utilized for applications such as encapsulation and release.

Yang et al. [62] grafted filter paper with hyperbranched poly(3-methyl-3-
oxetanemethanol) (HBPO) by SI-ROP of 3-methyl-3-oxetanemethanol from the
hydroxyl groups of cellulose (Fig. 13). The grafting of this hyperbranched polymer
yielded an increased amount of hydroxyl groups on the surface of the fibers, as
determined by XPS. The HBPO content of different samples varied between 44 and
99 %; however, the results calculated from XPS may overestimate the HBPO
content, due to an underestimation of the O/C ratio in cellulose.

Lönnberg et al. [63] were the first to report ring-opening polymerisation from
microfibrillated cellulose (MFC). The grafting was performed by SI-ROP of ɛ-CL

Fig. 13 Grafting of hyperbranched polyether from a cellulose fiber surface. Reprinted with
permission [62]. Copyright 2011. Elsevier
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in the presence of benzyl alcohol as a free initiator, Fig. 14, which created grafts on
the MFC as well as an unbound, free polymer.

The grafted fibers commonly self-assemble into micelles in aqueous solutions
which may lead to future applications as solubilizing agents for hydrophobic drugs.
As grafted cellulose derivatives often have good mechanical properties in addition
to good biocompatibility, they are utilized as material for surgical repair, an area
that potentially could expand further.

1.9 Cellulose–Chitosan Composites

Tran et al. [64] developed a simple and one-step method to prepare biocompatible
composites from cellulose (CEL) and chitosan (CS). [BMIm+Cl−], an ionic liquid
(IL), was used as a green solvent to dissolve and prepare the [CEL + CS] com-
posites. Since majority (>88 %) of IL used was recovered for reuse by distilling the
aqueous washings of [CEL + CS], the method is recyclable (Fig. 15). According to
the authors, the composite was found to have combined advantages of their com-
ponents: superior mechanical strength (from CEL) and excellent adsorption capa-
bility for microcystin-LR, a deadly toxin produced by cyanobacteria (from CS).

Of these biopolymers, the chitosan is capable of forming nanocomposite mate-
rials that may be used as coating or packaging for food preservation [4]. Chitosan
(Fig. 16a) 1is known as the most abundant natural biopolymer after cellulose, a
copolymer primarily composed of poly(1-4)-β-D-glucosamine, is obtained by the
enzymatic or alkaline (under heat-treatment) deacetylation of chitin (Fig. 16b), a
homopolymer of (1-4)-linked N-acetyl-β-D-glucosamine residues [65, 66], is a
biodegradable, hydrophilic, nontoxic, and biocompatible polysaccharide that pre-
sents a remarkable economic interest due to its functional versatility, with potential
applications. It is also an abundantly available low-cost biopolymer for pollutant
removal that can be obtained from natural resources [66–70]. When compared with
other commercial adsorbents, it has received a lot of focus due to its specific

Fig. 14 ROP of ε-caprolactone from microfibrillated cellulose. Reprinted with permission [63].
Copyright 2014. Elsevier

Recent Development of Chitosan Nanocomposites … 509



Fig. 15 Summary of the procedure used to dissolve and to regenerate films of CEL and/or CS
with [BMIm + Cl−] as solvent. Reprinted with permission [64]. Copyright 2013. Elsevier
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properties such as cationicity, high adsorption capacity, macromolecular structure,
abundance, and low price [65, 66].

The chitosan can be dissolved in acid media, cross-linking with, e.g., glutaral-
dehyde or epichlorohydrin, restores the insolubility features, while maintaining
effective adsorption capacity [66, 70]. Preparation of porous cross-linked chitosan
microbeads for metal ion adsorption has to take into account control of the pore size
[65]. Indeed, a large internal surface area is essential for efficient adsorption
capacities. In addition, clogging of the microbeads resulting in high backpressure is
prevented by the porous interior. Cross-linked chitosan microbeads show suitable
physicochemical properties, but the adsorption capacity is restricted because a
number of amino groups participate in the process at the expense of chelation [66].

Recently, there has been a continuing increase in the biopolymer research for
various purposes, in particular for multi- applications, since many of these poly-
mers, in addition to being biodegradable, also possess antimicrobial and antioxidant
properties [3, 4, 71]. Some of these biopolymers, in particular the chitosan, are also
capable of forming nanocomposite films that may be used as coating or packaging
for food preservation [4].

1.10 Chitosan Films

In addition, chitosan films have limitations due to their physicochemical character-
istics, such as water solubility in dilute acid solution, which limits their use as
packing material [3, 4, 66]. Thus, combination of nanomaterias and an antimicrobial/
antioxidant compound in chitosan films can be suitable, given its acceptable struc-
tural integrity and barrier properties imparted by the nanocomposite matrix.

Recent studies have approved that the incorporation of the nanomaterials into
chitosan, which increase the performance of the mechanical properties, functional
properties, barrier properties, and water solubility of chitosan films can be achieved
[3, 4, 71].

Another disadvantage is that the chitosan films presenting high water vapor
permeability, which limits the mechanical performance of chitosan films and its
applications. The chitosan films are resistant, but characterized by the limited
elongation, which it becomes too inflexible. The antioxidant properties, barrier,
mechanical and others factors depend on the film composition, its thickness, and
preparation techniques. The incorporation of additional films of chitosan com-
pounds can alter its properties. Consequently, there has been a growing interest in
the development of chitosan-based films with certain chemical modifications for the
production of functional materials [3, 4, 66, 71].

Methods developed for the chemical modification of chitosan-based films, such
as crosslinker (cross-linking polymer) represent effective means to change their
properties. In some case (grafting compounds), chitosan is bound to the polymer in
order to improve a specific property, and to improve the antioxidant or antimi-
crobial properties. The method of cross-linking is effective for connecting to other
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polymers or different polymer chains of chitosan together. After this process, their
properties are very different from those of the original polymer. The cross-linking of
the polymer leads to the formation of a continuous three-dimensional covalent
network that can allow the diffusion of bioactive material and water and to improve
the properties of the polymer [4, 66].

In this topic important methods developed by various authors involving the
incorporation of certain polymers and other polysaccharides to improve certain
properties of films based on chitosan are reported nanocomposites to diversify their
applications.

In connection, Shete et al. [72] reported the synthesis of nanocrystals of mag-
netite (Fe3O4) from ferrous chloride (FeCl2) by alkaline precipitation method in
absence of oxidant at low temperature. Then, bare magnetic nanoparticles were
coated with chitosan (CS) by ultrasonication. The complete synthesis of Fe3O4

nanoparticles and their surface modification with CS is presented in Fig. 17.
Magnetic nanoparticles (MNPs) were studied for their structural, morphological,

and magnetic properties. Phase identification and structural analysis were studied
by X-ray Diffractometry (XRD). The main characteristic peaks (Fig. 18a) were
obtained with the (h k l) values of (2 2 0), (3 1 1), (4 0 0), (4 2 2), and (5 1 1), which
correspond to Fe3O4 phase. The bright ring patterns of Selected Area Electron
Diffraction (SAED) in Fig. 18b indicate polycrystalline nature of the magnetic
nanoparticles. The ring pattern corresponds to (2 2 0), (3 1 1), (4 0 0), (4 2 2), and
(5 1 1) planes can be clearly seen.

Fig. 17 Flowchart of the
procedure for synthesis of
Fe3O4 magnetic nanoparticles
(MNPs) and their surface
modification using chitosan
(CS). Reprinted with
permission [72]. Copy right
2014 Elsevier
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Morphology and size were determined using Scanning Electron Microscopy
(SEM) and Transmission Electron Microscopy (TEM). SEM image of CS-Fe3O4

(Fig. 19a) shows spherical in shape particles agglomerated due to dipole–dipole
interaction and they formed small clusters mainly due to your magnetic nature.
TEM image (Fig. 19b) shows dispersed particles with 15.1 ± 5.0 nm sizes.

The attachment of CS on the surface of Fe3O4, were evaluated by Fourier
Transform Infrared (FTIR) Spectroscopy. Thermogravimetric analysis provides a
quantitative evidence of the coating of CS on nanoparticles (percentage of CS in the
MNPs, 21.3 wt%). The magnetization measurements were performed on a super-
conducting quantum interference device magnetometer. The CS-Fe3O4 MNPs
showed superparamagnetic behavior at room temperature, and specific absorption,
118.85 w g−1.

Since the nanocomposites particles will be used for biomedical applications, the
detection of biomaterial toxicity has to be addressed. The CS-Fe3O4 MNPs showed
low cytotoxicity. Induction heating ability of coated particles demonstrated a

Fig. 18 XRD (a) and SAED (b) patterns obtained from Fe3O4 nanoparticles and their surface
modification using chitosan (CS-Fe3O4 MNPs). Reprinted with permission [72]. Copy right 2014.
Elsevier

Fig. 19 SEM images (a) and TEM images (b) of CS-Fe3O4 MNPs. Reprinted with permission
[72]. Copy right 2014 Elsevier
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temperature rise under the application of external applied AC magnetic field. The
CS-Fe3O4 MNPs were suitable for hyperthermia therapy applications.

Wang et al. [73, 74] used a spin-coating technique to synthesize a nanostructured
semiconductor ZnxCd1−xS in chitosan–alginate nanocomposite films with potential
use in bioapplications. A cadmium-zinc-ion-containing CS solution was transferred
to a clean quartz substrate, and spin-coated for 30 min, after dried in an oven at
100 °C for 10 min to form a CS layer. The same quartz substrate was covered with a
sulfur-ion-containing alginate (AL) solution and spin-coated and dried similarly as
the above. ZnxCd1−xS nanoparticles (NPs) are formed between the CS and AL
layers. The preparation cycle was repeated to obtain more ZnxCd1−xS NPs in the
polymer layers.

The ZnxCd1−xS/CS/AL nanocomposite film was characterized by XRD, UV–vis
absorption spectroscopy (UV–vis), photoluminescence (PL) spectroscopy, TEM,
and atomic force microscopy (AFM). The XRD patterns, UV–vis absorption
spectra, and PL spectra demonstrated the formation of cubic ZnxCd1−xS NPs in the
composite films. TEM image (Fig. 20) shows quite small ZnxCd1−xS NPs are and
uniformly distributed in the film (NPs size *2 nm).

AFM images (Fig. 21) show nanocomposite films with various Zn/Cd molar
ratios. The surface morphology of the composite films goes from rough to smooth
with increasing Zn/Cd molar ratio, and the phase goes from bump-like shape to
particle-like shape with a uniform distribution. The results suggest that the
low-sized phase contains more Zn and the large-sized loop-shaped phase contains
more Cd due to the radius difference between Zn and Cd ions. When the Zn ratio is
larger, the film will be smoother with more low-sized phase.

Chitosan–nanocellulose nanocomposite films were prepared from chitosan
(molecular weight of 600–800 kDa), nanocellulose (20–50 nm diameters), and

Fig. 20 Typical TEM image
for the ZnxCd1−xS/CS/AL
composite film with a Zn/Cd
molar ratio of 1:1. Reprinted
with permission [73, 74].
Copy right 2011 Elsevier

514 F.C. de Freitas Barros et al.



glycerol under agitation and sonication [75]. The nanocomposites were examined
by differential scanning calorimetry and XRD.

