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Chapter 1
Carbon Materials From Various Sources 
for Composite Materials

Zhipeng Wang, Karen Wong Min Jin, and Gan Jet Hong Melvin

1.1  Introduction

Carbon material can be considered as a versatile material which is widely utilized in 
research development and industrial/commercial applications. Carbon materials can 
be in various forms; carbon nanotube (CNT), graphene, carbon black, activated 
carbon, graphite whisker, fullerene, and many more. Most of the carbon materials 
mentioned, possess significant mechanical, electrical, thermal, and chemical prop-
erties, which allow them to be utilized in diverse fields such as composite materials, 
energy storage/conversion, electronic, optical, sensor, and so on.

For decades the studies of macrocomposites such as reinforced polymers have 
been conducted intensively, where the length scale of polymer fillers is in microm-
eters. The reinforcement length scale is in micrometers, and the interface of fillers 
is close to the bulk polymer matrix (Koo 2006). Conversely, composites that are 
reinforced with nanometer scale fillers are considered as nanocomposites (Koo 
2006; Young and Lovell 2011). Nanocomposites are composite materials in which 
the matrix material is reinforced by one or more separate nanomaterials in order to 
improve performance properties (Hu et al. 2010a). The nanocomposites have ultra 
large interfacial area per volume, and the distances between the polymer and filler 
components are extremely short. As a result, molecular interaction between the 
polymer and the nanoparticles (NPs) will give polymer nanocomposites outstanding 
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material properties that conventional polymers do not possess (Koo 2006). 
Commonly, the matrix materials used for composites are polymers such as polyure-
thane, epoxy resin, synthetic/natural rubber, polyvinyl alcohol, polyvinyl chloride, 
paraffin wax, and so on.

Satisfactory range of mechanical, optical, electrical, and surface properties can 
be obtained from polymers alone (Ober and Müllen 2012). Over the last century, 
polymers have dynamically transformed technology more than any other materials. 
Their combination of light weight, low cost, molecular specificity, corrosion resis-
tance, and the properties associated with their large molecular size have made them 
attractive replacements for metals and ceramics in their role as structural and func-
tional materials (Ober and Müllen 2012). In recent years, the discovery of the elec-
trical, electronic, and optical properties of polymers over the last decade has opened 
up a vast variety of new applications in enhancing and demanding technologies.

Nevertheless, there are often circumstances where even more specific or better 
performance is demanded from the polymers. Since the development of polymers, 
composite have been used to enhance properties or improve them. The formation of 
the composite involves incorporating filler, commonly an inorganic filler, to modify 
polymer performance. In recent years, very small scale fillers, some having dimen-
sions of just a few nanometers, have been modulated to fabricate nanocomposites.

The development of composites has been driven by the need for materials with 
specific combinations of properties beyond those obtainable from a single material 
(Young and Lovell 2011). The incorporation of inorganic nanoparticles as the fillers 
into polymer systems has resulted in polymer nanocomposites showing multifunc-
tional, high performance polymer characteristics further than those traditional filled 
polymeric materials possess (Koo 2006; Hu et al. 2010a; Schaefer and Justice 2007; 
Thostenson et al. 2005). Through control or alteration of the fillers at the nanoscale 
level, we will be able to maximize property enhancement of selected polymer sys-
tems to meet or exceed the requirements of current military, aerospace, commercial 
applications, and so on (Koo 2006). The technical approach involves the incorpora-
tion of nanoparticles into selected polymer systems whereby nanoparticles may be 
surface-treated to provide good dispersion and enhanced inclusion into poly-
mer matrix.

1.2  Carbon-Based Composite Materials

1.2.1  Carbon Nanotube-Based Composite Materials

Huge numbers of research and development of CNTs, from history, synthesis, 
remarkable performances, and fabrication of CNT-based nanocomposites, are avail-
able. The enhancement and great attention to CNTs can be highlighted when Kroto 
et al. (1985) discovered fullerene (C60, buckyball); Oberlin et al. (1976) synthesized 

Z. Wang et al.
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among the first CNTs; multi- (Iijima 1991) and single-walled (Iijima and Ichihashi 
1993) CNTs were observed; which keep on developing up to today.

In general, CNTs can be categorized into single-walled CNT (SWCNT) and 
multi-walled CNT (MWCNT). A SWCNT can be considered as a rolled-up sheet of 
a graphene, which is a single layer of an allotrope of carbon called graphite, and the 
edges of the sheet are joined together to form a seamless tube (Young and Lovell 
2011; Hierold et al. 2008). Few tubes of different diameters can be fitted into each 
other, which normally classified as MWCNT. Arc discharge, laser ablation, and 
chemical vapor deposition (CVD) are three major methods to produce CNTs. Each 
of these methods had its advantages and disadvantages and shortly explained below.

Arc discharge and laser ablation method depends on the evaporation of a graph-
ite target to create gas phase carbon fragments that recombine to form CNTs. During 
the process, the temperature reached at 2000–3000 °C range, which allows the car-
bon atoms to rearrange into the tube structure. Normally, in order to promote the 
yield of CNTs, several different metals in concentrations about 1% are incorporated 
into the target materials that is evaporated (Hierold et al. 2008). In the case where 
large quantity of CNTs is necessary for composite materials, these methods would 
make the cost of CNTs unreasonable (Thostenson et al. 2001). Moreover, purifica-
tion steps are also essential before the utilization of them, due to a large amount of 
non-tubular graphitic and amorphous carbon is also yielded during the process 
(Hierold et al. 2008; Thostenson et al. 2001).

One of the most broadly utilized methods to produce CNTs is CVD. Commonly, 
the CVD process includes catalyst-assisted decomposition of hydrocarbons, such as 
ethylene or acetylene, in a tube reactor within 400–1100 °C temperature range and 
the growth of CNTs over the catalyst upon cooling the system (Hierold et al. 2008; 
Hu et  al. 2010b; Popov 2004). The growth temperature depends on the type of 
CNTs to be grown and the catalyst composition (Hierold et al. 2008). The advan-
tages of this method are the ability to fabricate aligned arrays of CNTs with con-
trolled diameter and length, and under the right condition only nanotubes can be 
yielded and no undesired graphitic material (Hierold et  al. 2008; Thostenson 
et al. 2001).

CNTs also can be synthesized from various sources. For example, waste plastic 
such as polyethylene, polypropylene, and polyethylene terephthalate can be utilized 
as carbonaceous feed of CNT production (Bazargan A and McKay 2012; Mishra 
et al. 2012). Moreover, CNTs also can be obtained from coconut shell derived char-
coal by using plasma enhanced CVD (Araga and Sharma 2017), and bamboo char-
coal by CVD in the presence of ethanol vapor (Zhu et al. 2012). Many renewable 
carbon-based resources, especially biomasses, have high potential in CNTs produc-
tion. Few examples are such as solid camphor, camphor oil, palm oil, chicken fat 
oil, honey, butter, and many more (Kumar et al. 2016; Titirici et al. 2015). The uti-
lization of waste materials, renewable carbon resources, and low cost abundant 
materials will lead to the environmental friendly synthesis methods and the advance-
ment of sustainable technologies.

Usually, CNTs are incorporated into polymer matrix to fabricate composite 
materials for various applications. In other cases, CNTs are combined with other 

1 Carbon Materials From Various Sources for Composite Materials
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materials to synthesize hybrid nanocomposites. Several CNT-based materials are 
depicted in Fig. 1.1. Ajayan et al. (1994) conducted one of the first fabrications of 
polymer nanocomposites using CNTs as fillers. Since then, the development of 
CNT-based composite materials is growing rapidly, for instance in electromagnetic 
(EM) wave absorber, electroactive actuator, energy storage devices, advanced mate-
rials, and many more applications.

CNTs are favorable candidate to be considered for EM wave absorber composite 
materials due to their the high electrical conductivity which enables strong polariza-
tion to occur, Ohmic losses, dissipation of electrostatic charges, or multiple scatter-
ing caused by the large specific area, which lead to enhanced complex permittivity 
(Melvin et  al. 2019a). For example, Nwigboji et  al. (2015) fabricated MWCNT- 
epoxy composites and evaluated their EM wave absorption performance. Significant 
EM wave absorption can be obtained for 8–10 wt.% samples within the frequency 
range of 1–26.5 GHz. In order to produce high performance EM wave absorber 
materials, combination of two/more materials or hybrid materials are desirable, 
where single material system unable to meet the demand. In this particular case, 
hybrid materials are referred as CNTs combined with magnetic, dielectric, or con-
ductive particles for EM wave absorber applications. Qiu and Qiu (2015) fabricated 
magnetite nanoparticle – CNT – hollow carbon fiber composites and evaluated their 

Fig. 1.1 (a) TEM image of MWCNT, (b) FE-SEM image of CNTs incorporated into polymer 
matrix, TEM images of (c) BaTiO3/CNT, (d) Ag/CNT

Z. Wang et al.
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EM wave absorption capability. The minimum reflection loss achieved is −50.9 dB 
at 14.03 GHz for 2.5 mm thick sample layer. CNTs are also combined with dielec-
tric ceramic such as barium titanate (BTO) nanoparticles through solvothermal 
method (Bi et al. 2011; Huang et al. 2013) and sol-gel method (Melvin et al. 2014a, 
2017a), to enhance the absorption performance. It is worth noticing that the EM 
wave absorption performance can be improved not only by utilizing hybrid materi-
als, but also by modulating the design, such as double-layer BTO/CNT composites 
(Ni et  al. 2015). The double-layer BTO/CNT composites with total thickness of 
1.3 mm, consist of BTO/CNT 30 wt.% (absorption layer) and BTO 30 wt.% (match-
ing layer) exhibited minimum reflection loss of −63.7 dB (> 99.9999% absorption) 
at 13.7 GHz. Furthermore, CNTs are also integrated with conductive particles such 
as silver (Ag) nanoparticles, for single (Melvin et al. 2014b) or double-layer Ag/
CNT (Melvin et al. 2015) EM wave absorber composite materials. The double-layer 
composites constructed from CNT 30 wt.% and Ag/CNT 30 wt.% with total thick-
ness of 3.3 mm exhibited minimum reflection of −52.9 dB (> 99.999% absorption) 
at 6.3 GHz.

CNTs also can be incorporated into polymer matrix such as polyurethane (PU) 
to fabricate electroactive nanocomposite actuator. An electric field stimulated 
polymer- based materials are referred to as electroactive actuators (shape memory 
polymers) and have the advantages, such as light weight, flexible, tolerance against 
fracture, easy to fabricate, and they can convert electrical energy to mechanical 
energy and thus impart a force and produce large strain (Ali and Hirai 2011; Melvin 
et al. 2016). Moreover, through the inclusion of CNTs, mechanical and electrical 
properties can be improved significantly, which further make them suitable to be 
developed for actuator materials, sensors, artificial muscles, smart devices, and 
micro-switches (Sahoo et al. 2007; Melvin et al. 2014c, d, 2016). For instance, PU/
CNT electroactive nanocomposite actuator film bents toward the cathode when an 
electric field was applied, and it reverted to its original position when the electric 
field was removed. Stable and similar bending displacement also observed upon 
voltage cycling (Melvin et  al. 2014d). Furthermore, CNT/water-borne epoxy 
showed triple-shape memory effect when thermally actuated, where normally com-
mon epoxy or CNT/epoxy nanocomposites only possess dual-shape memory effect 
(Dong et al. 2015).

Not limited to those mentioned above, CNT-based composite materials are also 
widely used as the electrode materials in supercapacitor applications, due to their 
remarkable physiochemical properties such as high conductivity, high surface area, 
and electrochemical activity (Wang and Melvin 2019). For instance, CNTs con-
structed nitrogen-doped porous carbon monoliths for supercapacitor application 
(Wang et al. 2019c). Furthermore, CNTs are also incorporated into matrix material 
to fabricate functionally graded materials (FGM) and their fracture characteristics 
were evaluated (Kurd et al. 2017), protective coating (Zhang et al. 2011), CNT/rub-
ber composites (Jiang et al. 2012), and many more. The inclusion of CNTs assisted 
in enhancement of mechanical, electrical, and thermal properties.

1 Carbon Materials From Various Sources for Composite Materials
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1.2.2  Graphene-Based Composite Materials

The attention towards graphene started since the isolation of graphene from bulk 
graphite (Novoselov et  al. 2004), which then was recognized for Nobel Prize in 
Physics in 2010, accordingly. In that research, graphene sheets were obtained by 
using adhesive tape (Scotch tape) to remove flakes of graphite from a slab of highly 
ordered pyrolytic graphite into increasingly thinner pieces until individual atomic 
planes (monolayer of graphite) were gained (Randviir et al. 2014). Graphene is a 
one-atom-thick planar sheet of two-dimensional (2D) sheet sp2 bonded carbon 
atoms that are densely packed in a honeycomb crystal lattice with remarkable prop-
erties such as high aspect ratio, large surface area, excellent electrical, thermal, 
mechanical properties, and so on (Dai et  al. 2012; Pumera 2010; Randviir et  al. 
2014; Nasir et al. 2018). As the mother and components of all graphitic forms, gra-
phene is a building block for carbon materials of all other dimensionalities, for 
instance 0D buckyballs, 1D nanotubes, and 3D graphite.

The preparation of graphene can be grouped into top-down and bottom-up meth-
ods. Few points such as such as cost effectiveness, scaled-up production, high elec-
trochemical activity, conductivity, are to be considered in graphene preparation (Lv 
et al. 2016).

Top-down approach usually applies mechanical force or chemical intercalation 
to overcome the van der Waals forces between the graphene layers to achieve sepa-
ration of graphene from bulk graphite, such as micromechanical cleavage (mechani-
cal exfoliation), oxidation-exfoliation-reduction, intercalation exfoliation, solid 
exfoliation, and so on (Lv et al. 2016; Dong et al. 2017). In the case of mechanical 
exfoliation by Scotch tape, the process is less appropriate because of the low yield 
and lengthy process, even though the graphene produced possesses high quality 
(Randviir et al. 2014; Papageorgiou et al. 2015). The solvent-phase exfoliation pro-
cess utilizes solvent, which can yield good quality graphene, but in quite small 
amount (Papageorgiou et al. 2015; Potts et al. 2011). Nevertheless, the graphene 
obtained through solvent-phase exfoliation is appropriate to be utilized for solution 
blending process in composite materials fabrication. For composite materials which 
needed high quantity of graphene as the filler materials, thermal exfoliation which 
utilizes thermal shock to obtain exfoliated graphene is considerable (Papageorgiou 
et al. 2015).

Bottom-up approach commonly uses a small molecule precursor to grow into 
graphene by CVD or chemical synthesis. For graphene prepared by CVD, they 
exhibit some excellent properties, due to their large crystal domains, monolayer 
structure and less defects in the graphene sheets, which are beneficial for boosting 
carrier mobility in electronic applications, and apparently in nanocomposites 
(Papageorgiou et al. 2015; Ke and Wang 2016). Furthermore, the layers and defects 
of graphene can be controlled by adjusting growth parameters such as temperature, 
time, catalyst, and so on.

Z. Wang et al.
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Through the utilization of suitable physical or chemical method, production of 
porous graphene and doped graphene sheets can be accomplished, and high perfor-
mance/functionality graphene can be further fabricated with the introduction of 
organic/inorganic materials. Furthermore, the production of graphene with low cost, 
high yield, and high quality is also a vital point. Usually, the chemical exfoliation of 
graphite into graphene oxides (GOs), followed by controllable reduction of GOs 
(with reduction agent such as hydrazine hydrate) into graphene can be considered as 
an efficient and low-cost method (Dong et al. 2017). Model of graphene and few-
layer GO are shown in Fig. 1.2.

Similar with CNTs production, various low cost renewable carbon-based 
resources also can be utilized for graphene production. For instance, the growth of 
graphene on the surface of Cu foils under a H2/Ar flowing atmosphere by using 
food, insects, and waste was reported (Ruan et al. 2011). Other materials such as 
paper cups, glucose, hemp, rice husk, cockroach legs, cookies, and grass also have 
been utilized for graphene production (Raghavan et al. 2017). Furthermore, uniform 
monolayer graphene film was also produced by using chicken fat oil through low 
pressure CVD process (Rosmi et al. 2016), and few layer graphene was also obtained 
from dead camphor leaves (Shams et al. 2015). Moreover, waste plastics which are 
rich in polyethylene and polystyrene also can be turned into high quality single 
crystal graphene by using ambient pressure CVD process (Sharma et al. 2014).

Graphene, derivative of graphene, and graphene hybrid materials are widely uti-
lized in composite materials for numerous applications. For example, composite 
electrode with the combination of activated carbon and reduced graphene oxide 
(rGO) (Guardia et al. 2019), and rGO-Co3O4 composites (Zhang et al. 2019) exhib-
ited enhanced supercapacitor performance. Not limited to energy storage applica-
tions, due to their excellent electrical properties, they are also used for high 
performance electromagnetic shielding application by using the composites consist 
of graphene and CNTs (Zhu et al. 2019). Graphene oxide-based composites also 
showed significant shape memory effect when thermally stimulated, which further 
reveal their potential to be utilized for actuator, biomedical device, sensor, or 
switches (Yan et al. 2019; Wang et al. 2019a).

Fig. 1.2 (a) Graphene model, (b) few-layer GO on glass slide

1 Carbon Materials From Various Sources for Composite Materials
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1.3  Various Carbon Materials

1.3.1  Heat Treatment

Heat treatment is highly associated with pyrolysis, which is a process involves ther-
mal decomposition of materials at certain temperature and in inert environment. 
Specifically, carbonization process can be further defined as a process where organic 
precursors are turned into carbon residues and volatile compounds during heating 
process in inert environment (Lin et al. 2018). Low crystalline carbon materials are 
usually obtained through carbonization process. At further higher temperature 
(>1200 °C), high crystalline carbon materials can be obtained through graphitiza-
tion process (Lin et al. 2018).

Carbon materials are successfully derived from straw, corncob, and fallen leaves 
through carbonization at 800 °C for 0.5 h in nitrogen environment (Wu et al. 2016a). 
Furthermore, rice husks (RHs) are lignocellulosic materials, which is feasible to 
turn them into carbon materials (Wang et al. 2010). Generally, RHs are manipulated 
as low value energy resource, discarded, or simply burnt at the field, which will 
influence the air quality and threaten the environment. Through carbonization pro-
cess, RHs and saw dusts can be derived into carbon materials, at 500–800 °C for 
1-2 h under the presence of Argon gas (Melvin et al. 2017b; Melvin et al. 2019b). 
Additionally, the carbon materials produced from agro-based wastes are further uti-
lized as activated carbon (AC) for adsorbents, electrochemical electrode composite 
materials, and many more. ACs can be majorly produced through chemical and 
physical activation, which enhanced their porosity and specific surface area. Usually, 
chemical activation involves mixing carbon precursor with chemical agents (KOH, 
H3PO4, H2SO4, K2CO3 etc) and the activation/carbonization takes place simultane-
ously when heat treated; meanwhile physical activation involves the introduction of 
oxidizing atmosphere (CO2, steam, etc.) to carbonized materials (Wei and Yushin 
2012). Few examples of AC utilized as adsorbents are; AC from RHs for nitrate 
removal from water (Satayeva et al. 2018), AC from date pits for lead ions removal 
(Krishnamoorthy et al. 2019), AC from pistachio wood for Pb(II) removal (Sajjadi 
et al. 2019). Moreover, high performance composite materials for supercapacitor 
electrodes are manipulated from AC derived from corn straws (Lu et al. 2017), oil 
palm shells (Abioye et  al. 2017), etc. Interestingly, activated carbon fibers are 
obtained from sawdust (Huang et al. 2017), and large area activated few-layer gra-
phene are obtained from peanut shell (Purkait et  al. 2017), also for high perfor-
mance supercapacitor applications.

Alternatively, ACs are also produced through microwave heating. Microwave 
heating, not limited to activation process, has been utilized in diverse fields due to 
its short time treatment and comparatively low energy consumption (Alslaibi et al. 
2013). For example, carbonized saw dusts were activated through microwave heat-
ing by using K2CO3 (Foo and Hameed 2012). On the other hand, ACs obtained from 
microwave-assisted activation of petroleum coke by using KOH were used to fabri-
cate electric double layer composite capacitors (He et  al. 2010). Furthermore, 
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diverse types of carbon materials were also synthesized through microwave heating. 
Hollow carbon nanofibers were obtained from pine nut shell and palm kernel shell 
during microwave pyrolysis (Zhang et al. 2018; Omoriyekomwan et al. 2017). ACs 
which function as microwave receptor, were mixed with the biomasses during the 
microwave pyrolysis.