Agar disk diffusion test indicated that the nancomposite had inhibitory effects
against gram-positive bacteria (S. aureus) and gram-negative bacteria (E. coli and
S. enteritidis) through its contact area. Application of chitosan–nanocellulose
nanocomposite film as food packaging on the ground meat decreased lactic acid
bacteria population up to 3.1 logarithmic cycles (compared with nylon packaged
sample) at 25 °C during 6 days of storage.

Youssef et al. [76] investigated the biosynthesis of silver nanoparticles (AgNPs)
and gold nanoparticles (AuNPs) by Bacillus subtilis bacteria for biodegradable
chitosan–silver (CS–Ag) and chitosan–gold (CS–Au) nanocomposites films pro-
duction. The AuNPs and AgNPs were added to CS (5 % w/w) solution. Then,
samples of CS nanocomposite solutions were transferred to flat silicon-coated Petri
dishes and left to dry for 24 h, at room temperature and at 35 % relative humidity.
CS nanocomposite dried films were unpeeled off manually and stored in the des-
iccator prior to characterization.

The formation and structural properties of AgNPs, AuNPs, and nanocomposites
films were evaluated by UV–vis absorption spectroscopy and XRD, respectively,
and their surface morphology properties were investigated by SEM and TEM. SEM
images of AgNPs and AuNPs are showed in Fig. 22. The AgNPs are homogenous
and smooth round spheres (Fig. 22a) in a 10–25 nm range size, while AuNPs have a
cubic structure (Fig. 22b) in a 10–15 nm range size.

Fig. 21 AFM images of the ZnxCd1−xS/CS/AL nanocomposite films with various Zn/Cd molar
ratios. The a–i images are for the samples with a Zn/Cd molar ratio of 1:9, 1:4, 2:3, 3:7, 1:1, 7:3,
3:2, 4:1, and 1:9, respectively. For each sample, the left image represents the height of the film, and
the right one represents the phase distribution of the film. Reprinted with permission [73, 74].
Copy right 2014 Elsevier
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TEM images show the distribution of AgNPs and AuNPs in the CS matrix
(Fig. 23a, b, respectively). Both NPs were uniformly dispersed into CS matrix. The
sizes of the nanocomposites are restricted to the nano range.

Antimicrobial activity assays of the prepared CS–Ag and CS–Au nanocom-
posites showed good antimicrobial activity against gram positive (S. aureus) and
gram negative (Pseudomonas aerugenosa) bacteria, yeast (C. albicans), and fungi
(A. niger) (Fig. 24). The zone of inhibition of the CS nanocomposites increased as
the concentrations of AgNPs and AuNPs increased in the chitosan matrix (Table 1).
These results suggested a potential application of CS–Ag and CS–Au nanocom-
posites as antimicrobial agents for biomedical, pharmaceutical, biosensor, and
edible packaging applications.

Organic–inorganic nanocomposite films based on graphene oxide (GO) and CS
were prepared were obtained by sonochemical method [77]. At room temperature, a

Fig. 22 SEM images of a AgNPs and b AuNPs prepared by B. subtilis. Reprinted with
permission [76]. Copy right 2014 Elsevier

Fig. 23 TEM images of a CS–Ag nanocomposites and b CS–Au nanocomposites. Reprinted with
permission [76]. Copy right 2014 Elsevier
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GO (2 % v/v) suspension was added dropwise in a CS (2 % v/v) solutions under
stirring. Then, the mixture was sonicated for 1 h and the nanocomposite films were
obtained by annealing under vacuum at 60 °C for 24 h.

Fig. 24 The antibacterial activity of CS–Au and CS–Ag nanocomposites against a gram positive
bacteria, b gram negative bacteria, c yeast, and d fungi [76]. Reprinted with permission. Copy right
2014 Elsevier

Table 1 The antimicrobial activity of chitosan as well as CS–Au and CS–Ag nanocomposite
films. Reprinted with permission [76]. Copy right 2014 Elsevier

Sample code Clear zone (Θ mm)

S. aureus P. aerugenosa C. albicans A. niger

Chitosan (CS) (% AuNPs) 6 7 6 0

0.5 12 7 8 15

1.0 13 12 14 18

2.0 15 12 13 25

0.5 9 11 12 10

1.0 10 12 12 8

2.0 18 15 19 9
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The GO/CS nanocomposite films were characterized by SEM, FTIR spectros-
copy, Thermogravimetry (TG), and differential scanning calorimetry (DSC). In the
infrared spectra of GO/CS composites (Fig. 25), for example, the weak broad peaks
in the region of 3000–3500 cm−1 (N–H stretching and O–H stretching on CS), the
presence of the peak at 1654 cm−1 and the absence of peaks at 1635 cm−1 (C = O
stretch of the carboxylic group related to amide on CS) and at 1725 cm−1 (C = O
stretch of the carboxylic group on GO) implies an attractive intermolecular inter-
action between CS and GO.

Electrochemical measurements were evaluated by Cyclic Voltammetry (CV) and
others current impedance experiments. CVs of CS and GO/CS composite electrodes
(Fig. 26) show a significant increase in redox peak current for GO/CS electrodes,
indicating that GO can improve the electroactive surface area of the electrode and
catalytic ability.

The characterization of GO/CS nanocomposite films indicates well-dispersed
GO nanosheets in the CS matrix. Electrochemical activity of the GO/CS

Fig. 25 FTIR spectra of GO,
CS, and GO/CS-x wt%
(where x is 0.3, 0.5, 0.8 1.0)
nanocomposite films.
Reprinted with permission
[77]. Copy right 2014
Elsevier

Fig. 26 CVs of CS and
GO/CS-x wt% (where x is
0.3, 0.5, 0.8 1.0) electrodes.
Reprinted with permission
[77]. Copy right 2014
Elsevier
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nanocomposite electrode demonstrated its potential application in the fabrication of
electrochemical biosensors.

Zhang et al. [78] reported the preparation of electrode by layer-by-layer
assembly of hemoglobin (Hb), AuNPs, CS, and graphene (GR) onto glassy carbon
electrode (GCE). The Au/GR–CS nanocomposite substrate shows a promotion for
the direct electron transfer between hemoglobin and glassy carbon electrode. The
ternary nanocomposite modified GCE was constructed by stabilizing GR nano-
sheets and absorbing AuNPs with the positive charge of amino groups in CS.
Figure 27 can been showed the layer-by-layer assembly preparation of nanocom-
posite electrode and the synergetic interactions between GR, CS, and AuNPs.

The nanocomposite electrodes were characterized by UV–vis spectroscopy,
FTIR spectroscopy, SEM, and TEM. The morphology of the modified electrodes
showed a homogenous flake structure for the CS-dispersed GR film (Fig. 28a, b).
After incorporating AuNPs, the coarse layer structured Au/GR–CS film features a
honeycomb surface (Fig. 28c, d). This electrode shows good electrocatalytic per-
formance for the reduction of hydrogen peroxide within a linear range from 2 to
935 μM, a detection limit of 0.35 μM and sensitivity of 347.1 mA cm−2 M−1.

Xia et al. [79] proposed a synthesis of Ag-MoS2/CS nanocomposite and its
application as a selective and sensitive electrochemical sensor for the determination
of tryptophan (Try). In the synthesis process, graphene-like molybdenum sulfide and
silver nanoflakes were directly synthesized on the surface of molybdenum sulfide
(MoS2) films, with CS acted as the stabilizer. This nanocomposite was characterized
by TEM and XRD. In the proposed arrangement of the CS chain within the MoS2
films (Fig. 29), a layer of the CS is intercalated between two layers of MoS2.

A GCE was covered with Ag-MoS2/CS nanocomposite film. Electrochemical
impedance spectroscopy (EIS), CV, and differential pulse voltammetry (DPV) were
employed to evaluate the electrochemical property of Ag-MoS2/CS toward the
oxidation of Try. The possible mechanism for the electrooxidation of tryptophan is
proposed in Fig. 30. Under the optimized experimental conditions, the oxidation
peak currents are proportional to the concentrations of tryptophan over the range of

Fig. 27 Layer-by-layer assembly preparation of Hb, AuNPs, CS, and GR onto GCE. Reprinted
with permission [78]. Copy right 2014 Elsevier
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Fig. 28 SEM images of GR–CS a, b, Au/GR–CS c, d and Hb/Au/GR–CS e, f on the GCE.
Reprinted with permission [78]. Copy right 2014 Elsevier

Fig. 29 The structure of proposed lamellar arrangement of MoS2–chitosan nanocomposites.
Reprinted with permission [79]. Copy right 2014 Elsevier
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0.5–120 μM, and the detection limit is 0.05 μM. The proposed electrochemical
method is free of interference from other amino acid to other coexisting species.

Seyed Dorraji et al. [80] developed a procedure to synthesize a polyaniline
multiwall carbon nanotubes (PAni/MWCNT) nanocomposite by chemical oxidative
polymerization on the surface of CS fibers. This Cs/PAni/MWCNT nanocomposite
was prepared for potential electrochemical applications.

Morphological characterization of the nanocomposite fibers was performed by
SEM. Electrochemical properties were studied by CV, galvanostatic charge/
discharge, and EIS. The SEM micrograph of the Cs/PAni/MWCNT nanocomposite
fibers (Fig. 31) reveals a highly porous structure can provide an effective diffusion
of solvent, protons, and sulfate ions.

Fig. 30 The proposed oxidation mechanism of tryptophan. Reprinted with permission [79]. Copy
right 2014 Elsevier

Fig. 31 SEM micrograph of CS/PAni/MWCNT fiber. MWCNTs connected with PAni are
observed with typical diameters in the range of 50–70 nm. Reprinted with permission [80]. Copy
right 2014 Elsevier
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The electrochemical studies showed that nanocomposite fibers have a specific
capacitance of 14.48 F cm−2 and a specific energy of 0.0013 Wh cm−2 corre-
sponding to a specific power of 0.011 W cm−2. These results suggest the potential
of the Cs/PAni/MWCNT nanocomposite fibers as electrode material for electrical
double-layer capacitors.

Justin and Chen [81] investigated the potential of biodegradable CS–GO
nanocomposites for applications in drug delivery. Fluorescein sodium was used to
analyze the release rate improvement of therapeutics from nanocomposites due to
its dispersibility within aqueous mediums, distinct absorption peaks (between 450
and 500 nm), and similar size to several important drugs such cisplatin (cancer
drug), indomethacin (non-steroidal anti-inflammatory), propranolol hydrochloride
(beta blocker), and timolol maleate (vasodilator).

The CS nanocomposites containing 2 wt% GO provided the optimal combina-
tion of mechanical properties and drug-loading capacity. The drug delivery profiles
of the nanocomposite were dependent on the drug loading ratio. The best ratio of
drug to GO for a quick and high release of the loaded drug was 0.84:1. The
nanocomposite demonstrated pH sensitivity of drug release, releasing 48 % less
drug in an acidic medium than in a neutral one.

Characterization of nanocomposites was evaluated by UV-Vis spectroscopy,
FTIR spectroscopy, AFM, TEM, laser scattering particle sizing analysis, and XRD
analysis. In Fig. 32 TEM micrograph shows the dispersion of graphene oxide
nanosheets (black thin lines) within the chitosan matrix.

In others studies, Jeyapragasam and Saraswathi [82] used an acetylcholinesterase
(AChE) enzyme immobilized iron oxide/CS nanocomposite film modified GCE as a
highly sensitive square wave voltammetric biosensor for the determination of
carbofuran pesticide. The Fe3O4–CS nanocomposite was prepared by a simple
solution mixing process and its formation was confirmed by FTIR spectroscopy.
Electrochemical Impedance, SEM, and AFM studies confirmed the effective
enzyme immobilization onto the nanocomposite matrix.

The operation of the biosensor is based on inhibition of the AChE. This inhi-
bition is used to amperometric/voltammetric detection of thiocholine, a reaction
product of acetylthiochorine chlorate (ATCl) oxidation at a constant potential. As
seen in Fig. 33, the ATCl hydrolysis is catalyzed by AchE to thiocholine chloride
and acetic acid. At an appropriate voltage, thiocholine chloride is oxidized to
dithiocholine. The presence of a pesticide inhibits the AChE activity, and the ATCl
conversion is decreased. The anodic oxidation current of thiocholine is inversely
proportional to the concentration of pesticide.

Besides Fe3O4-CS immobilizates the AChE enzyme onto the nanocomposite, the
presence of CS prevents the aggregation of the magnetic nanoparticles and avoids
loss of the enzyme molecules by providing a biocompatible microenvironment to
maintain the enzyme activity.

The AChE nanocomposite-based biosensor could detect carbofuran as low as
3.6 × 10−9 M, and its practical application was ascertained by the determination of
carbofuran from cabbage samples and by comparing the results with those obtained
by the standard high-performance liquid chromatography method.
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Ferreira et al. [3] reported that a study of chitosan as a renewable polymer to
form edible chitosan films allowing the incorporation of functional compounds. The
authors investigated the effects in the chitosan films properties after incorporation of
grape pomace extracts. In this procedure, 0.15 % of hot water extract (mainly
polysaccharides), 0.15 and 0.3 % of chloroform extract (wax), and 0.3 and 0.75 %
of n-hexane extract (oil) were mixed. The evaluation of the surface morphology
revealed that the films with the aqueous extract had the most homogeneous and

Fig. 32 TEM micrograph of GO/CS nanocomposite. Reprinted with permission [81]. Copy right
2014 Elsevier

Fig. 33 The principle of the electrochemical AChE biosensor. Reprinted with permission [82].
Copy right 2014 Elsevier
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smoother topography, Fig. 34, and also suggest that the matrix was not well dis-
persed in the chitosan film-forming solution. According to the authors, this is
probably due to the high molecular weight and hydrophobic character.

The incorporation of higher proportion of oil changed the mechanical properties
of the films. According to authors, the chitosan-based films with 0.75 % oil dem-
onstrated a 75 % decrease of solubility in water, due to their hydrophobicity. The

Fig. 34 Surface morphology of the chitosan-based films by AFM. 2D AFM topographic images
of a Ch film, d HWE, g W2, and j Oil2 (5 × 5 m), where the color scale in the right side indicates
the respective height values. Profile of the height values along the film in the marked area of 2D
AFM topographic images of b Ch film, e HWE, h W2, and k Oil2. 3D AFM topographic images
of c Ch film, f HWE, i W2, and l Oil2. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.). Reprinted with permission [3].
Copy right 2014 Elsevier
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hydrophobic films showed higher antioxidant capacity in organic medium (ABTS
and DPPH assay), whereas the most hydrophilic films showed a reducing power
assays. According to the authors, the chitosan-based films prepared by incorpora-
tion of these grape pomace extracts are promising for food shelf life extension

The different grape pomace extracts were also added to each one of the chitosan
solutions in the proportions given in Table 2. This mixture was placed in a water
bath at 50 °C with stirring for 10 min for homogenization. This solution was placed
in an oven for 18 h at 35 °C for film formation by solvent casting, and a control film
was also prepared only with chitosan, no extracts added.

Kurek et al. [4] reported a study about the influence of water vapor conditions on
mass transport and barrier properties of chitosan-based films and coatings. They
related the relation to surface and structural properties. The parameters, water
contact angles, material swelling, polymer degradation temperature, barrier prop-
erties, and aroma diffusion coefficients were investigated. The authors concluded
that solvent nature and the presence of carvacrol influenced the surface and
structural properties and then the barrier performance of activated chitosan films, as
well as the plasticization effect of water was more pronounced at high humid
environment.

In this study, a chitosan solution was prepared in a 1 % (v/v) aqueous acetic acid,
to obtain 2 % (w/v) film solutions (FFS) which were stirred for 2 h at room
temperature. Carvacrol (0.5 %, w/v) was homogenized in acid chitosan solution at
24,000 rpm for 10 min to obtain film solutions with an incorporated aroma com-
pound. The films were obtained by evaporation of solvents by drying in a ventilated
climatic at 20 °C. The authors also prepared chitosan coated polyethylene films
according to methodology described by Sollogoub et al. [83].

Abdollahi et al. [71] reported a study involving a combination of chitosan
biopolymer, nanoclay, and rosemary essential oil as a functional bionanocomposite.
These materials were evaluated for chemical, microbial, and sensory properties over
16-day storage. The samples were coated with the functional bionanocomposite had
the lowest pH and total volatile basic nitrogen. According to authors, the materials
coating efficiently retarded lipid oxidation by decreasing peroxide, free fatty acid,

Table 2 mechanical parameters of chitosan—based films. Reprinted with permission [82]. Copy
right 2014 Elsevier

Tensile strength (MPa) Elongation Youg’s modulus (MPa/%)

Ch 12.61 ± 1.59a 44.24 ± 3.5a 0.20 ± 0.02a

WWE 13.58 ± 1.27a 47.25 ± 4.11ab 0.20 ± 0.02ab

W1 10.99 ± 4.05abc 53.48 ± 12.47ab 0.13 ± 0.01c

W2 9.89 ± 1.59b 49.57 ± 1.79bc 0.13 ± 0.02 cd

Oi11 12.34 ± 2.17ab 41.11 ± 3.34ad 0.23 ± 0.02b

Oi12 6.88 ± 0.94c 35.11 ± 1.96e 0.16 ± 0.03ad

Different superscripts letters, in each column, represent values that are significantly (p, 0.05)
different (n = 5)
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and thiobarbituric acid production in the samples, as well as the coating also
reduced total viable and psychrotrophic count of the fillets by the end of storage

Experimental procedure for films preparation was carried out as follows: A
solution of chitosan was prepared by placing (20 g of chitosan powder/1000 mL of
aqueous acetic acid solution (1 %, v/v) under a magnetic stirring plate (at 90 °C and
1250 rpm for 20 min) and then cooled to room temperature. Clay (3 %, m/m on
solid chitosan) was dispersed in 100 mL of 1 % (v/v) aqueous acetic acid solution
and vigorously stirred for 24 h. Then 150 mL of chitosan solution was added to the

Table 3 Summary of different types of chitosan nanocomposite films and its applications

Nanocomposites films Applications References

Chitosan-Fe3O4 nanoparticles Hyperthermia therapy [72]

Znxcd1−xs/chitosan/alginate nanocomposite
films

– [73, 74]

Chitosan–nanocellulose films Food packaging [75]

Chitosan–silver and chitosan–gold films Biomedical, pharmaceutical,
biosensor and edible packaging

[76]

Graphene oxide–chitosan films Electrochemical biosensors [77]

Hemoglobin/gol/Chitosan/graphene films Electrochemical biosensor [78]

Silver-mos2/chitosan films Electrochemical biosensor [79]

Chitosan/polyaniline/multiwall carbon
nanotubes films

Electrochemical applications [80]

Graphene oxide–chitosan films Drug delivery [81]

Acetylcholinesterase-Fe3O4/chitosan films Electrochemical biosensor [82]

Chitosancarbon dots nanocomposite
hydrogel film

Biomedical and industrial
applications

[84]

Β-glucanase/Prussian blue–chitosan film Electrochemical biosensor [73, 74]

Β-glucanase/gold nanoparticles–chitosan
film

Chitosan/polyethylene oxide-based/chitin
nanocrystals fibers

Wound dressing [85]

Mno2–chitosan nanocomposite films Electrochemical energy storage [86]

Chitosan/olive oil/cellulose nanocrystals
films

– [87]

Chitosan-grafted poly acrylonitrile/silver – [88]

Lithium ferrite/chitosan – [89]

Chitosan–polyvinyl alcohol/graphene
oxide films

– [90]

Chitosan/clay – [91]

Chitosan/montmorillonite Vitamin package [92]

pomace extract–chitosan films Antioxidant and food packaging [3]

Carvacrol-activated chitosan film. Antimicrobial [4]

Chitosan/clay functional bionanocomposite
activated with rosemary essential oil

Refrigeration of silver carp
fillets

[71]
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clay solutions, and the mixture was stirred for 4 h. Then, 0.2 % w/v of essential oil
(emulsifier) was added to the mixture and stirred in 40 °C for 30 min. An amount of
rosemary essential oil was added to the solution, to reach a final concentration of
1.5 % (v/v) and homogenized at 7000 rpm for 2 min.

The recent progress in the field of environmental friendly biodegradable has
increased the interest of researchers in chitosan-based chitosan nanocomposites and the
development of new ideas in this field, thus in Table 3 is presented a summary [72–92].

2 Conclusions

The bionanocomposites based on chitosan represent a class of materials that has
attracted considerable attention, mainly due to the need to develop environmental
friendly materials. Which are produced through the incorporation of a biodegrad-
able matrix and depending on the application, also in a biocompatible matrix.
Among the biodegradable matrices of natural origin, the chitosan has high
relevance.