Furthermore, high crystallinity carbon materials can be obtained through heat 
treatment at high temperature. For instance, wrinkled few- and multi-layer graphene 
can be obtained from rice husks (RHs) treated at 2500 °C (Melvin et al. 2017b). 
Comparatively, they showed clean surface, clear edges, and relatively high crystal-
linity than RHs carbonized at low temperature. Composite materials consist of RHs 
treated at 2500 °C also exhibited significant electromagnetic wave absorption per-
formance, over 98% absorption with thickness of 1.6 mm (Melvin et al. 2017c). 
Interestingly, RHs treated at 1500 °C produced a heterogeneous materials - mixture 
of carbon materials, silicon carbide (SiC) whiskers and SiC particles (Melvin et al. 
2019c). Composite materials consist of RHs treated at 1500  °C showed over 
99.9997% electromagnetic wave absorption. Furthermore, nanoparticles also can be 
attached onto their surface to fabricate nanocomposites (Melvin et al. 2017d). On 
the other hand, graphite whiskers also can be obtained when fullerene waste soot 
(Wang et  al. 2015a), wood charcoal (Saito and Arima 2007), grounded graphite 
(Dong et al. 2001), and coffee grounds (Melvin et al. 2019d) are treated at various 
high temperatures. These graphite whiskers exhibited strong G’ when investigated 
using Raman spectroscopy, which might be induced by the disclination of graphi-
tized carbon layers. Vapor carbon that produced by the precursor can be assumed as 
the carbon source, when they are heat treated at high temperature. The high crystal-
linity of carbon materials obtained at high temperature might be attributed to 
realignment or restructure of vapor carbon. Few types of carbon materials obtained 
from agro-based waste materials heat treated at high temperature are shown in 
Fig. 1.3.

1.3.2  Plasma Enhanced Chemical Vapor Deposition (PECVD)

As mentioned above, CVD method was extensively employed for the synthesis of 
carbon materials including diamond, CNT, and graphene. For the sake of low- 
temperature synthesis of these carbon materials, plasma is involved in the CVD 
process, and it is regarded as plasma enhanced CVD (PECVD). In PECVD process, 
plasma which consists of electrons, ionized gas species (ions), and neutral species 
in both ground and excited states. The plasma is usually created and sustained by 
applying a high frequency voltage (e.g. radio frequency (rf), microwave) or direct 
current discharge between two electrodes to a low pressure gas. For the growth of 
carbon-based materials, plasma was initially utilized to fabricate diamond-like car-
bon (DLC) films. In 1983, Japanese researchers firstly obtained the crystalline dia-
mond particles on silicon wafers using a gaseous mixture of H2 and CH4 under 
microwave glow discharge conditions (Kamo et  al. 1983). Consequently, the 
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microwave PECVD techniques with various designs have been extensively 
employed for diamond growth, and the resulting products with or without post treat-
ment could be applied in the wide fields of electronic and optical devices, and elec-
trochemical electrodes due to their excellent physical and chemical properties 
(Schwander and Partes 2011).

With the development of carbon materials, CNTs were firstly observed by Iijima 
(1991), and quickly attracted great attention in their fundamental research and 
applications at the beginning. The synthesis approaches of CNTs focus mainly on 
arc discharge, laser ablation, and CVD. In 1998, Ren et al. (1998) fabricated the 
CNTs on glass substrate with the decomposition of NH3 and C2H2 by plasma- 
enhanced hot filament CVD. Compared to thermal CVD grown CNTs, the plasma- 
assisted CNTs not only grew at low temperatures (less than 666  °C) but also 
possessed vertical orientation to the substrate, thus, have a better performance in 
field emission emitters. The PECVD technique is most promising method, in which 
the decomposition and carbonization of the carbonaceous precursor have been done 
at low temperatures by the generation of plasma to synthesize multi- and single- 
walled CNTs (MWCNTs and SWCNTs). The CNT forest can be achieved even at 
250–300 °C over large substrate areas under plasma condition (Kleinsorge et  al. 
2004; Boskovic et  al. 2005), thus, they are more acceptable and applicable than 

Fig. 1.3 TEM images of (a) corrugated few-layer graphene from RH treated at 2500 °C (Melvin 
et  al. 2017b), (b) barium titanate nanoparticles immobilized onto the surface of RH treated at 
2500 °C (Melvin et al. 2017d), FE-SEM image of (c) graphite whisker from waste coffee grounds 
treated at 2500 °C
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those obtained by conventional CVD. Until now, plasma grown CNTs can be used 
for lots of applications like energy storage and conversion, sensors, membranes, and 
field emission displays (Lone et  al. 2017). For the application of field emission, 
plasma-assisted CNTs show some advantages, e.g., high electrical conductivity and 
low threshold field. However, there is a stable problem that the tallest CNT in the 
forest experiences the highest field and emits the entire current, which leads to burn 
it out (Zanin et al. 2013). Thus, some attempts have been employed to overcome it, 
e.g. combining CNTs with other materials to form composites. For example, the 
CNTs decorated with Er NPs (Shrestha et al. 2010), ZnO NPs (Ho et al. 2008), and 
nanodiamond (Guglielmotti et al. 2009) demonstrated the improved emission prop-
erties. Zanin et al. (2013) reported the vertically-aligned CNT (VACNT) and DLC 
composite (Fig. 1.4), in which they were synthesized in the system of N2-H2-CH4 
and C6H14-Ar using different PECVD techniques, respectively, like a honeycomb 
structure with significant enhancement in emission current, lifetime, stability, and 
flickering features. Due to higher conductivity and faster diffusion, the VACNTs on 
the metal substrates were more suitable as the electrodes of electrochemical devices, 

Fig. 1.4 SEM images of the VACNT films (a) without and (b) with the DLC coating, (c) Field- 
emission characteristics of the VACNT film, the DLC/VACNT film, and the wetted VACNT film. 
Inset: The corresponding Fowler-Nordheim plots from the three types of samples. (d) Field emis-
sion current-density stability test from the VACNT films with and without the DLC coating (Zanin 
et al. 2013)
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e.g. supercapacitors and lithium ion batteries (LIBs), in comparison with the free- 
standing CNTs. The VACNTs composites can further improve the properties of 
LIBs and supercapacitors (Amade et al. 2011; Saghafi et al. 2014; Malik et al. 2017; 
Jiang et al. 2019).

Similar to CNTs, graphene-based materials can be also synthesized by various 
PECVD techniques since the first isolation of graphene using adhesive tape method 
(Nandamuri et al. 2010; Kim et al. 2011a; Kim et al. 2011b; Bo et al. 2013). In these 
plasma reactors, the carbonaceous gas was usually decomposed into carbon radicals 
to eventually form graphene materials on the substrate with the help of H2 and/or Ar 
(other gases) as etching reagent. Among those graphene-based materials synthe-
sized by PECVD, vertical graphene (VG), which grew perpendicularly to the sub-
strate (Wang et al. 2011a), has demonstrated some unique characteristics (Fig. 1.5), 
e.g., nonagglomerated porous internetworked morphology, an abundant of open and 
sharp edges, and controllable structures. Thus, it makes VG possess more interest-
ing properties, e.g., high electrical conductivity, high surface area, and high electro-
chemical activity, and many promising applications, e.g., field emission emitters, 
biosensors, catalysts or catalysts supports, and electrodes of electrochemical devices 
(Wang et al. 2011b, 2012a, 2012b). In addition, the VG films can be more easily 
formed on the different substrates including metals, semiconductors, and insulators 
with any shapes or sizes. It makes VG growth look like substrate-independent pro-
cess that it attributes to the requirement of no catalyst and easy formation of nucle-
ation sites under plasma conditions. Chen group utilized an atmospheric pressure 
PECVD to decompose CH4 on the surface of the CNTs to form hybrid graphene-
CNT composites, which have potential electronic and optoelectronic applications 
(Yu et al. 2011). More interestingly, the VG structures can be achieved from not 
only the carbonaceous gases but also liquid or solid precursors, including Melaleuca 
alternifolia, milk, honey, butter, sugar, cheese, solid carbon, and polymer (Seo et al. 
2013a, 2013b, Wang et al. 2014a, 2014b, Jacob et al. 2015) under various plasma 
conditions though the resulting VG films exhibited different morphology and micro-
structure, as partially shown in Fig. 1.5.

The waste plant biomass, which was usually utilized as a source for activated 
carbon, has extensively been employed to synthesize other novel carbon structures 
including CNTs, graphene, and their derivatives (Wang et  al. 2015b, 2015c), as 

Fig. 1.5 Morphological structures of the VG films from different precursors: (a) CH4 (Wang et al. 
2011a), (b) Kapton polyimide (Wang et al. 2014a), (c) solid carbon (Wang et al. 2014b). Inset: the 
corresponding cross-sectional images
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depicted in Fig. 1.6. Microwave plasma irradiation technique was utilized to treat 
RHs, which located in the home-made Ni box, and found the graphene-CNT hybrid 
structures, in which graphene sheets grew on the walls of CNTs (named as graphen-
ated CNTs, g-CNTs), on the Ni surface. The g-CNTs exhibited more excellent elec-
trochemical properties than individual CNTs and graphene in the application of 
supercapacitors. In 2015, graphene-sheet fiber (GSF) were firstly synthesized when 
the coffee ground powders replaced the RHs. Differ from the g-CNTs, GSF consists 
of only graphene sheets without the CNT structure inside. The resulting GSFs have 
relatively excellent electrical conductivity and fantastic specific capacitance.

1.3.3  Hydrothermal Treatment

An aqueous solution of organic substances such as saccharides (glucose, sucrose or 
starch) or compounds (e.g., furfural) which was heat-treated at a range of tempera-
tures of 150–350 °C for a certain time, the products including water-soluble organic 
substances and insoluble carbon-rich solids will be formed (Sevilla and Fuertes 
2009a). The process, termed as hydrothermal carbonization (HTC), has attracted 
great interest in recent years. As was known, the HTC is not a new process, and has 
been utilized to treat various saccharides to investigate the mechanism information 
of natural coalification during the first decades of last century (Sevilla and Fuertes 
2009a). Subsequently, the HTC of the cellulose was studied to obtain liquid chemi-
cals or other solid products, which have the same composition of those obtained 
from the HTC of the glucose, suggesting that the hydrolysis products for both sub-
stances are similar (Van Krevelen 1950).