The recent progress made in the field of environmental friendly biodegradable
polymers and composites has been impressive. The development of nano-chitosan
films have been applied in multipurpose fields such as food production, hyper-
thermia therapy, biomedical, pharmaceutical, biosensor and edible packaging,
biomedical and industrial applications, electrochemical biosensor, antioxidant, food
packaging, antimicrobial, drug delivery, and adverse effects on biodiversity and
other environmental and industrial impacts. In addition, their relatively high pro-
duction and processing costs have been indicated that the regeneration and reuse
studies also are need.
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Gold Nanoparticle-Reinforced
Eco-friendly Polymer Nanocomposites
and Their Applications

Sunanda Sain and Dipa Ray

Abstract Nanocomposites are the most important field of research nowadays.
Metal nanoparticles have attracted continuous interest owing to their unusual
properties and potential uses in electronics, optics, magnetics, catalysts, and sen-
sors. Green synthesis (for noble metals, such as, gold, silver, platinum, palladium,
etc.) and characterization of nanoparticles have emerged as a significant field of
nanotechnology. As a well-known noble metal, gold is widely investigated due to
its specific impact in the fields of biotechnology and bioscience. Gold nanoparticles
(GNP) being the most stable metal nanoparticles have the advantages of (a) easy
synthesis, (b) colloidal stability, and (c) ability to be easily conjugated with bio-
logical molecules. Gold nanoparticles also present fascinating aspects such as the
behavior of the individual particles, size-related electronic, magnetic and optical
properties (quantum size effect), and their applications to catalysis and biology.
A large number of polymer molecules were selected to decorate the surface of gold
nanoparticles in physical or chemical ways for different purposes. Gold
nanoparticle-reinforced nanocomposites were prepared using different polymer
matrices for different types of applications such as catalytic applications, opto-
electronic and magneto-optic applications, biological, medicinal applications, etc.
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1 Introduction

Polymers have become an absolute necessity in our daily lives as packaging
materials, consumer goods, pharmaceutical and personal care products, dyes, lac-
quers, and in many other fields. These are also used as the substitute of metallic or
ceramic materials [43–45, 54]. Synthetic polymers derived from petroleum
resources occupy majority of the market and are detrimental to the environment
[46–49]. Recycling of these consumer polymer wastes in bulk is often not a very
practical or economical option. On the other hand, biodegradable polymers are
mostly derived from natural resources, but their use as consumer products is not
always economically favorable. Widely used synthetic polymers like polyolefins
and acrylics are not biodegradable. Therefore, recycling and degradation of these
polymers is an important issue for environmental protection. In order to reduce the
environmental pollution caused by the synthetic polymers, significant efforts are
given by the material scientists in recent years to modify the synthetic polymers by
combining them with natural fillers, such as, cellulose fibers; soy flour [43–45].
Among these biodegradable materials, renewable resources from agricultural or
forestry products create a platform for new industrial products or alternative energy
sources. Plant-based fibers are already used in a wide range of products such as,
textiles and geotextiles, twines and ropes, special pulps, insulating and padding
materials, fleece, felts and nonwoven materials, and recently used as reinforcement
for polymers [36, 37]. Though the mechanical properties of plant fibers are much
lower than widely used glass fibers, but their low density, the specific properties
(property-to-density ratio) like specific strength and stiffness make them compa-
rable to the glass fibers [38]. Plant fibers have proved to be an eco-friendly alter-
native to conventional reinforcing fibers for composite applications for low to
medium strength applications.

Polymer nanocomposites are major growing areas of research which could
broaden the application of polymers to the great benefit of different industries [19,
20]. A nanocomposite is a material where one of the components has at least one
nanoscopic dimension in around 10−9 m. A composite comprises of a resin and a
filler or reinforcement, the goal of which is to improve the properties of the resin
while reducing the production cost. The type of the reinforcement depends upon the
constraints imposed on the designer: high mechanical strength, good thermal sta-
bility, cost, resistance to corrosion, etc. The general idea behind the addition of the
reinforcing phase is to create a synergy between the various constituents, such that
novel properties capable of meeting or exceeding design expectations can be
achieved. The properties of nanocomposites rely on a range of variables, like the
matrix material, the nanofiller type and loading amount, degree of dispersion, size,
shape, orientation and the filler/matrix interactions.
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2 Polymer Nanocomposites

Polymer nanocomposites represent a new alternative to conventionally filled
polymers. Because of the nanosized fillers, high surface area of the fillers is
available to interact with the matrix and results in markedly improved properties
when compared to the pure polymers or their traditional microcomposites. These
include improved modulus and strength, outstanding barrier properties, improved
solvent and heat resistance and decreased flammability. Broadly, nanocomposites
can be divided into three types: metal matrix nanocomposites, ceramic matrix
nanocomposites, and polymer matrix nanocomposites. Time-dependent properties
can also be improved by addition of the nanofillers [29]. The nanofillers can act as
molecular bridges between the polymer molecules and help to enhance the
mechanical properties. The reinforcing filler can be particles (e.g., minerals), sheets
(e.g., exfoliated clay stacks), fibers (e.g., carbon nanofibers and nanotubes or
electrospun fibers), fibrils, or whiskers (cellulosic). Ajayan et al. [26] noted
chemistry, degree of thermoset cure, polymer chain mobility, polymer chain con-
formation, and degree of crystallinity can vary significantly and continuously from
the interface with the reinforcement into the bulk of the matrix in polymer
nanocomposites.

2.1 Natural Polymer-Based Nanocomposites

Recently, an increasing trend is observed in the development of eco-friendly
materials derived from biorenewable resources due to rising environmental aware-
ness. These biobased materials with novel properties like biodegradability, accept-
able specific strength, low density, recyclability, ease of separation, high toughness,
good thermal properties, low health hazards, reduced tool wear, and enhanced
energy recovery are used in a various fields especially for the automotive and
biomedical applications [55]. Some well-known examples of biopolymers are
polysaccharides, such as starch, chitin/chitosan, cellulose, alginate, and carbohy-
drate polymers, and animal protein-based biopolymers, such as gelatin, wool, silk,
and collagen [55]. Cellulose is the most abundant biopolymer present in nature [38].
This structural material is naturally organized as microfibrils which are linked
together to form the cellulose fibers. Much of the current research is focused on
developing combinations of polymeric and cellulosic fillers, such as, micro- and
nanocrystalline cellulose, cellulose nanowhiskers, micro- or nanofibrillated cellu-
lose, etc. in the form of blends, composites, nanocomposites, etc. Favier et al. [10]
first reported the preparation of cellulose whisker-based nanocomposites [10]. This
was followed by many more studies processing cellulose nanocomposites with
various synthetic lattices like copolymer of styrene (35 weight%) with butyl-acrylate
(65 weight%) poly(S-co-BuA) [10], poly (β-hydroxyoctanoate) (PHO) [6],
polyvinylchloride (PVC) [41], natural rubber [2], polyvinyl acetate (PVAc) [11],
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polylactide (PLA) [8], and polymethylmethacrylate (PMMA) [5, 9]. Different
nanocomposites based on microfibrillated cellulose or bacterial cellulose have been
prepared with petroleum-derived nonbiodegradable polymers such as polyethylene
(PE) or polypropylene (PP) and also with biodegradable polymers such as PLA,
polyvinyl alcohol (PVOH), starch, polycaprolactone (PCL), and polyhydroxybuty-
rate (PHB). Thakur et al. [46–49, 51] prepared the graft copolymers from cellulose
fibers and methylmethacrylate (MMA) [46, 51]. Thakur et al. [50] also modified the
surface properties of natural cellulosic biomass by the graft copolymerization
technique [50]. Eco-friendly green nanocomposites were prepared from polymeric
resin using lignocellulosic fibers as the reinforcement [52]. Butyl-acrylate (BA)-g-
Saccaharum cilliare fibers were synthesized using a redox initiator via free radical
polymerization [53]. Some other studies were reported on Grewia Optiva fiber and
Hibiscus sabdariffa fiber-reinforced phenol-formaldehyde (PF) composites [32–35,
42] and pine needle reinforced urea-formaldehyde composites [30, 31].

3 Nanofillers Used in Polymer Nanocomposites

Apart from cellulosic nanofillers, many other nanofillers such as one-dimensional
carbon nanostructures (single- and multiwalled carbon nanotubes), two-dimensional
carbon, and inorganic nanomaterials such as graphene platelets, graphene nano-
ribbon, single and multiwalled graphene oxide nanoribbons, graphene oxide
nanoplatelets, molybdenum disulfide nanoplatelets, clays, hydroxyapatite metal
nanoparticles are used as reinforcing agents in polymer nanocomposites. Metal
nanoparticles have attracted continuous interest owing to their unusual properties
and potential uses in electronics, optics, magnetics, catalysts, and sensors. Green
synthesis of noble metal nanoparticles such as gold, silver, platinum, palladium, and
their characterizations have emerged as a significant field of nanotechnology. As a
well-known noble metal, gold is widely investigated due to its specific impact in the
fields of biotechnology and bioscience. In this chapter, gold nanoparticle-reinforced
eco-friendly polymer nanocomposites will be discussed in details.

4 Gold Nanoparticles (GNPs)

Gold is an important and attractive noble metal for its ancient medicinal and
ornamental value and it is the subject of one of the most ancient themes of
investigation in science. The emerging nanoscience and nanotechnology research
with gold nanoparticles (GNPs) are very interesting and attractive as GNPs are the
most stable metal nanoparticles. They present fascinating aspects like multiple
assembly types involving materials science, the behavior of the individual particles,
size-related electronic, magnetic and optical properties (quantum size effect), and
their application to catalysis and biology [22].
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Colloidal GNPs are well known since ancient times and are finding use in
biological applications [3]. Colloidal gold is a suspension of gold particles (sub-
micrometer size) in a fluid, usually water. For particles less than 100 nm, an intense
red color and for larger particles, blue or purple color are observed [56]. These
colloidal GNPs have applications in different areas, including electron microscopy,
electronics, nanotechnology [24], and materials science due to their unique optical,
electronic, and molecular-recognition properties. Properties and applications of
colloidal GNPs strongly depend upon their size and shape [58], for example,
rod-like particles have both transverse and longitudinal absorption peak, and
anisotropy of the shape affects their self-assembly [28].

4.1 Synthesis of GNPs

There are various procedures for the preparation of GNPs. Most common method is
the reduction method where GNPs are produced by reduction of chloroauric acid (H
[AuCl4]). In this method Au3+ ions are reduced to neutral gold atoms. With the
formation of more and more gold atoms, the solution becomes supersaturated, and
gold gradually starts to precipitate in the form of subnanometer particles. The
particles formed in this method are fairly uniform in size. To avoid the aggregation
effect, some sort of stabilizing agent is added [1]. The methods are discussed below.

(a) Citrate Reduction
This method was introduced by Turkevitch in 1951 [4]. In this method, gold
salts or derivatives are treated with sodium citrate solution [4]. Citrate ions act
here as the reducing agent as well as the capping agent. GNPs formed in this
method are around 10–20 nm in size. Yonezawa and Kunitake [57] prepared
anionic mercaptoligand-stabilized AuNPs (GNPs) in water using this citrate
reduction method, which is schematically shown in Fig. 1.

(b) Brust-Schiffrin Method
This method was discovered by Brust and Schiffrin in 1994 [4], and can be
used to produce GNPs in organic liquids that are normally not miscible with
water (like toluene). It involves the reaction of a chlorauric acid solution with
tetraoctylammonium bromide (TOAB) solution in toluene and sodium boro-
hydride (NaBH4) as an anticoagulant and a reducing agent, respectively. The
GNPs formed in this method are 2–6 nm in diameter. NaBH4 is used as
the reducing agent, and TOAB acts as both the phase transfer catalyst and the
stabilizing agent.

(c) Martin Method
Martin Method (I): In this method GNPs are produced in water by reducing
HAuCl4 with NaBH4. The particles are nearly monodisperse in nature and the
diameter can be precisely and reproducibly tunable from 3.2 to 5.2 nm. Even
without any other stabilizer like citrate, GNPs are stably dispersed.
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Martin Method (II): This new synthesis method is simple, cheap, easy-to-adopt,
greener, and therefore important for many practical applications. This is a
combination of the Turkevich method and the monolayer protection of the
Brust method. Here GNPs are coated with a monolayer of 1-dodecanethiol and
then phase-transferred to hexane simply by shaking a mixture of water, ace-
tone, and hexane for 30 s.

(d) Seeding Growth Method
This is a popular method for the synthesis of GNPs controlling its size dis-
tribution (*10–15 %) in the range of 5–40 nm. Size of GNPs can be
manipulated by this method varying the ratio of the seed to metal salt. Using
this method, gold nanorods are usually formed [4].