Wang et al. (2001) first reported the hydrothermal treatment of sucrose to pro-
duce carbon microspheres. Subsequently, Sun and Li (2004a) obtained similar 

Fig. 1.6 Morphologies and microstructures of the g-CNTs and the GSF synthesized from RHs 
and coffee grounds, respectively, by microwave plasma irradiation technique: (a) SEM, and (b-d) 
TEM images of the g-CNTs, (e) SEM, and (f-h) TEM images of the GSF. (Wang et al. 2015b, 2015c)
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carbon spheres (CSs) by the HTC of the glucose, in which their sizes were adjust-
able through the experimental parameters and they can be loaded with metal NPs to 
form the hybrid carbon/metal materials (e.g., C/Ag, C/Cu, C/Au, C/Pd, C/Te). 
Studies have shown that the HTC-assisted CSs can be employed as sacrificial tem-
plates for fabricating hollow spherical structures of inorganic compounds (e.g., 
Ga2O3, GaN, WO3, SnO2) (Sun and Li 2004b; Li et al. 2004; Wang et al. 2007). The 
CSs synthesized from the HTC of different saccharides (glucose, sucrose or starch) 
can be used as precursors for the production of graphitic carbon nanocoils 
(Fig. 1.7(c)-(d)) with the help of Ni under nitrogen up to 900 °C for 3 h, and the 
products supported PtRu NPs for metal electrooxidation (Sevilla et  al. 2007). 
Significantly, the glucose-derived CSs (Fig. 1.7(a)-(b)) were graphitized at extremely 
high temperatures in the range of 1200-2900 °C to achieve discrete fragments of 
curved graphitic planes (Wang et al. 2017), which are similar to heat-treated glassy 
carbon. But, they were different from the tetrahydrofuran-derived pyrolytic spheres 
(Zhang et al. 2006) and the hydrocarbon-derived carbon spheres by CVD technique 
(Wang et al. 2005) at extremely high temperatures, which demonstrated concentri-
cally polyhedral graphitic shells. It implied that the microstructures of the resulting 
CSs after high temperature treatment were strongly dependent of the precursors.

Besides the saccharides (glucose, sucrose or starch), the cellulose can be con-
verted into carbon microspheres (2–5 μm) by the HTC process at the temperatures 
in the range of 220–250 °C (Sevilla and Fuertes 2009b). The results confirmed that 
the formation of CSs involved into the path of a dehydration process, similar to the 
previous observation for the hydrothermal transformation of saccharides. Biomass 
is a biological matter that incorporates all living mater on earth, and mainly consists 
of cellulose, hemicellulose, and lignin. Thus, biomass is suitable substance for the 
formation hydrochar under HTC, which strongly depend on the process parameters 
including temperature, feed type, residence time, pressure, and catalyst (Nizamuddin 
et al. 2017).

In addition, hollow CSs with controllable size and morphology have been devel-
oped by the HTC of α-cyclodextrin in the presence of Pluronic F127 as a soft tem-
plate (Yang et  al. 2013), as illustrated in Fig.  1.7(e) and (f). Uniform carbon 
nanofibers (about 50 nm in diameter and some micrometers in length) with high 
aspect ratio could be produced using the HTC of the glucose in the present of Te 
nanowires (Qian et al. 2006), as shown in Fig. 1.7(g) and (h). The pure carbon nano-
fibers can be obtained by removal of the core of the product by treatment of with a 
mix aqueous solution of HCl and H2O2 at RT for 12 h.

HTC of biomass such as glucose and cellulose typically produces CSs with the 
diameter in micrometer size, which are insulating. When adding a certain amount of 
graphene oxide (GO) to glucose, the HTC products exhibit significant change in 
their morphologies and improve the conductivity of carbon materials with high 
degree of carbonization. At low mass loading of GO, HTC treatment can lead to 
dispersed carbon platelets with tens of nanometers in thickness, while at high mass 
loading, free-standing carbon monoliths can be obtained (Krishnan et  al. 2014). 
GO, a two-dimensional single atomic sheet, is the chemical exfoliation product of 
graphite powders, and has rich oxygen-containing functional groups, e.g., epoxy 
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Fig. 1.7 SEM and TEM images of (a-b) glucose-derived carbon spheres (Wang et al. 2017), (c-d) 
saccharide-derived graphitic carbon nanocoils (Sevilla et al. 2007), (e-f) α-cyclodextrin-derived 
hollow carbon spheres (Yang et al. 2013), (g-h) glucose-derived carbon nanofibers under HTC 
conditions (Qian et al. 2006)
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and hydroxyl groups, decorating the segregated nanographitic domains on their 
basal planes so that it is easily dispersed in water and many polar solvents. Compared 
with original GO sheets, reduced GO (rGO) sheets demonstrate the more outstand-
ing physiochemical properties and promising applications. Thus, various attempts, 
e.g., chemical, thermal, solvothermal, and hydrothermal reductions (Zhou et  al. 
2009; Zhao et  al. 2012; Huang et  al. 2018), have been employed to reduce GO 
sheets into rGO sheets. Among them, hydrothermal reduction of GO is a simple, 
fast, and environmentally friendly route which involves water only without adding 
any toxic reducing agents. The graphene aerogel can be obtained from rGO using 
hydrothermal process, and demonstrated excellent elastic modulus, good electrical 
conductivity, high specific capacity, and thermal stability. The results confirmed that 
the properties of graphene aerogels strongly depend on GO concentration and 
hydrothermal reaction time (Xu et al. 2010). In order to achieve wider applications, 
graphene-containing composite materials have been extensively investigated. 
Researchers utilized one-step hydrothermal method to synthesize graphene-based 
composites, such as TiO2-rGO, Co3O4-rGO, and doped rGO (Shen et al. 2011; Liu 
et al. 2013; Zhang et al. 2017), in which exhibited the improved properties and per-
formances in supercapacitors and batteries.

During the HTC process, the GO as a template and catalyst can promote the 
polymerization of the fragments decomposed from egg proteins to form egg protein- 
derived carbon/rGO composite for supercapacitor electrode with high specific 
capacitance, good rate capability and excellent cycling stability (Ma et al. 2017). 
Hydrothermal approach was also employed to cut the thermally rGO sheets into 
surface-functionalized graphene quantum dots (GQDs) with 9.6 nm average diam-
eter (Pan et al. 2010). The resulting GQDs exhibited bright blue photoluminescence 
due to their large edge effect.

1.3.4  Electro-Deposition Using Molten Salts

Over the course of years, the rapid growth of industrial sectors, the increase in 
human population, and open agricultural burning give rise to carbon dioxide gas 
emission into the atmosphere. The atmospheric concentration of carbon dioxide gas 
had reached an alarming level. According to National Oceanic and Atmospheric 
Administration (NOAA) and the American Meteorological Society report released 
in August 2018 entitled State of the Climate in 2017, the global atmospheric carbon 
dioxide concentration for the year 2017 was at 405.0 ± 0.1 ppm. The effort in reduc-
ing the level of carbon dioxide gas in the atmosphere had been one of the great 
concerns in this modern world. The awareness of the climate change gives way to 
researchers in utilizing carbon dioxide as the source of conversion to value-added 
product, therefore carbon capture and utilization (CCU) technologies (Alper and 
Yuksel Orhan 2017; Stuardi et al. 2019; Styring et al. 2011; Yan and Zhang 2019) 
was extensively studied either in industry or academically (Yuan et al. 2016). The 
conversion of carbon dioxide gas introduce the end products which contains the 
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carbon from the gas as a result of physical and chemical processes (Song 2002). 
Electrochemical conversion of carbon dioxide gas in molten salt electrolyte as one 
of the utilization method had progress rapidly due to the molten salt exceptional 
properties, for instance low vapor pressure, high electronic conductivity and low 
cost (Ge et al. 2016).

Electrolytic generated carbon in electrolysis of molten salts was accidentally 
discovered in the early 1900’s where Haber and Bruner (1904) attained significant 
carbon deposition from barium chloride and barium carbonate mixture at 
580 °C. While in the 1940’s, Andrieux and Weiss (1944) unintentionally found car-
bon by utilizing carbonates and halides mixtures to synthesis inorganic carbides at 
750  °C via electrochemical route. In 1960’s, inspired by the previous accidental 
findings; Ingram et al. (1966) studied the occurrence of carbon deposition in elec-
trolysis of molten carbonates with argon and carbon dioxide atmosphere, its charac-
teristics and the properties of the deposited carbon, however limited interest was 
shown in this study throughout the years. Recently, researchers show interest in the 
electro-deposition of solid carbon using molten salts electrolyte with continuous 
supply of carbon dioxide gas. It is due to the discoveries of wide variation of inter-
esting carbon microstructure and the utilization of carbon dioxide gas as carbonate 
source in the molten salt electrolysis process (Deng et  al. 2018; Dimitrov et  al. 
2002; Gakim et al. 2015; Ge et al. 2016; Ijije et al. 2014a; Ingram et al. 1966; Karen 
et  al. 2018; Le Van et  al. 2009; Novoselova et  al. 2008; Tang et  al. 2013; Yin 
et al. 2013).

Wide variety of carbonaceous materials were discovered from electrolysis of 
molten salt electrolytes. The carbonaceous materials sizes ranging from micro- to 
nano- and was found to exhibit diverse microstructures depending on the electroly-
sis process parameters, i.e. electrolytes, substrates, temperatures, current densities 
and deposition potentials (Hughes et al. 2015; Kawamura and Ito 2000). There were 
various reasons and factors on the parameter selection, however some of the studies 
targeted selective electrolyte and electrode type due to the desired end product i.e. 
in the synthesis of carbon nanotubes or nanomaterials by using molten chloride salt. 
Molten chloride salt (LiCl, NaCl, KCl, and more) was utilized alongside graphite 
electrodes with carbon nanotubes as main product (Chen et  al. 1998; Hsu et  al. 
1996). While Kamali et al. (2011) study the use of different type of graphite elec-
trode to the carbon nanomaterial obtained by using LiCl electrolyte, further study 
by Kamali and Fray (2013) look into the corrosion of the electrode in mixture of 
LiCl salt with graphite powder. However, the selection of electrolyte should be con-
sidered carefully which could produce carbon materials as the end product. The 
molten salt electrolyte should be able to dissolve the O2−ion which the ion is a prod-
uct of carbon deposition and able to absorb CO2 gas and convert it to CO3

2−  ions 
(Ijije et al. 2014b). Another important factor for successful carbon deposition is the 
presence of Li+ ions in the electrolyte (Ingram et al. 1966; Delimarskii et al. 1968; 
Kawamura and Ito 2000; Massot et al. 2002; Ijije et al. 2014b). Based on the study 
on the role and effect of the alkali metal ions in electrolysis process, notable Na+, K+ 
and Li+ ions, Ijije and Chen (2016) found that electrolyte containing Li+ ion (Li2CO3) 
produced carbon material while electrolyte containing Na+ (Na2CO3) and K+ 
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(K2CO3) produced alkali metal as the main cathodic reaction. Over the years, the 
selection of electrodes in the electrolysis process was not carefully explain by 
researchers, nonetheless, the use of silver, nickel, gold, tungsten, platinum or copper 
as electrodes have been reported (Ingram et al. 1966; Lantelme et al. 1999; Le Van 
et al. 2009; Tang et al. 2013; Yin et al. 2013; Ge et al. 2016; Deng et al. 2018). 
Likewise, the temperature, current densities and deposition potentials selection for 
the process were not vastly studied and limited information was available. Though, 
the process temperature often chosen while considering the melting temperature of 
the selected electrolyte.

Interesting microstructures was observed in the carbon materials obtained either 
in single-salt electrolyte of mixture of two or more salt. The electrolysis of single 
Li2CO3 yields micro-sized irregular shaped flakes under process temperature of 
740 °C and voltage supply of 4 V by using stainless steel electrodes (Ijije and Chen 
2016). Whereas nano-sized carbon nanofibers was produced under 730  °C with 
coiled galvanized steel wire cathode and Ni anode (Ren et al. 2015), and carbon 
nanotubes was observed in Wu et al. (2016b) study under the temperature of 770 °C 
and Ni as cathode with addition of ZnO additive (1 wt%). Figure 1.8 shows the find-
ings of the studies respectively.

Diverse microstructures were observed in mixture of two or more salt electro-
lyte. Dimitrov (2009) observed nano-balls and flower-like sheets in electrolysis of 
binary LiCl-Li2CO3 using graphite electrodes at 700 °C, whereas Ge et al. (2015) 
found quasi-spherical microstructures with inert platinum anode and tungsten cath-
ode at 700 °C of electrolysis temperature. On the other hand, Deng et al. (2018) 
obtained wide variety of carbon microstructures with the addition of salt additive 
(CaCO3) into the binary LiCl-KCl. Crater-like, nanofibers, coral, quasi-spherical, 
spherical, carbon sheets, shell-like structure, flakes and aggregated nanoparticles 
was found in the study. While Kawamura and Ito (2000) and Song et  al. (2012) 
observed aggregated quasi-spherical structure in electrolysis of ternary LiCl-KCl- 
K2CO3, at 450 °C with rectangular sheet of aluminum as cathode and glassy carbon 

Fig. 1.8 The findings of carbon microstructures deposited in single Li2CO3 electrolyte, (a) TEM 
image of carbon deposited under 740 °C with 4 V in CO2 atmosphere (Ijije and Chen 2016), (b) 
SEM image of nano-sized carbon nanofibers produced under 730 °C with coiled galvanized steel 
wire cathode and Ni anode (Ren et al. 2015), and (c) SEM image of carbon nanotubes obtained 
under the temperature of 770 °C and Ni as cathode with addition of 1 wt% ZnO additive (Wu 
et al. 2016b)
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rod anode, and at 500 °C with graphite electrodes, respectively. Ternary mixture of 
Li2CO3-Na2CO3-K2CO3 was widely use as electrolyte since Ingram et  al. (1966) 
successfully obtained carbon deposition. Groult et al. (2006) found nano-sized car-
bon particles in electrolysis of the ternary electrolyte at 450  °C with gold-sheet 
anode and Ni-sheet cathode, whereas Le Van et  al. (2009) discover nano-sized 
quasi-spherical carbon with graphite anode and Ni cathode. While Yin et al. (2013) 
observed aggregated nano-sized carbon particles and flakes with SnO2 rod anode 
and Ni-sheet cathode at 500 °C, Tang et al. (2013) obtained micro- and nano-sized 
flakes, nanowires, particles and thin sheets by using SnO2 rod anode and U-shape Ni 
sheet cathode at process temperature of 450, 550, and 650 °C. Gakim et al. (2015) 
found micro-sized aggregated grape-like structure in electrolysis of CaCO3-CaCl2- 
KCl-LiCl quaternary mixture at temperature range between 575 and 585 °C. Study 
by Karen et al. (2018) in electrolysis of newly formulated ternary CaCO3-Li2CO3- 
LiCl salt mixture at 550–650 °C and 4 – 6 V cell voltage using stainless steel as 
electrodes with CO2 atmosphere showed five dominant microstructures: grape-like, 
tubes, thread-like, spheres, and flakes under the SEM analysis, as shown in 
Fig. 1.9(a) - (e) respectively.

Electrolysis involves the splitting of a particular substance when electrical energy 
was introduced into the system, and it is frequently applied to decompose a com-
pound to its elements. The electrolyte in the electrolysis process could be the pure 
compound, for example H2O or a molten salt, or a mixture of two or more molten 
salts (Silberberg 2006). The utilization of carbon dioxide gas as carbon source in the 
electrolysis of molten salt electrolyte produces carbonaceous materials.

Electro-deposition of solid carbon via electrolysis of molten salt in CO2 atmo-
sphere can be carried out in an electrolytic cell. The cell requires an electrolyte 

Fig. 1.9 The example of SEM images for (a) grape-like, (b) tubes, (c) thread-like, (d) sphere, and 
(e) flakes, as dominant microstructures found in the deposited solid carbon prepared at 550 and 
650  °C with voltage supply of 4 – 6 V using ternary CaCO3-Li2CO3-LiCl salt mixture (Karen 
et al., 2018)
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which contains ions (cations and anions) and able to conduct electric when it is in 
liquid form. Electric current can be supplied to the electrolyte by the positive and 
negative electrodes which immersed in the electrolyte. CO2 gas can be flowed into 
the system to replenish the carbonate ions (CO3

2−  as carbon source) in the electro-
lyte for continuous carbon deposition on the cathode surface. Fig. 1.10 displayed 
the example of experimental setup for electrolysis process and the deposition of 
solid carbon the cathode surface based on Karen et al. (2018) study.

The deposition of carbon occurred on the surface of cathode electrode as a result 
of the conversion reaction happened at the interface of cathode and the electrolyte 
(Ingram et al. 1966), as soon as the voltage was supplied to the system. The carbon 
source, carbonate ions (CO3

2− ), will be reduced to carbon in the electrolysis process 
in two steps of reaction as stated below (Ingram et  al. 1966; Kawamura and Ito 
2000; Kaplan et al. 2002; Massot et al. 2002; Le Van et al. 2009; Ijije et al. 2014c; 
Gakim et al. 2015).

Step 1: CO3
2− + 4e− → C (s) + 3O2− (1)

CO3
2− + 2e− → CO2

2− + O2− then CO2
2− + 2e− → C 

(s) + 2O2−
(2 & 3)

Step 2: O2− + CO2 (g) ⇌ CO3
2− (4)

The CO3
2−  ions first reduced to carbon either by the single-step process based on 

reaction (1) (Ingram et al. 1966; Kaplan et al. 2002; Massot et al. 2002), or the two- 
step process based on reaction (2) and (3) (Delimarskii et al. 1968; Ito et al. 1992). 
Later, the molten salt electrolyte absorbs the CO2 gas through reaction (4), and 
regenerates CO3

2−  ions in the electrolyte. The reactions cycle enables the continu-
ous production of carbon on the cathode surface.

The application of carbon produced by electrolysis of molten salt electrolyte is 
not vastly studied. However, it has the potential to be utilized in various spectrum as 
the carbon obtained from the process exhibits a diverse microstructures and particle 

Fig. 1.10 The schematic 
diagram (not according to 
scale) of (a) experimental 
set-up for the electro- 
deposition of solid carbon 
via electrolysis process and 
(b) solid deposition on 
cathode surface for 
electrolysis in CO2 gas 
environment (Karen 
et al. 2018)
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sizes ranging from micro to nano sizes. For instance, composite materials for energy 
storage electrode (Ijije et al. 2014c). Moreover, the carbon could be further treated 
for attachment of desirable functional groups, i.e. carboxyl and hydroxyl groups, on 
the carbon surface which improved its dispersion ability, and later can be utilized as 
carbon filler in fabrication of composites or attachment of other particles onto their 
surface in fabrication of hybrid composites. Carbon fillers, i.e. carbon nanotubes 
(Anagappan et al. 2013), carbon nanofibers and carbon black, can be used as com-
posites filler, and when mixing the carbon fillers with polymers, it could improve 
the overall mechanical, electrical and thermal stability.

1.4  Conclusions

In this chapter, carbon materials from various sources for composite materials are 
mainly described. Obviously, by using different material sources and methods, a 
great variety of carbon materials can be produced, such as carbon nanotube, gra-
phene, carbon sphere, carbon flake, graphite whisker, and many more. Furthermore, 
the carbon materials also can be integrated with other materials, in order to achieve 
higher performance or specifically targeted properties. The carbon materials can be 
utilized for composite materials in vast fields and applications, such as energy stor-
age devices, actuator, shape memory material, electromagnetic wave absorber, 
functionally graded material, and many more. Carbon-based composite materials is 
a prominent candidate to tackle our current or future demands to satisfy various 
necessities.
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Chapter 2
Carbon Fibre Reinforced Polymer  
(CFRP) Composites: Machining Aspects 
and Opportunities for Manufacturing 
Industries

Sharizal Ahmad Sobri, Robert Heinemann, and David Whitehead

2.1  Introduction

Composite materials, or just composites, as they are often referred to, consist of two 
or more distinct constituents or phases made from engineered or naturally-occurring 
materials, where each material has significantly different physical or chemical prop-
erties, which remain separate and distinct within the finished/combined structure. 
According to Lau et al. (1995), Shanmugam et al. (2002), Hernandez et al. (2011) 
and Santhanakrishnan et al. (1988), composite materials will eventually become the 
most wanted type in industry and are already gaining wide acceptance in, for exam-
ple, construction, furniture, packing, flooring, panelling and automotive. In addi-
tion, composites are applied in many high-tech industries, such as aerospace and 
defence (Shanmugam et al. 2002). Matthews and Rawlings (1999) predict that the 
demand for synthetic composites, i.e. fine fibres embedded in polymers, will con-
tinue to increase steadily as it has been with metal and ceramic-based composites. 
Moreover, as Brouwer (2019) states, during the last decade there has been a renewed 
interest in natural fibres as a substitute for glass, motivated by potential advantages 
in weight saving, reduced raw material price and ‘thermal recycling‘, which refers 
to the ecological advantages of using resources that are renewable. Brouwer also 
points out that natural fibres used in composites, such as wood, cotton, silk, wool, 
jute, hemp and sisal, need to be cost-competitive with glass fibres.
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According to Caggiano (2018), Garrick (2007) and Mangalgiri (1999), fibre- 
reinforced plastics including carbon fibre reinforced plastic/polymer (CFRP) are the 
most prominent and sought-after materials for aircraft manufacturing today. The 
latest generation of large passenger/commercial aircrafts contains a large proportion 
of composite materials; for example the Airbus A350 and Boeing B787 have a com-
posite contents of over 30% and 50%, respectively Reza (2010). Figure 2.1 shows 
the components that are made of composites with regards to the Airbus A380.