(e) Physical Methods
There are other physical methods such as photochemistry, sonochemistry,
radiolysis, and thermolysis to synthesize the GNPs. The quality of GNPs can
be improved using UV irradiation and with the use of near-IR laser irradiation,
the size of thiol stabilized GNPs can be enhanced. Sonochemistry can be used
to prepare the GNPs within the pores of silica and radiolysis can be used to
control the size of GNPs and to synthesize it in presence of specific radicals.

Fig. 1 Preparation of anionic mercaptoligand-stabilized AuNPs in water. Reprinted with
permission from [57] Copyright © 1999 Elsevier Science
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The thermolysis of [C14H29-Me3N][Au(SC12H25)2] at 180 °C for 5 h under N2

produced alkyl-groups-passivated gold NPs of size 26 nm [4].
Significant efforts have been devoted over the past 40 years to the fabrication
of GNPs with monodispersity and controlled size. GNPs with varying core
sizes are prepared by the reduction of gold salts in presence of appropriate
stabilizing agents that prevent particle agglomeration. Some common syn-
thetic methods of core–shell GNPs are summarized in Table 1.

4.2 Applications of GNPs

(a) In delivery of molecules into cells
GNPs have been used for a long time for delivery of molecules into cells. The
molecules are adsorbed on the surface of the GNPs and the whole conjugate is
introduced into the cells. Introduction into cells can either be forced as in the
case of gene guns or achieved naturally by particle ingestion. The molecules
eventually detach themselves inside the cells from the gold particles. GNPs are
capable of delivering large biomolecules without restricting themselves as
carriers of only small molecular drugs. Tunable size and functionality make
them a useful scaffold for efficient recognition and delivery of biomolecules.
They have shown the success in delivery of peptides, proteins, or nucleic acids
like DNA or RNA [13]. Schematic representations of the delivery of mole-
cules by GNPs are shown in Fig. 2 and 3, respectively.

(b) Labeling applications
GNPs can be used for labeling applications. Immunostaining was one of the
traditional uses of GNPs in biology before the advent of ‘‘nanobiotechnol-
ogy.” The molecules/structures on the outer cell surface can be labeled with
GNPs which are conjugated with specific antibodies against these
molecules/structures [39]. This is shown schematically in Fig. 4.
Albrecht-Buhler has introduced an innovative way of imaging the movement
of cells adhering to a substrate. For this purpose, the surface of the substrate is
coated with a layer of colloidal GNPs (Fig. 4d). Cells adhering to the substrate
incorporate the Au particles. In this way, cells migrating along the substrate
leave behind a trail called a ‘‘phagokinetic track’’ in the nanoparticle layer

Table 1 Synthetic methods and capping agents for GNPs of varying core sizes [57]

Synthetic methods Capping
agents

Core size
(nm)

Reduction of AuCl(PPh3) by diborane or sodium borohydride Phosphine 1–2

Biphasic reduction of HAuCl4 with sodium borohydride in the
presence of thiol capping agents

Alkanethiol 1.5–5

Reduction of HAuCl4 by sodium citrate in water Citrate 10–150
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[39]. Thus a blueprint of the migration pathway of the cell can be obtained
through TEM analysis. Many trails can be recorded in parallel on the same
substrate and the trails can be imaged ex situ. Thus GNPs can be extensively
used as the labels for recording the phagokinetic track.

(c) Use of GNPs as heat source
When gold particles absorb light, the free electrons in the gold particles are
excited. Excitation at the plasmon resonance frequency causes a collective
oscillation of the free electrons. Upon interaction between the electrons and
the crystal lattice of the gold particles, the electrons relax and the thermal
energy is transferred to the lattice. Subsequently, the heat from the gold
particles is dissipated into the surrounding environment. Besides its

Fig. 2 Applications of GNPs in drug, gene and protein delivery. Reprinted with permission from
(Ghosh et al. [13] Copyright © 2008 Elsevier

540 S. Sain and D. Ray



combination with imaging techniques, controlled heating of GNPs can be used
in several ways for manipulating the surrounding tissues, shown in Fig. 5 [39].

(d) Use of GNPs as sensors
GNPs can also be used for sensor applications. These are utilized as sensors to
detect the presence of specific analytes and to provide a read out indication of
the concentration of the analyte. The presence of the analyte can alter the
optical properties of the GNPs which enables utilization of optical read out for
sensory purposes. Due to their small size, GNP-based sensors could have an
important impact in diagnostics [39]. This is demonstrated in Fig. 6.

5 Polymer/GNP Nanocomposites

GNPs are used as reinforcing agent in polymer nanocomposites. Huang et al. [16]
prepared gold–chitosan nanocomposites by adsorbing chitosan molecules onto the
GNP surfaces [16]. Recently much attention has been given to chitosan as a
potential polysaccharide resource due to its excellent properties such as biocom-
patibility, biodegradability, nontoxicity, and adsorption properties resulting in many
research activities. Chitosan is reported to be a very effective stabilizing agent for
GNPs. The GNPs also has an impact on the crystal morphology of chitosan due to
the possible nucleating effect of GNPs in chitosan [16].

The polymer molecules can be grafted onto GNPs and this grafting of polymer
chains not only enhance the stability of the gold cores immensely, but also func-
tionalize the gold cores by special properties of the outside polymer layers. The

Fig. 3 A schematic
illustration for nuclear
delivery of DNA using
photolabile nanoparticles.
Reprinted with permission
from [13] Copyright © 2008
Elsevier
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interactions present between the polymer chains and the GNPs can be of two types:
(a) covalent bond formation (this is subdivided into direct synthesis method,
“graft-to” strategy and “graft-from” strategy) and (b) physical adsorption method
(this is subdivided into hydrophobic interior, nonspecific/coordination adsorption,
electrostatic interaction, and so on) [18]. The procedures are schematically shown in
Fig. 7.

The different GNP-reinforced polymer nanocomposites reported in literatures are
given below in Table 2.

(a)

(b)(c)

(d)

Fig. 4 Labeling with gold nanoparticles. Gold nanoparticles (core in red, stabilizing shell in gray)
are conjugated with ligands (green) which bind to specific receptors (blue) but not to other
structures (as the receptors shown in dark green). a Immunostaining: Gold nanoparticles
conjugated with ligands against the structures to be labeled are added to fixed and permeabilized
cells (shown in gray). Guided by molecular recognition they bind to the designated structures
which are in this way stained with gold particles. In the image, the particles are conjugated with
ligands that bind to receptors on the surface of the nucleus, but not to other receptors, for example,
present at the inner cell membrane. b Single-particle tracking: Gold nanoparticles conjugated with
ligands specific for membrane-bound molecules are added to living cells. In this way, individual
membrane-bound molecules are labeled with gold nanoparticles and their diffusion within the cell
membrane can be traced via observation of the gold particles. c X-ray contrasting: Gold
nanoparticles conjugated with ligands that permit specific uptake in target organs are injected into
the bloodstream of animals. The organ can then be visualized by X-ray tomography due to the
locally enriched gold particles. d Phagokinetic tracks: a surface is covered with a layer of gold
nanoparticles. When cells (shown in gray) are cultured on top of the surface, they ingest the
underlying nanoparticles. Upon cellular migration along the surface the cells incorporate, all
nanoparticles along their pathway leaving behind an area free of nanoparticles, which is a blueprint
of their migration pathway. Images are not drawn to scale and important length scales are indicated
in the images [39]. Reprinted with permission from [39]. Copyright © 2008, Royal Society of
Chemistry
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6 Polymer/GNP Nanocomposites with Wide Application
Potential

6.1 Applications in Light Emitting Diode (LED)

Park et al. [23] reported the fabrication of a blue LED with enhanced environmental
and luminescence stability obtained by incorporating 5–10 nm GNPs as the
quenchers of the triplet states of poly(9,9’-dioctylfluorene) (PDOF) that lead to

(a)

(b)

(c)

Fig. 5 Heating with gold nanoparticles. Gold particles (core in red, stabilizing shell in gray) are
heated upon absorption of light (shown as yellow rays) and mediate the heat to their local
environment. a Hyperthermia: The temperature inside cells (drawn in gray) is raised by
illumination of gold particles. A temperature increase of only a few degrees is sufficient to kill
cells. b Breaking of bonds: When gold nanoparticles (core in red, stabilizing shell in gray) are
conjugated with ligands (shown in green) that are specific to receptors (shown in blue) which are
bound to other gold particles. These two kinds of gold particles get linked to assemblies mediated
by receptor–ligand binding. As the distance between the particles in such aggregates is small, their
plasmon resonance is shifted to higher wavelengths and the particle solution appears violet/blue.
Upon illumination, the gold particles get hot and the bonds of the receptor–ligand pairs melt.
Therefore, the assemblies are dissolved, the average distance between the particles is increased,
and the particle solution appears red. c Light-controlled opening of individual polymer capsules
(drawn in gray) by local heating, mediated by gold nanoparticles. Gold nanoparticles are
embedded in the walls of polyelectrolyte capsules. The capsule cavity is loaded with cargo
molecules (drawn in orange). Upon illumination with light, the heat created by the nanoparticles
causes local ruptures in the capsule walls and thus release of the cargo. Reprinted with permission
from [39]. Copyright © 2008, Royal Society of Chemistry
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(a) (d)

(e)

(b1)

(b2)

(c)

Fig. 6 Sensing with gold nanoparticles. For the specific detection of analytes (shown in blue) gold
nanoparticles (core in red, ligand shell in gray) are conjugated with ligands (shown in green) that
selectively bind to the analyte. a Colorimetric assays: Binding of the analyte to the ligands links
several particles together to form small aggregates and the red color of the colloidal gold solution
shifts topurple/blue.bQuenching offluorophores:b1Gold nanoparticles are conjugatedwith ligands
that specifically bind to the analyte to be detected. The ligands on the nanoparticle surface are then
saturatedwithmolecules that bind to the ligands (shown inblue) and that have afluorophore (drawn in
orange) attached. As the fluorophores are in close proximity to the surface of the gold particles their
fluorescence is quenched. The presence of analyte molecules competitively displaces part of the
molecules with the fluorophores from the nanoparticle surface. As these fluorophores are no longer in
contact with the gold particles their fluorescence (symbolized as yellow rays) can be detected. b2
Fluorophores (drawn in orange) are attached via linker molecules (drawn in green) to the surface of
the gold nanoparticles. Due to the length of the linker, the distance between the fluorophore and the
gold nanoparticles is big enough so that no quenching of the fluorophore occurs. Presence of the
analyte (drawn in blue) changes the conformation of the linker molecules and as the fluorophores are
now in close proximity to the gold surface, their fluorescence is quenched. c Surface-enhanced
Raman scattering: Gold nanoparticles are conjugated to ligand molecules which specifically bind to
the analyte to be detected. The analyte (drawn in blue) in solution provides only aweakRaman signal.
Upon binding of the analyte to the ligands present on the gold surface the analyte comes into close
proximity to the gold particles and the Raman signal is dramatically enhanced (as symbolized by the
yellow rays).dGold stains: Ligands specific to the analyte to be detected are immobilized on a surface
and conjugated to gold nanoparticles. Presence of the analyte (drawn in blue) causes the binding of the
particles to the surface. Othermolecules (drawn in dark green) do not cause binding of the particles to
the surface and thus a washing step removes all gold particles. The presence of the analyte is then
quantified by the number of gold particles bound to the surface. e Redox reactions: Redox enzymes
(drawn in green) are conjugated to the surface of gold nanoparticles (core in red, ligand shell in gray)
which are immobilized on top of an electrode (drawn in gray). The enzymes oxidize their present
substrates (drawn in blue) from the reduced form to the oxidized one. The released electrons are
transferred via the gold nanoparticles to the electrode, which can be measured as current. Reprinted
with permission from [39]. Copyright © 2008, Royal Society of Chemistry
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Fig. 7 Schematic representation of polymer chain grafting procedures onto GNPs. Reprinted with
permission from [39]. Copyright © 2009, Elsevier