2.2  Composites Technology

The characteristics of composite materials are anisotropy, non-homogeneity and the 
fact that their reinforcing fibres are very abrasive; this make these materials more 
difficult to machine than metals (Abrate and Walton 1992). In modern manufactur-
ing industries, common composite materials have different types of reinforcements 
and matrix compositions; in general they are divided into three major types: fibre 
reinforced polymers (FRP), metal matrix composites (MMC) and ceramic matrix 
composites (CMC). FRPs usually provide a higher specific strength and stiffness, 
and are lightweight compared to traditional steels. These characteristics make FRPs 
the favoured material for high performance applications, such as in Formula-1 cars 
and combat aircraft components, despite the fact that they are expensive to 
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Fig. 2.1 Schematic illustration of the structure of 22% composite made Airbus A380 aeroplane 
(Reza 2010)
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manufacture (Komanduri 1997). The strength of FRPs is relatively low when they 
reach their maximum-use temperature, because this type of material is prone to 
chemical decomposition or degradation at even moderate temperatures. For exam-
ple, carbon fibres can endure temperatures of up to 3000 °C until degradation of the 
structure is initiated (Pecat et al. 2012). MMCs are suitable for higher operating 
temperature applications compared to FRPs. Continuous fibres in MMC provide the 
highest stiffness and strength, whereas other types such discontinuous and particu-
late fibres have better dimensional stability compared to unreinforced alloys, which 
Fig. 2.2 shows specific strength versus specific stiffness for various MMC materials 
and each composite indicates the number for the reinforcement volume fraction. 
The main performance of using CMC is to improve fracture toughness during appli-
cations. For heavy cuts, or to avoid fracture during cutting, CMCs exhibit an 
increased toughness compared to ceramic cutting tools. CMCs are superior to met-
als due to higher specific modulus and mechanical properties at elevated tempera-
tures. In many types of composites, FRPs count among the most high-performance 
materials in the field of light-weight design (Pecat et al. 2012). Aircraft and aero-
space design in particular has benefitted from carbon-fibre-reinforced polymers 
(CFRPs), which today are the most popular composite in the aerospace industry 
(Caggiano et  al. 2018, Brouwer 2019, Dandekar and Shin 2012, Garrick 2007, 
Askeland and Phulé 2006, Komanduri 1997, Santhanakrishnan et al. 1988).

Composites are categorized into two main groups, depending on the way the 
fibres are arranged within the matrix. Figure 2.3 shows the schematic illustration of 
reinforcing plastics; the first group is called fibre-reinforced composites, whereas 
the second group is called particle-reinforced composites. Each group of compos-
ites has a different reinforcement mechanism and strengths, depending on the appli-
cation. FRPs consist of fibres (in discontinuous or dispersed phase) in a plastic 
matrix (the continuous phase) (Kalpakjian and Schmid 1999). In components man-
ufactured from long  - or even continuous  - fibre reinforced composites, such as 
unidirectional or cross-ply laminates, anisotropy may be desirable as it can be 

Fig. 2.2 Specific strength 
versus specific stiffness for 
various MMC materials 
(adapted from Teti 2002)
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arranged so that the maximum service stress lies in the direction that has the highest 
strength (Matthew and Rawlings 1999). However, unidirectional orientations pro-
vide poor properties if the load is perpendicular to the fibres (Askeland and Phulé 
2006). Most fibre-reinforced composites provide improved strength, fatigue resis-
tance, Young’s modulus, and strength-to-weight ratio, by incorporating strong and 
stiff but brittle fibres into a softer, more ductile matrix (Askeland and Phulé 2006). 
Boron, carbon, polymers (aramids) and ceramics provide exceptional reinforcement 
in advanced composites, based on matrices of polymers, metals, ceramics and even 
intermetallic compounds (Askeland and Phulé 2006, Matthew and Rawlings 1999). 
Epoxies comprise 80% of the matrix materials used in reinforced plastics, but poly-
esters are also used as they are less expensive (Kalpakjian and Schmid 1999). 
Moreover, as Askeland and Phulé (2006) pointed out, several directions of the 
matrix can be arranged in long continuous fibres; for example, orthogonal arrange-
ments with 0°/90° plies which have good strength in two perpendicular directions. 
More complicated arrangements such as 0°/±45°/90° plies provide reinforcement in 
multiple directions. Figure  2.4 shows the different fibre orientation and fibre 
arrangement types. The most common types of FRPs are Aramid-Fibre Reinforced 
Plastics (ARFP), Glass-Fibre Reinforced Plastics (GFRP), Carbon-Fibre Reinforced 
Plastics (CFRP).In addition, another type of FRP composite called Kevlar-Fibre 
Reinforced Plastics (KFRP) initially introduced by du Pont in 1972 under the trade 
name Kevlar® and this type of composite is also categorised under Aramid fibres 
(Komanduri 1997). These three composites are very similar in their fabrication pro-
cess, but each composite has a different machining behaviour due to its difference 
in physical and mechanical properties (Santhanakrishnan et al. 1988).

Fig. 2.3 Schematic illustration of methods of reinforcing plastics (matrix) with (a) particles; (b) 
short or long fibres or flakes; and (c) continuous fibres. The laminate structures in (d) can be manu-
factured from the layers of continuous fibres or sandwich structures using a foam or honeycomb 
core (Kalpakjian and Schmid 2016)
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2.3  Mechanical Machining of FRP

Good surface finish and integrity, long tool life, and low force and power require-
ments are important elements of good machinability (Kalpakjian and Schmid 
1999). Drilling produces holes for mechanical joints such as rivets, bolts and 
screws, which it is one of the most frequent operations in manufacturing. Only an 
appropriate tool geometry using the correct process conditions, and ideal machin-
ing performance, will produce a level of damage that is acceptable (Reza 2010). In 
the case of components made from carbon fibre-reinforced polymers, it is often 
necessary to machine the components  - for example to make holes or trim the 
edge - but the cutting of CFRPs is often associated with delamination of the com-
posites and short tool life (Koplev et al. 1983). The machinability of composites 
depends on the fibre type, fibre volume content, fibre orientation, and the manufac-
turing process. It is difficult to analogize the surface formation and tool wear 
mechanisms seen in the machining of composites from the data obtained in the 
cutting of homogenous material such as steel (Pecat et al. 2012, Santhanakrishnan 
et al. 1988, Komanduri 1997). Furthermore, as Pecat et al. (2012) postulated, due 
to non-homogenous and anisotropic material properties, machining of CFRP pres-
ents specific difficulties like fibre pull-out, delamination and decomposition of 
matrix material, which leads to a degradation of surface quality and material 
properties.

Fig. 2.4 (i) Effect of fibre orientation on the tensile strength of E-glass fibre-reinforced epoxy 
composites; (ii) Several directions within the matrix for long, continuous fibres) (Askeland and 
Phulé 2006)
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2.3.1  Cutting Mechanisms

When a cutting tool advances into a metal workpiece, the metal in front of the tool 
is severely stressed; the cutting tool produces internal shearing action in the metal. 
The metal below the cutting edge yields and flows plastically in the form of chip. 
Compression of the metal under the tool takes place. When the ultimate stress of the 
metal is exceeded, separation of metal takes place, the plastic flow takes place in a 
localized area known as the shear plane, and the chip moves upward on the face of 
the tool.

There are two basic types of metal cutting by a single-point cutting tool: orthogo-
nal and oblique cutting. Orthogonal cutting performed with the single cutting edge 
of the tool at right-angles to the direction of movement, and the surface cut parallel 
to the original. It is important to note how the forces are exerted from different 
directions; it is significant that the motion occurs relative to independent variables 
like workpiece material, condition and temperature, and cutting parameters such as 
tool speed and feed rate. Figure 2.5 shows how the forces exerted by the cutting 
tool; the tool exerts a force, R on the chip with a normal component, Fn and a fric-
tion component, Ff that opposes the flow of the chip up the tool face. For equilib-
rium to be reached, the chip must be subjected to a substantially equal and opposite 
reaction, R’ from the workpiece at the shear plane, with a normal component, Fn and 
a shearing force, Fs along the shear plane. For convenience, the force, R applied to 
the tool, is resolved into a component Fc in the direction of tool movement, and a 
normal component, FL. T1 shows undeformed chip and T2 shows deformedchip.

Figure 2.6 shows the difference between orthogonal and oblique cutting. In 
oblique cutting, the cutting edge is at an inclination angle i, as shown in Fig. 2.6(b). 
The chip in Fig. 2.6 (a) flows up the rake face of the tool at angle αc (chip flow 
angle), which is measured in the plane of the tool face. Angle αn is the normal rake 
angle, which is the basic geometric property of the tool. This is the angle between 
the normal 0z to the workpiece surface and the line 0a on the tool face. Figure 2.6(c) 
shows typical chips being produced by different inclination. Oblique cutting has 

Fig. 2.5 Forces exerted by cutting tool – orthogonal cutting (Schrader and Elshennawy 2000)
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three components as shown in Fig. 2.6(d). The first one is Fc which is a primary cut-
ting force acting in the direction of the cutting velocity vector; it is the largest force 
geometry and accounts for 99% of the power required by the process. Next is Ff, 
which is a feed force acting in the direction of the tool used; it is usually about 50% 
of Fc, but it accounts for only a small percentage of the power required, because feed 
rates are usually small compared to cutting speeds. Finally, Fr is the radial or thrust 
force acting perpendicular to the machined surface; typically Ff contributes very 
little to the power requirements, because velocity in the radial direction is negligi-
ble. The main benefit of oblique cutting is that it is a means of controlling chip flow.

There are three most common types of chips (Askeland and Phulé 2006, Schrader 
and Elshennawy 2000, Kalpakjian and Schmid 1999). The first type are called con-
tinuous chips; the conditions that favour their production are small chip thickness, 
high cutting speed, sharp cutting edge, large rake angle in cutting tool and fine feed, 
smooth tool face and efficient lubricating system. Such chips are produced while 

Fig. 2.6 (a) Schematic illustration of oblique cutting; (b) Inclination angle showing at the top 
view; (c) Types of chips being produced by different inclination; and (d) Oblique machining has 
three measurable components of forces (Kalpakjian and Schmid 1999)
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machining ductile materials like mild steel, copper and aluminium. Due to the plas-
tic deformation of ductile material, long and continuous chips are produced; this is 
desirable because it produces good surface finish, low power consumption and lon-
ger tool life. These chips are difficult to handle and dispose of, furthermore they coil 
in a helix, and curl around the workpiece and tool. The tool face is in contact for a 
longer period, resulting in more frictional heat; however this problem could be recti-
fied by the use of chip breakers, clamped onto the rake face of the cutting tool. 
During machining, long and continuous chips will affect machining. The chips 
should be broken into small pieces for easy removal, safety and to prevent damage 
to the machine tool and workpiece. The function of chip breakers is to reduce the 
radius of curvature of chips and thus break them. The upper side of continuous chips 
is notched, while the lower side which slides over the face tool is smooth and shiny. 
The chips have the same thickness throughout.  The second type of chips are 
called discontinuous; these chips are produced when cutting more brittle materials 
like bronze, hard brass and gray cast iron. Since the chips break up into small seg-
ments, the friction between chip and tool reduces, resulting in a better surface finish. 
The smaller chip segments are more convenient to handle and dispose of. 
Discontinuous chips are also produced in ductile materials under conditions such as 
large chip thickness, low cutting speed, or small rake angle of tool. Brittle materials 
lack the ductility necessary for appreciable plastic chip deformation. The amount of 
deformation which the chip undergoes is limited by repeated fracturing. If these 
chips are produced from brittle materials, then the surface finish is fair, power con-
sumption is low and tool life is reasonable; however, with ductile materials the 
surface finish is poor and tool wear is excessive.

Chips with built-up edges are the final type. The edges are simply small built-up 
areas sticking to the nose of the cutting tool, which occur with continuous chips 
(Schrader and Elshennawy 2000). When machining ductile materials, due to condi-
tions of high local temperature and extreme pressure of the cutting zone, and also 
high friction in the tool chip interface, the possibility exists for the workpiece mate-
rial to weld to the cutting edge of the tool, thus forming built-up edges. This weld 
metal is extremely hard and brittle, and the welding may affect the cutting action of 
the tool. Successive layers are added to the built-up edge; when it becomes large and 
unstable, it is broken and part of it is carried up the face of the tool along with chip, 
while the remainder is left in the surface being machined, contributing to the rough-
ness of the surface. The size of the built-up edge varies during the machining opera-
tion - it increases, then decrease and again increases. This built-up edge protects the 
cutting edge of the tool, thus changing the geometry of the cutting tool. Low cutting 
speeds lead to the formation of a built-up edge, however, with the higher cutting 
speeds associated with sintered carbide tools, the built-up edge is negligible or does 
not exist. Conditions favouring the formation of built-up edges are low cutting 
speed, low rake angle, high feed and large depth of cut. This formation can be 
avoided by the use of coolants and taking light cuts at high speeds, which in turn 
leads to the formation of a crater on the surface of the tool.

This chapter focuses on drilling aspects because it is the most challenging 
machining process compared with sawing, planning, turning, milling and other 
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conventional machining process. The remaining sub-sections cover the experimen-
tal progress of drilling FRP composites. Drilling composite materials is more com-
plex compared to drilling metal. When drilling metals, the forces which occur are 
fairly uniform over time, because the uncut chip thickness is constant (Sheikh-
Ahmad 2009). The chip formation process in a drilling operation itself is considered 
as a complex mechanism, which occurs with multiple cutting edges of varied rake 
angles, tool wear, cutting speed and feed rate. There are two forces - thrust force 
(along the direction of the feed) and torque - which are generated from the tool dur-
ing drilling operation. Previous experiments have shown that the thrust force 
increases steadily until a constant value when steady drilling through the thickness 
of laminate is reached (Sheikh-Ahmad 2009, Abrate and Walton 1992), this value is 
then followed by a sharp drop signal as the tool exits the opposite side and this sce-
nario can be illustrated in Fig. 2.7. Furthermore, the sharp drop occurs when the tool 
acts like a punch separating the thin uncut layer fron the remainder of the laminate. 
This action introduced delaminations near the exit hole side, which is associated 
with an almost instantaneous drop in normal force from its steady state value down 
tremendously. The main point of interest for most researchers is looking at the 
steady portion of the drilling process, which is called the lamination frequency, as 
highlighted in Fig. 2.7. It is the main dynamic component of the thrust force, and is 
the most significant oscillation of normal forces. The lamination frequency is 
defined as the ratio of the number of plies per millimetre to the time taken by the 
drill to penetrate one millimetre of material (Abrate and Walton 1992). It is gener-
ally quite small compared to the frequency corresponding to tool rotation and the 
magnitude of the dynamic signal. Moreover, tool rotation and the magnitude of the 
dynamic signal show a good correlation with the waviness of the surface of the hole. 
Thus, the normal force signal is a very important piece of information concerning 
possible damage to the workpiece, and to tool wear; these can be monitored to 
determine when the tool should be replaced. In addition, it concerns about the sur-
face quality of workpiece. Initial development by Hocheng and Dahran (1990) 
employed Linear Elastic Fracture Mechanics (LEFM) to understand the mechanism 

Fig. 2.7 Illustration of 
typical axial force during 
drilling of composite 
(Abrate and Walton 1992)
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of thrust force. They used this method to obtain the critical thrust force model for 
twist drill bits that are related to push-out delamination. A model that is simplified 
by them as a single concentrated load through a central point depends on the proper-
ties of the composite laminate workpiece (quasi-isotropic), and the uncut-ply thick-
ness under the drill bit. However, there was a contradiction between this model and 
Zhang’s model (Zhang et al. 2001) and experimental results by Sedlacek and Slany 
(2010), that thrust force is exerted by the drill bit, which is also contributed to by 
two major cutting edges (lips) in order to remove the bulk of the chip. Figure 2.8 
shows the thrust and rotate action of cutting edges; when the bulge grows to a cer-
tain degree, the surface layer splits open, the chisel edge penetrates, then the cutting 
edges start to remove the chip by orthogonal cutting. The delamination damage 
initiated in the first phase further develops due to the continuous pushing and rotat-
ing of the cutting edge. The chisel edge also affects the drilling thrust force, and is 
considered as a major contributor (Zhang et al. 2001, Sheikh-Ahmad 2009, Sedlacek 
and Slany 2010). This is due to a blunt wedge with a large/highly-negative rake 
angle, which also removes a very thin chip by orthogonal cutting. At the centre of 
this small region (blunt wedge), an extrusion or smearing action is the mechanism 
of material removal.

Figure 2.9 shows the method of understanding the torque mechanism - based on 
the graph, it has been divided into three variations of torque during drilling (Abrate 
and Walton 1992). In the first phase, the torque rises slowly due to the smaller 

Fig. 2.8 Thrust and rotate 
action of cutting edge 
(Sedlacek and Slany 2010)

Fig. 2.9 Variations of 
torque mechanism (Abrate 
and Walton 1992)
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cutting forces at the chisel edge, whereas the thrust force rises quickly. The torque 
then increases rapidly until the cutting edges of the tool are completely engaged; the 
cutting torque, Tc, corresponds to the end of the engagement phase. Next is a phase 
where the torque increases linearly until a maximum value is reached (maximum 
torque, Tm). Finally, this is followed by a slight drop after hole completion (torque 
after penetration, Tp). According to this mechanism, the large difference between 
the cutting torque and maximum torque is attributable to high frictional forces 
between the lands of the drill (land width) and the wall of the hole. As drilling pro-
gresses, the tool is in contact with the side of the hole over an increasing area, where 
the frictional forces at the interface create increasing resistance torque. After com-
pleting the penetration, a small decrease in torque occurs due to friction, which is a 
major contribution to total torque. Furthermore, high temperatures and slightly 
negative coefficients of thermal expansion compound the problem by squeezing the 
drill (Di Ilio et al. 1991). The torque is further increased with increased feed rate, 
whereas an increase in the point angle of the drill leads to decreased torque (Gindy 
1988, Lambert 1987). For the case of unidirectional composites, a variation of 
torque at a frequency corresponding to twice the drill rotation rate, which it reflects 
the variation of the stiffness of the workpiece with direction (Konig et  al. 1985, 
Konig and GraS 1989). Thrust levels increase as feed rate, cutting speed or point of 
angle are increased (Gindy 1988, Lambert 1987), thus, maximum thrust force and 
torque are both increased significantly with the number of holes drilled, due to chip-
ping and wear of cutting surfaces (Radkakrishnan and Wu 1981, Di Ilio et al. 1991, 
Sadat 1990, Konig et al. 1984, Sakuma et al. 1984). Some researchers have consid-
ered variation of peak thrust (at steady lamination frequency) as a function of the 
number of holes drilled. Thrust force increases due to tool wear have also been 
reported by researchers, who describe its greater importance when drilling graphite/
epoxy than in glass/epoxy, due to the more abrasive nature of graphite fibres. 
Delaminations also occur due to higher thrust force, however maximum thrust force 
or torque does not correlate well with surface finish (Radkakrishnan and Wu 1981).

In machining of composites, the tool materials should be capable of withstanding 
the abrasiveness of fibres and debris resulting from machining. Based on this, the 
term is distinctively different in metal cutting theory, which the by-product is 
described as ‘chip’. However, majority of the researchers were used the by-product 
term as ‘chip’ for machining of composites (Sheikh-Ahmad 2009, Liu et al. 2012, 
Abrate and Walton 1992). Over the past century, a lot of research attempts have 
been conducted to investigate the mechanics of chip formation in metal machining. 
Due to this, metal machining is a well-established science and generally, most of the 
researchers have a better understanding as well as idea on how metal chips are 
formed and removed (Sheikh-Ahmad 2009). Furthermore, similar techniques to 
those used in studying metal machining have been transferred to the study of com-
posites machining but only limited success have been reported (Liu et  al. 2012, 
Sheikh-Ahmad 2009, Komanduri 1997, Abrate and Walton 1992). The chip forma-
tion process in metal machining is significantly different than machining of 
FRP. However, there are some common aspects in which the behaviour in machin-
ing both materials is to some extent similar. The wealth of information and expertise 
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in this field has allowed the advancement of metal cutting theory to the level of 
astounding predictive capabilities, and it can sometimes be applied in the study of 
composites machining, i.e. the by-product term called as ‘chip’ in the study of chip 
formation process for machining of composites, but with some caution (Sheikh- 
Ahmad 2009).

It is also essential to understand temperature distributions in the workpiece and 
the tool when drilling composites. Heat generated during drilling is distributed dif-
ferently in each material. For metals, 75% of the thermal energy is eliminated with 
the chip material, 7% absorbed by the workpiece and 18% by the tool. For carbon/
epoxy, approximately 50% of the energy is absorbed by the tool, the remainder is 
absorbed almost equally by the workpiece and the chips (Konig and GraS 1989). 
Thus, a larger fraction of the energy dissipated is absorbed by the workpiece and 
also by the tool - temperatures near the hole as high as 200 °C were reported. Spatial 
and temporal temperature gradients were strongly affected by the thermal conduc-
tivity of the material. For carbon/epoxy, smaller temperature gradients were 
observed than in glass/epoxy or aramid/epoxy materials under the same conditions. 
The upper cutting speed is limited by the risk of introducing thermal damage to the 
workpiece material (Konig et al. 1984, Konig et al. 1985), while the lower limit is 
governed by the surface quality, which becomes poor as the fibres recede in front of 
the cutting edge (Konig et al. 1984), therefore to avoid excessive forces which cause 
delamination, feed rates should be limited (Abrate and Walton 1992).