Table 2 Different polymer/GNP nanocomposites reported in the literatures [18]

Polymers used Synthesis method Applications

poly(sodium 2-acrylamindo-2-methyl
propane sulfonate), poly
((ar-vinylbenzyl)-trimethylammonium
chloride), poly(N,
N-dimethylacrylamide), poly(3-[2-N-
methylacrylamido)-ethyl dimethyl
ammonio propane sulfonate-b-N,N-
dimethylacrylamide)

Direct Not done

poly(N-isopropylacrylamide)
(PNIPAM) and polystyrene (PS) or
poly(methacrylic acid) (PMAA)
chains

Direct Not done

poly (methoxyl oligo(ethylene glycol)
methacrylate) (PMOEGMA)

Direct Salt responsive
applications

copolymer of poly(2-(dimethylamino)
ethyl methacrylate) (PDMA) and poly
(2-(methacryloyloxy) ethyl
phosphorylcholine) (PMPC)

“graft-to” method Biomedical
applications

poly(2-(dimethylamino)
ethylmethacrylate) (PDMA) and poly
(ethylene oxide) (PEO)

“graft-to” method Not done

thiol-ended poly(ethylene glycol)
(PEG)

“graft-to” method in vivo X-ray
computed
tomography
(CT) imaging

Trithiocarbonate containing poly
(acrylic acid) (PAA)

“graft-to” method Not done

block copolymer of poly(4-
vinylpyridine)-b-polystyrene-b-poly
(4-vinylpyridine) (PVPb- PS-b-PVP)
containing multiple trithiocarbonate

“graft-to” method pH responsive

(continued)
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polymer oxidation. The fabricated PDOF/gold-nanocomposite-based PLED also
exhibited an enhanced quantum efficiency. During the spin-casting of the
PDOF/GNP nanocomposite film, the nanoparticles might get attached to the anode
and to each other due to strong electrostatic forces; capillary forces then draw the
polymer solution around the nanoparticles. The gold nanoparticles modifies the
interfacial morphology of the device facilitating the electron injection as well as
blocking the hole migration [23].

6.2 Energy Storage Applications

Schmitt et al. [27] reported the preparation of layered nanocomposite films with
well-defined layer structure [27]. The schematic representation of the fabrication
technique is shown in Fig. 8. A consistent picture of the assembly of the colloidal
gold/polyelectrolytes (PE) system and the structures of the resulting multilayer
superlattices were obtained from the results of X-ray reflectivity, optical spectros-
copy, and various microscopies. The slight differences in colloid packing in the
gold monolayer increased the interparticle interactions and a long wavelength band
attributed to the plasmon resonance appeared. They also stated that the number of
PE interlayers between the gold layers controlled the structural characteristics of the
gold/PE multilayer (Fig. 8b). Thus this work lead to rational design of bulk films of

Table 2 (continued)

Polymers used Synthesis method Applications

moieties or with thiol groups as
protecting agents

copolymer of
PNIPAM-b-PMOEGMA

“graft-from” method Thermosensitive

PDMA “graft-from” method pH sensitive

Poly (N-isopropylacrylamide) RAFT Not done

PS-b-PGA, [PGA: poly(glutamic
acid)]

Physical adsorption Not done

polystyrene-b-poly(acrylic acid)
(PS-b-PAA)

Physical adsorption Not done

diblock copolymer comprising of
PNIPAM and poly(N-vinyl-2-
pyrrolidone) (PVPRD)

Physical adsorption Not done

poly(ethylene glycol)-b-poly
(4-vinylpyridine)-b-poly
(N-isopropylacrylamide) (PEG-b-
PVP-b-PNIPAM) triblock copolymer

Physical adsorption Thermosensitive
and pH responsive

Chitosan By adsorbing chitosan
molecules onto the gold
nanoparticle surfaces

Not done
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(b)
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polymer composites containing GNPs having well-defined layer structure and
tunable optical, electrical, and other properties and these composites offered the
possibility of directional interlayer processes such as photoinduced charge sepa-
ration for energy storage applications.

6.3 Application as Supporters and Carriers

Li et al. [17] fabricated novel nanocomposites of GNP and poly(4-vinylpyridine)
(Au-PVP) through surface-initiated atom-transfer radical polymerization
(SI-ATRP) [17]. The fabrication technique is schematically shown in Fig. 9.

The fabricated nanocomposites show pH responsive properties due to the pro-
tonation of a pyridyl segment into the pyridinium group which leads to the polymer
branches being positively charged. At a low pH (<3.2), the pyridyl ring is pro-
tonated and hence the positively charged polymer chains repulse each other by the
electrostatic interaction. The polymer layer is loosely swelled; hence, the Au-PVP
composite particle displays a comatulid-like nanostructure in 3D AFM images.
However, at a relatively high pH (>3.2), the polymer chains shrink and wrap around

b Fig. 8 a Process for fabricating colloidal gold/polyelectrolytes (PE) multilayers to a final structure
with m = 3 and n = 2. b Schematic representation of increased gold particle layer separation
achieved by changing the interlayer spacing from m = 1 (left) tom = 4 (right). On top of the PEI
layer, PSS is the light-shaded layer and the PAH layer is shaded dark. Note that this drawing is an
oversimplification of the actual layer structure. Reprinted with permission from [27]. Copyright ©
1997 Verlag GmbH & Co. KGaA, Weinheim

Fig. 9 Schematic fabrication of Au-PVP nanoparticles by SI-ATRP Reprinted with permission
from [17]. Copyright © 2007, American Chemical Society
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the GNP surface, which results in the aggregation of GNPs with a thin shrunken
polymer layer (Fig. 10).

Such assembled Au-PVP nanoparticles can be considered as an effective coor-
dinating host to the ligand to entrap metal ions by means of pyridyl groups which
provide an important basis for various applications. Thus Au-PVP nanocomposites
as a smart supporter can entrap transition metal ions by their efficient coordinating
segments, and subsequently the metal ions can be reduced in situ to construct novel
bimetallic nanocomposites, which are regarded as intelligent catalysts with envi-
ronmental stimuli activity.

6.4 Optical and Electronic Applications

Srivastava et al. [40] fabricated PMMA/GNP nanocomposites by varying the size of
the GNPs over wide range by changing the concentration and molecular weight of
the capping agent [40]. They studied the optical properties of the nanocomposite
films of various thicknesses with different sizes and volume fractions of GNPs
using spectroscopic ellipsometry. Systematic shift in the imaginary part of the
dielectric function can be seen with variation in size and fraction of the GNPs. The

(a) (b)

(c) (d)

(e)

Fig. 10 3D AFM images of Au-PVP nanoparticles (a), (b) at pH 1.2, and (c and d) at pH 5.0 with
different magnifications. e Schematic mechanism illustration of pH response of Au-PVP
nanocomposites. Scale bar: 500 nm in panels a and c and 200 nm in panels b and d. Reprinted
with permission from [17]. Copyright © 2007, American Chemical Society
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thickness of the film also plays a significant role in the tunability of the optical
spectra. Systematic variation of the absorption peak, width, and position as a
function of fraction of GNPs in PMMA was obtained. This was very useful
observation as it indicated the ability to obtain optical coatings with tunable optical
properties. They also observed some very interesting behavior of the optical
absorption as a function of interfacial morphology. This gave an additional
parameter to tune the optical properties of the composites.

6.5 Applications as Diagnostic Probes or Drug Delivery
Vehicles

Edwards et al. [7] capped GNPs with stimuli-responsive polymers [7]. They used
copolymers of di(ethylene glycol) methyl ether methacrylate (MEO2MA) and poly
(ethylene glycol) methyl ether methacrylate (OEGMA) in biphasic water–toluene
mixtures.

The schematic representation of fabrication of the nanocomposites is shown in
Fig. 11.

They showed that the fraction of GNPs that transferred across the water–toluene
interface depended on the chemical composition of the capping polymers and the
diameter of the GNPs had little dependency on the ion valency of the salt included
in the aqueous phase (Fig. 12).

According to them, these new class of materials might be useful for further
developing nanoscale inorganic materials, especially in biophysical interaction with
cells and biological barriers embodied within tissues and organs. Their study had
implications for the rational design of inorganic NPs as diagnostic probes or drug
delivery vehicles targeted for biological interfaces.

6.6 Applications in the Fields of Catalysis and Sensors

Han et al. [15] synthesized uniform and fibrous nanocomposites from poly(2-
aminothiophenol) (PATP) and highly dispersed GNPs through a facile templateless
one-step method [15]. They showed that diameter of the composite nanofibers
could be controlled in the range of 200–80 nm by simply tuning the speed of
mechanical stirring during material synthesis. PATP nanotubes can be obtained by
removing GNPs embedded in PATP nanofibers, where interiors of PATP nanotubes
with continuous or discontinuous nanocavities can be controlled depending on
mechanical stirring. PATP/GNP composite nanofibers showed good catalytic
activities and reusability toward the reduction of GNP in the presence of NaBH4. In
this case, the reaction was catalyzed by smaller nanofibers (80 nm) showing shorter
adsorption time and faster reaction rate due to large exposure of gold catalysts on
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fiber surfaces (Fig. 13). This work provided an idea about the shape-controlled
synthesis of other nanomaterials by simply introducing mechanical agitation. They
said that these PATP/gold nanocomposites had promising applications in the fields
of catalysis and sensors.

6.7 Application as Potential Gate Dielectrics in Electronic
Industry

Ginzburg et al. [14] utilized spin-casting and ultraviolet (UV) light-induced poly-
merization to make organic–inorganic nanocomposite thin films using a mixture
consisting of polycaprolactone (PCL)-stabilized GNPs and reactive monomer al-
koxytitanium triacrylate, and photoinitiator benzophenone, dissolved in n-butyl
acetate (BuAc) solvent [14]. Resulting nanocomposites were characterized by
polarized light optical microscopy, transmission electron microscopy (TEM), and

(a)

(b)

Fig. 11 Schematic diagram illustrating the fabrication of gold NPs protected by copolymers of
(MEO2MA) and (OEGMA) and the transfer of the NPs across the water–oil interface. a The top
row represents the fabrication of gold NPs via the reduction of HAuCl4 using sodium citrate as the
stabilizing/reducing agent and subsequent grafting of disulfide-functionalized polymers to the
resulting NPs. The bottom row represents the preparation of gold NPs by a one-step reduction of
HAuCl4 in the presence of disulfide-functionalized polymer using methanol as solvent. b The
polymer-protected NPs are then dispersed in water and placed in the presence of a toluene
interface. Upon the addition of salt to the aqueous subphase, the polymer-protected gold NPs
transfer to the organic phase. Reprinted with permission from [7]. Copyright © 2008, American
Chemical Society
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atomic force microscopy (AFM) and a theoretical model was proposed explaining
the formation of macro- and microphase-separated structures. The composite film
exhibited high electrical capacitance due to the large effective dielectric constant of
the metal nanoparticle-rich “nodules,” and hence these materials could be used in
the electronics industry. From the optical micrographs, numerous “core-shell”-type
nodules of different sizes, distributed randomly in the main cross-linked polymer
matrix (Fig. 14) and partial dewetting of the film from the substrate were observed.
From these observations they opined that the nodules were the result of a complex,
“cascading” phase separation process.

Another interesting feature of the film was that the nodules were larger in height
than the rest of the film. According to AFM study, the height of a nodule, shown in
Fig. 15, was in the order of 4 µm, while the height of the film outside the nodules
was only 50–100 nm.

The nodules exhibited very interesting physical properties, most notably very
high-dielectric constant combined with reasonably high electrical resistivity. It is
expected that such materials hold significant promise for the development of future
high-dielectric-constant gate polymers for printed electronics.

(a)

(b)

(c)

(d)

(e)

(f)

Fig. 12 Optical images of vials containing Au@MEO2MA-co-OEGMA NPs initially dispersed in
aqueous NaCl solutions after standing those solutions in the presence of a toluene phase for 2 days.
Red boxes are placed around vials in which the Au-MEO2MA-co-OEGMA NPs were not stable in
the aqueous salt solutions. The concentration of NaCl in the aqueous phase is shown below each
vial. a Au-MEO2MA NPs. b Au-MEO2MA-co-OEGMA (92-co-08) NPs, c Au-MEO2MA-co-
OEGMA (90-co-10), d Au-OEGMA NPs, e Au-PDMAEMA NPs, and f Au-PEO NPs. Reprinted
with permission from [7]. Copyright © 2008, American Chemical Society
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6.8 Application as Nonenzymatic Glucose Voltammetric
Sensor

Zhu et al. [60] prepared a nanocomposite gel which comprised of multiwalled
carbon nanotubes (MWCNTs)/ionic liquid (IL) and GNPs. GNPs were the cores of
this nanocomposite, surrounded by MWCNTs and IL acted as bridges connecting
GNPs/MWCNTs with one another with bucky gel as platform for the whole
nanocomposite (shown in Fig. 16) [60].

The surface morphology of the nanocomposite was characterized using X-ray
photoelectron spectrometer (XPS), scanning electron microscope (SEM), and
transmission electron microscope (TEM), respectively. Voltammetry was used to
evaluate the electrocatalytic activities of the nanocomposite biosensor toward
nonenzymatic glucose oxidation in alkaline media. They showed that the GNPs

Fig. 13 a Successive UV-vis
absorbance spectra of the
reduction of 4NP by NaBH4

in the presence of PATP/gold
nanoparticle composite
nanofibers. b Normalized
absorbance at the peak
position for 4NP (400 nm) as
a function of time in the
presence of PATP/gold
nanoparticle composite
nanofibers. Reprinted with
permission from [15].
Copyright © 2011, American
Chemical Society
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embedded in MWCNTs/IL gel had strong and sensitive voltammetric responses to
glucose due to a possible synergistic effect among GNPs, MWCNTs, and IL.
Applying the simple and easy approach described in this work, a highly sensitive
electrochemical biosensor with higher selectivity could be developed and this also
could be used in the determination of glucose in human blood serum with satis-
factory result.

Fig. 14 Cascading
macrophase separation and
nodule formation in
polymer-nanoparticle film.
a Large-scale polarized light
optical micrograph showing
phase-separated morphology
of the dried film. b Magnified
image of one nodule showing
secondary and tertiary phase
separation in its interior.
Reprinted with permission
from [14]. Copyright © 2006,
American Chemical Society
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6.9 Application as Materials Which Can Engineer Polymers
at Relatively Low Temperatures

Liu et al. [21] presented a method for the preparation of spherical gold/poly(methyl
methacrylate)(PMMA) hybrid nanocomposites [21]. They observed that large
numbers of GNPs were dispersed throughout the PMMA matrix and the diameters
and dispersion of the GNPs could be controlled by the polymer concentration
(Fig. 17).

They reported that the glass-transition temperature (Tg) of the gold/PMMA
nanocomposite became lower than that of the bulk PMMA polymer (Fig. 18).
A nanonetwork structure was formed upon thermal treatment at a temperature around
the Tg of the nanocomposites. Based on this observation, the author suggested that

Fig. 15 Atomic force
microscope (AFM) image of a
dried nodule. Reprinted with
permission from [14].
Copyright © 2006, American
Chemical Society

Fig. 16 Schematic
illustration of nanocomposite
a (GNPs/MWCNTs/IL).
Reprinted with permission
from [60]. Copyright © 2009
Elsevier
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such nanocomposites could be applicable to advance our understanding of methods
to engineer polymers by treating them at relatively low temperatures.

6.10 Application in Biosensing

Zhang et al. [59] synthesized novel 1D nanocomposites with adjustable thickness
using AuNPs as the reinforcing agent and bacterial cellulose (BC) nanofibers as the
biotemplates via one-step method [59]. The BC nanofibers were uniformly coated
with AuNPs in aqueous suspension using poly(ethyleneimine) (PEI) as the reducing
and linking agent. With the addition of different halides, gold–BC nanocomposites
with different gold shell thicknesses were formed, and a possible formation
mechanism was proposed in Fig. 19.

The obtained gold–BC nanocomposites offered a promising support for enzyme
immobilization and biosensor fabrication. In this work, horseradish peroxidase
(HRP) was chosen as the model enzyme to immobilize on the gold–BC bionano-
composite to construct a new H2O2 biosensor. HRP was successfully embedded
into the nanonetwork structure of the Au–BC nanocomposites with its bioactivity.
The electrochemical behavior of the HRP/Au–BC/GCE and Au–BC/GCE in the
absence and presence of 5.0 mM of H2O2 was investigated by using cyclic vol-
tammetry. The fabricated HRP biosensor allowed the highly sensitive detection of
H2O2 with a detection limit lower than 1 mM. Thus The Au–BC nanocomposites
may find wide applications in bioelectroanalysis and bioelectrocatalysis [3].

Fig. 17 A schematic diagram of the gold/PMMA nanocomposites. Conditions: 0.83 mM HAuCl4,
35_M PMMA (ca. 5.25 mM with respect to the repeating MMA units), and 0.5 mM NaBH4 in
EtOH/H2O (60:40 (v/v)) at room temperature. Reprinted with permission from [21]. Copyright ©
2003 Elsevier
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7 Environmental Effects of GNPs

7.1 GNPs in Water

The increasing use of NPs in both industry and research has eased their inclusion
into waste water streams. The impact of NPs on water treatment plants and the
environment is still unclear. The current studies mainly focus on NP synthesis but

Fig. 18 Glass-transition temperatures of (a) gold/PMMA nanocomposites and (b) bulk PMMA.
Reprinted with permission from [21]. Copyright © 2003 Elsevier
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less so on environmental concerns and toxicity [22]. The GNPs and titanium oxide
NPs were found to present zero or low toxicity toward ordinary heterotrophic
organisms (OHO), ammonia-oxidating bacteria (AOB), and anaerobic biomass
[12]. The effect of such nanoparticles on other toxins already present in the
waterways must also be considered and an in-depth research is needed in this area
[24]. Also the binding ability of NPs with other organic matter, metals, and con-
taminants in the water treatment process might lead to undesired consequences [25].

7.2 GNPs in Soil

Generally, NPs reach soil through direct or indirect contact with groundwater. NPs
in the soil can help to reduce sequestration of hydrophobic contaminants and help in
remediating soil [24]. On the other hand, NPs can adversely affect the respiration
rate of the microbes present in the soil. NP contamination can disturb the soil
protozoan growth and also affect the growth of fast-growing bacteria. Thus, NP
contamination in soil may cause an imbalance between soil and microorganism
deteriorating the overall health and function of the soil [25] adversely affecting the
plant growth and increase human exposure to NPs. Recent studies revealed that
functionalised GNPs could attract certain types of bacteria in soil and on interacting
with these bacteria the GNPs may undergo redox reactions [25]. Thus the soil
characteristics may get changed significantly on contamination with GNPs.

Fig. 19 Schematic illustration of the formation mechanism for Au–BC nanocomposites.
Reprinted with permission from [59]. Copyright © 2010 WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim
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7.3 GNPs in Air

Airborne NPs impose a danger of human exposure through skin absorption. It is
important to study the toxicity and cytotoxicity of airborne NPs and GNPs as these
are major areas of research in both biomedical and environmental applications.

8 Prospects for the Future

Gold nanoparticles (GNPs) have been employed in biomedicine since the last
decade because of their unique optical, electrical, and photothermal properties.
They have been used for various applications like delivery of biomolecules into
cells, labeling applications, as heat source and sensors, etc. GNPs are an attractive
alternative to traditional organic fluorescent dyes as they can absorb light
throughout the visible and NIR spectrum, and they can be nontoxic under certain
experimental conditions. A good amount of work has been done with GNPs on
in vitro diagnostics and in coming years, it is expected that an intensive research
activity will be focused on the in vivo uses of GNPs. These activities will be tied to
specific detection, imaging, and therapy for particular target cells (e.g., certain
cancers, bacteria). However, the toxicity and side effects of GNPs should also be
thoroughly examined before human can be exposed to these materials. In the
forthcoming years, an increased collaboration between research scientists in the
field of nanoscience and nanotechnology, medicine experts, and medical profes-
sionals is likely to occur which will illuminate new fundamental insights into
biological systems.

Recently several research works have demonstrated the suitability of
GNP-reinforced polymer nanocomposites for diversified applications like light
emitting diodes, energy storage applications, as supporters and carriers of transition
metal ions which can be reduced in situ to construct novel bimetallic nanocom-
posites regarded as intelligent catalysts with environmental stimuli activity, optical
and electronic applications, as diagnostic probes or drug delivery vehicles in
catalysis or as sensors, etc. These diverse ranges of possibilities clearly indicate the
importance of GNP-based nanocomposites in the field of science and technology. It
is expected that such materials hold significant promise for the development of
advanced technologies for future applications.
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Structure and Properties of Rubbers With
Silica Nanoparticles as Petroleum-Free
Fillers

Masayuki Yamaguchi, Vu Anh Doan and Shogo Nobukawa

Abstract Silica nanoparticles, as a petroleum-free eco-friendly material, are being
used in the rubber industry instead of carbon blacks. Silica nanoparticles are found
to show nucleating ability for the crystallization of butadiene rubber. Furthermore,
they show migration behavior from styrene-butadiene rubber to butadiene rubber by
Brownian motion, indicating that the interfacial tension with butadiene rubber is
lower than that with styrene-butadiene rubber.

Keywords Silica nanoparticle � Rubber � Nucleating ability � Interphase transfer

1 Introduction

The shortage of fossil resources and the increase in the emission of carbon dioxide
also affect the research and development in the rubber industry in spite of the huge
consumption of natural rubber (NR) as a biomass-derived material [32]. Especially
in the tire field, much effort has been carried out to reduce the amount of carbon
blacks, because they are produced from fossil resources. One of the most promising
candidates for the replacement from carbon blacks will be silica, i.e., silicon dioxide
SiO2, because of the good cost performance. It is usually obtained by mining and
purification with pyrogenic process, and known as one of the most abundant
materials in the earth crust. The shape is basically spherical with various diameters
from nanoscale. Its attractive reinforcing capability has been reported especially
for NR [5, 16, 20], and styrene-butadiene rubber (SBR) [30]. Moreover, surface
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treatment technique is also commercially available, which enables them to be
applicable to various rubbers. The replacement provides a new design for various
rubber products because of the possibility of cooling.

As similar to carbon blacks, silica particles form higher order structure, which can
be characterized by the dibutylphthalate absorption [16]. In general, however, the
adsorption of rubber molecules on the surface of silica particles is not stronger than
that on carbon blacks, when silica is used without surface treatment. Therefore, more
free particles without bound rubber molecules will exist in a rubber. Due to this
situation, Brownian motion will play an important role on the distribution state for
silica nanoparticles. In particular, it becomes very important in an immiscible blend
beyond the glass transition temperature Tg and melting point Tm when the hydro-
dynamic force is not so strong. In this situation, a large amount of silica nanopar-
ticles will reside in one rubber phase with a small interfacial tension. Furthermore,
the interphase transfer may occur during curing process at laminated rubber sheets.

In this chapter, interphase transfer behavior of silica nanoparticles is mentioned
using cis-1,4-poly(butadiene) (BR) and SBR. Prior to the transfer phenomenon, the
nucleating ability of silica particles for BR is mentioned, because silica is known to
show the nucleating ability for various crystalline polymers.

2 Nucleating Ability of Silica for Butadiene Rubber

As mentioned in the introduction, silica particles show the nucleating ability for
various crystalline polymers such as isotactic and syndiotactic polypropylene (iPP
and sPP) [3, 27, 28] polyamide 6 (PA6) [29] poly(propylene oxide) [8] poly(eth-
ylene glycol) [8] isotactic polystyrene [31] and poly(butylene succinate) [4, 26]
although the nucleating ability is not so strong as compared with carbon nanofillers
and talc. Interestingly, silica is also known to retard the crystallization of poly(vinyl
alcohol) [17] and poly(ethylene terephthalate) [36]. Moreover, silica leads to spe-
cific crystalline form for some polymorphic polymers such as iPP (β trigonal form)
[26, 28] and PA6 (γ hexagonal form) [29].

BR is known as a crystalline polymer which shows monoclinic crystalline form
[23]. It has been found that Tm of well-developed crystals is around 0 °C [15, 21]
and the heat of fusion for the perfect crystal is 157 J/g [33]. Because of its high
molecular weight, i.e., restricted molecular diffusion, the crystalline structure is
strongly affected by the processing method [6, 18, 22], as well as the purity and
synthesis method [24]. Of course, crosslink points greatly retard the crystallization.
The existence of crystalline phase affects the dynamic mechanical properties
greatly, which are different from those for a typical rubber. Figure 1 exemplifies the
temperature dependence of the dynamic tensile moduli for BR and SBR [13]. Both
of them are not crosslinked, leading to the crystallization of BR. In the figure, SBR
shows typical dynamic mechanical properties for a rubber in the whole temperature
range, whereas BR behaves as a rubbery material only beyond the melting point
located around at 0 °C.
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The nucleating ability of silica nanoparticles with an average diameter of 16 nm
was investigated employing a commercially available BR (94.8 % of cis-content
and 0.5 % of vinyl fraction) [12]. Figure 2 shows the DSC (differential scanning
calorimeter) cooling curves for BR containing various amounts of the silica parti-
cles at a cooling rate of 5 °C/min from room temperature. It is clearly shown that
the crystallization occurs at higher temperatures for the samples containing the
silica particles, indicating that they act as nucleating agents for BR even without
surface treatment. The peak temperature of the crystallization exothermic peak is
plotted as a function of the silica content in Fig. 3. The nucleating ability is clearly
detected even with 0.01 phr, although the effect seems to be saturated beyond
0.5 phr.
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The isothermal crystallization behavior at various crystallization temperatures is
shown in Fig. 4 for BR and BR containing 1 phr of the silica particles. The
crystallization behavior at various temperatures can be expressed by the classical
Avrami equation for both samples, as shown in Fig. 5a. The Avrami equation is
given by

log � ln 1� Xrelð Þ½ � ¼ n log t þ log k ð1Þ

where k is the parameter to express the overall crystallization rate and n is so-called
Avrami index. The relative crystallinity Xrel is defined by the following equation.
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Xrel ¼ Xt

XT
ð2Þ

where Xt and XT are the degree of crystallinity at time t and that at the end of the
crystallization.

Although physical meaning of the Avrami equation is known to be obscure these
days, the equation is useful, at least, to express the crystallization rate. Since the
Avrami index is not so different for all samples in this study, k can be used to
compare the crystallization rate, as shown in Fig. 5b. The enhancement of crys-
tallization rate is confirmed in the wide range of crystallization temperatures Tc.
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3 Interphase Transfer of Silica Nanoparticles

When the diameter of silica particles is in the order of nanoscale, Brownian motion
is expected even in a viscous polymer melt. The diffusion constant of a spherical
particle D in a liquid is described by the Stokes-Einstein equation as follows:

D ¼ kBT
6pgmR

ð3Þ

where kB is the Boltzmann constant, ηm is the viscosity of the medium, and R is the
radius of particles.
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Therefore, marked Brownian motion is detected for small particles at high
temperature, which also leads to low viscosity. The diffusion time tD for a distance
of the radius of a particle is provided by

tD � R2

D
¼ 6pgmR

3

kBT
ð4Þ

In an immiscible blend, the distribution of nanofillers occurs spontaneously by
Brownian motion when the experimental time is longer than the diffusion time.
Yoon et al. reported that multiwalled carbon nanotudes (MWNTs) with the diam-
eter of 80 nm show marked Brownian motion in a molten polycarbonate (PC) [34].
Because of the Brownian motion, the orientation of MWNTs applied by the pro-
cessing history, i.e., hydrodynamic force, disappears and becomes random, which
greatly affects the electroconductivity due to three-dimensional network structure of
MWNTs. Furthermore, MWNTs show the interphase transfer from iPP to PC
during annealing procedure of laminated sheets composed of iPP and PC, although
no transfer occurs from PC to iPP [35]. This is attributed to the difference in the
interfacial tension with MWNT. In other words, the interfacial tension between
MWNT and iPP is larger than that between MWNT and PC. Such kinds of inter-
phase transfer occur with an aid of Brownian motion when the size of fillers is in the
nanoscale [10]. Interphase transfer, of course, occurs for tackifier, crosslinking
agents, and carbon blacks [9, 13].

The interphase transfer of silica nanoparticles was studied using BR and SBR,
i.e., the first and second largest consumptions in synthetic rubbers [11]. The tem-
perature dependences of dynamic tensile moduli for the rubbers are shown in Fig. 1.
The styrene and vinyl contents in SBR are 27 and 59 %, respectively.

SBR is known to provide good wet skid and traction properties for tires, whereas
BR shows low Tg leading to rubbery nature even at low temperature. Therefore, the
blend system composed of SBR and BR is one of the most important rubber blends
in the tire application, which is currently employed in side wall and tread. It has
been clarified that BR and SBR are immiscible pairs [2, 25] although they show
good compatibility [14, 19]. Furthermore, the compatibility between them is greatly
enhanced by the addition of surface-modified silica particles [1, 7].

Figure 6 shows the procedure for the transfer experiments using laminated sheets
composed of BR and SBR, in which only one sheet contains 70 phr of the silica
particles. After exposure to annealing at room temperature or 50 °C, the sheets were
separated. Then the separated surface was observed by a scanning electron
microscope after Pt-Pd coating by using a sputtering machine. It is clearly shown in
Fig. 7 that the silica nanoparticles are distributed on the surface of BR, suggesting
that they are transferred from SBR to BR. For the sheet produced by compression
molding, rigid fillers tend to be covered by viscous fraction, i.e., rubber.
Consequently, no particle is detected on the surface by SEM for the original sheet
containing the silica particles. This phenomenon can be explained by the existence
of a pure SBR layer in the sheet surface. Therefore, the particles on the BR surface
must show the diffusion through the surface layer of pure SBR to attach to the pure
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BR sheet. In contrast, no particle is detected on the surface of SBR after separated
from the BR sheet containing the silica particles. The asymmetry of the transfer
direction is not attributed to the difference in the diffusion time, because the
relaxation time of SBR, characterized by the rheological measurements, is found to
be significantly longer than that of BR. Therefore, the diffusion time of the silica
particles through the surface layer of BR is shorter than that of SBR, assuming the
same thickness of the surface layer. The difference in the transfer behavior dem-
onstrates that the silica particles prefer to reside in BR phase rather than SBR. The
marked nucleating ability of the silica particles will be attributed to the good
compatibility.

Fig. 6 Schematic illustration of transfer experiments [11]

BR SBR

1 μm 1 μm

Fig. 7 SEM images of the surface after separation of the laminated sheets. (left) BR surface
separated from SBR sheet containing silica particles and (right) SBR surface separated from BR
sheet containing silica nanoparticles [11]
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Because of the silica transfer, the crystallization temperature of the surface of the
BR sheet is enhanced after annealing as shown in Fig. 8. In Fig. 9, the peak tem-
perature of crystallization Tc-p for the BR samples attached to the SBR sheet is
plotted against the annealing time at room temperature and 50 °C. The difference in
the crystallization temperature between Figs. 2 and 8 is ascribed to the difference in
the recipe; the compound used for the transfer experiments contains a process oil. As

Fig. 8 DSC cooling curves
of the BR samples attached to
the SBR sheet containing
silica nanoparticles after the
annealing procedure at
various conditions. The
cooling rate is 5 °C/min [11]
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shown in the figure, the silica transfer does not take place in a relatively short time.
This is reasonable, because the silica particles have to diffuse through the surface
layer of SBR to attach to the BR sheet. Moreover, it is confirmed that the exposure to
higher temperature accelerates the transfer due to the marked Brownian motion.

Under the flow condition, hydrodynamic force is more important in general to
decide the distribution, which is expressed by the Peclet number defined as the
following relation.

Pe � gmR
3 _c

kBT
/ tD _c; ð5Þ

where _c is the shear rate. Therefore, the Peclet number can be regarded as a
dimensionless shear rate.

When the Peclet number is much larger than 1, Brownian motion is neglected.
Therefore, hydrodynamic force decides the morphology of a composite dominantly
during mixing procedure at a high shear rate, although the interfacial tension still
plays an important role on the distribution of fillers.

In the case of rubber processing, however, crosslinking process is required after
mixing of raw materials. Therefore, the silica transfer can take place during the
crosslinking process, because no/little hydrodynamic force is applied to the system
at the process.

4 Conclusion and Future Perspective

Silica nanoparticles are found to exhibit the nucleating ability for BR, which is
saturated beyond 0.5 phr. The nucleating effect is used to characterize the transfer
phenomenon of silica nanoparticles from SBR to BR. The silica particles are dif-
fused through the surface layer of SBR and move to BR. As a result, the silica
particles are detected by SEM on the BR surface after separated from the SBR sheet
containing the silica. In near future, manipulated morphology control including
silica nanoparticles will be established to be replaced from rubber blends containing
carbon blacks.
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