The damage when drilling composites is essential unavoidable. There are several 
types of damage, such as matrix cratering and thermal alterations, fibre pull-out and 
fuzzing, interlaminar cracks and delaminations, and geometrical defects which 
commonly occur in metal drilling as well. Based on the majority of research find-
ings, delamination has been recognized as the major type of damage encountered in 
the drilling process, as an undesirable inter-ply failure phenomenon induced by 
drilling. Moreover, it drastically reduces assembly tolerance and bearing strength, 
including the potential for long term performance deterioration under fatigue loads 
(Mishra et al. 2010, Gaitonde et al. 2008, Jain and Yang 1994, Hocheng and Dahran 
1990). Mechanisms of delamination can be explained in two ways, as observed by 
Ho-Cheng and Dharan (1990). The first phenomenon happens when peeling up of 
the top layer or ‘peel-up’ occurs around the drilled hole’s entry periphery, as shown 
in Fig. 2.10(a). When the cutting edge of the drill bit makes contact with the com-
posite laminate, a peeling force through the slope of the drill bit flutes results in 
separation of the plies, forming a delamination zone around the drilled hole’s entry 
periphery. Another phenomenon occurs at the drill bit – the punching out of the 
uncut layer near to the exit, known as ‘push-out’. Figure 2.10(b) illustrates the phe-
nomenon of push-out delamination which occurs around the drilled hole’s exit 
periphery. When the drill bit approaches the hole exit side, the uncut plies beneath 
the drill bit becomes more susceptible to deformation due to decreased thickness. 
Eventually, push-out appears at the drilled hole’s exit periphery, if the thrust force 
applied to uncut plies exceeds the inter-ply bonding strength. The material removal 
process is primarily performed by the major cutting edge and fibre orientation in 
drilling; its consideration is essential to understand the cutting behaviour. However, 
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it should be noted that the chisel edge contributes to a much lesser extent to material 
removal processes (Sheikh-Ahmad 2009, Abrate and Walton 1992).

In the case of unidirectional laminates or composites studied by previous 
researchers, the hole varies considerably around the circumference (Konig et  al. 
1985, Sheikh-Ahmad 2009, Abrate and Walton 1992). There are two most promi-
nent effects of cutting directions; the first is with the cutting direction in parallel to 
fibre orientation 0°, where individual fibres are pulled out. Furthermore, it is also 
significant to understand that, when the angle of fibre orientation is increased, com-
pression and bending occurs in the 20° – 45° range, where fibres are pulled out of 
the cut surface and diverted into the cut direction -this is considered as the worst 
surface quality range by previous researchers.

Another prominent cutting direction is perpendicular to fibre orientation, where 
fibres are subjected to shearing and bending. In this cutting direction, the surface 
quality is significantly better. Unlike milling, the chip thickness in drilling is inde-
pendent of angular position, and the centre of rotation of the cutting tool is always 
fixed relative to the workpiece (Sheikh-Ahmad 2009). The strength of fibres is usu-
ally higher in tension, because the cutting forces are greater when the cutting direc-
tion is parallel to the fibre (Hickey 1987). Most of the researchers agree that 
angle-ply or quasi-isotropic laying-up sequences are easier to machine than unidi-
rectional types.

Fiber plies

Fiber plies

Matrix bonding

Matrix bonding Push-out delamination

Peel-up delamination(a)

(b)

Fig. 2.10 Delamination 
mechanisms: (a) entrance 
or peel-up delamination 
(b) exit or push-out 
delamination (Hocheng 
and Dahran 1990)
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The machining of FRP composites involves a combination of plastic deforma-
tion, shearing and bending rupture (Santhankrishnan et al. 1988). Santhankrishnan 
et al. (1988) conducted an experiment on machining of FRP composite surfaces by 
applying three mechanisms: abrasion, ploughing and cutting. The three different 
FRP composites under investigation - KFRP, CFRP and GFRP - exhibited different 
machined surfaces. In KFRP, the bending rupture was absent and plastic deforma-
tion and fibre elongation predominated, due to the flexibility of the Kevlar fibres. 
The Kevlar fibres were less brittle than the glass fibres in GFRP, which are less flex-
ible, while for CFRP, the carbon fibres were the most brittle and the strain at failure 
the lowest. The authors also highlighted the fact that the carbon fibres experienced 
crushing and fractured sharply.

The research conducted by Koplev et al. (1983) explains the cutting mechanisms 
of FRP. The authors believe that the angle between fibre orientation and cutting 
velocity strongly contributes towards the chip formation. They describe the 
machined surfaces as a function of machining orientation, which depends on the 
fibre axis. In their experiments, they suggest two basic cutting mechanisms: cutting 
in a perpendicular direction (shearing), and cutting in a parallel direction (buck-
ling). They examined the chips which plastic deformation mainly did not affect, but 
where a series of fractures occurred during the cutting process.

2.3.2  Typical Tools for Cutting FRP and Its Development 
to Support Machining of FRP

Drills made of High Speed Steel (HSS) fail to perform well with glass and carbon 
fibres due to the workpiece material’s highly abrasive nature (Abrate and Walton 
1992). Tungsten carbide possesses an adequate life particularly when submicron 
carbide is used. This submicron carbide has a resistance to rupture which is 50% 
higher than standard C2 grade (Mackey 1980). The tool materials recommended for 
use include cemented carbides (coated and uncoated), ceramics, cubic boron nitride 
(cBN), and diamond (single crystal or polycrystalline) since most fibers utilized in 
composites are hard and abrasive (Komanduri 1997). The primary tool used in the 
drilling of composites are twist drill bits made of HSS or carbides (Liu et al. 2012). 
Today, drilling tools used for cutting FRP come in many different geometries, and 
are made of different tool materials. Figure  2.11 shows the typical drill bits for 
machining of FRP composites. In some cases like graphite/epoxy or glass/epoxy, a 
tool geometry shape which has positive rake angles is able to generate the least 
amount of heat during cutting (Abrate and Walton 1992, Sheikh-Ahmad 2009). 
However, more positive rake angle may cause more fragile the cutting edges 
becomes. The second element of good tool geometry in order to improve the pene-
tration rate is a small chisel edge.

Step drill bit has the tip ground down to a different diameter, which the transition 
between this ground diameter and the original diameter is either straight, to form a 
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counterbore, or angled, to form a countersink. It has the advantage that both diam-
eters have same flute characteristics, which it keeps the bit from clogging when 
drilling soft material, i.e. aluminium. This drill bit usually is a custom-made for 
different application, which the tooling cost is quite expensive. A brad point drill bit 
is a tool designed to bore accurately and neatly through fibrous materials like wood 
and some composites. The sharp brad penetrates into the surface of the material and 
fixes the bit in place to ensure it bores a hole exactly to keep the drill bit in line. The 
brad point drill bit has a few advantages such as it can drill neat holes quickly, accu-
rately, versatile and can be used on plastic and thin sheet metal or harder materials 
depending on the material from which the tool is made. However, this drill bit can 
be very difficult or even impossible to sharpen, as it can be easy to accidentally 
penetrate the wrong part of the tool and must be kept central to keep the bit from 
spinning irregularly when it contacts the workpiece. Saw drill bit can also acquire 
better machining quality that it is utilized the peripheral distribution of thrust for 
drilling composites. The tool-work contact for core drill bit is located in a circular 
area at bottom of drilling core and it removes the material to create cylindrical holes 
in a circular cross-section. All these special drill bits showed different level of the 
drilling thrust force varying with the feed rate and a distributed thrust towards the 
drill periphery rather than concentrated at hole center (twist drill) is advantageous. 

Fig. 2.11 Four examples 
of drill bit geometries; (a) 
step drill bit (Liu et al. 
2012), (b) brad point drill 
bit (Liu et al. 2012), (c) 
saw drill bit (Hocheng and 
Tsao 2006), and (d) core 
drill bit (Hocheng and 
Tsao 2006)

2 Carbon Fibre Reinforced Polymer (CFRP) Composites: Machining Aspects…



50

However, the main issues for these drill bits are expensive tooling cost and difficult 
to regrind the tool.

For machining of CFRP, it is recommended to use diamond tooling in order to 
reduce tool wear (Komanduri 1997). Moreover, polycrystalline diamond (PCD) tool 
has been found to drill a much larger number of holes (Abrate and Walton 1992) and 
it also has long been the preferred method of drilling (Garrick 2007) PCD is formed 
in a large High Temperature-High Pressure (HT-HP) press, which it is either a dia-
mond wafer on a backing carbide or forming a ‘vein’ of diamond within a carbide 
wafer or rod. The process of producing the diamond tool is quite complicated as it 
requires two elements (Kalpakjian and Schmid 1999, Schrader and Elshennawy 
2000, Garrick 2007, Abrate and Walton 1992). The first element involves EDM or 
electrical discharge machining where wafers are polished to a mirror finish then cut 
by EDM into smaller, workable segments that are then brazed onto the sawblade, 
reamer, drill, or other tool. Often these wafers are EDM machined and/or ground, 
which it may required additional time to expose the vein of diamond along the tools, 
i.e. at the cutting edge, and these tools are mostly used for the machining of non- 
metallic and nonferrous materials. The second element is the grinding operation 
may apply by combining with EDM, which the combination allows a higher mate-
rial removal rate and it is more cost effective in terms of providing a finer final sur-
face after the EDM process. Thus, the process itself accomplished by combining the 
two elements, which it requires more time, stringent process to achieve fine shaping 
as well as surface geometry, the bonding in the PCD workpiece must be ample 
enough to provide the conductivity necessary for the combination of EDM and 
grinding operation to work, and lastly, the tooling cost is expensive.

It is essential to understand the thrust force and torque mechanisms applied in a 
drill bit. Cutting edges (lips) and chisel edges are the two most profound influences 
towards the surface quality. The main interest of this research is to identify the best 
combination of speed and feed in order to produce the best hole quality in thick 
CFRP composites, which have a highly abrasive nature and poor thermal conductiv-
ity. Moreover, the main purpose of conducting the experiments by using cutting tool 
parameters as inputs is to find the best tool geometry design, whereas this research 
aims to optimize the cutting operation parameters, by manipulating the thrust force 
and torque through drilling strategies and the capability of the machining centre. It 
is greatly beneficial to achieve the desired quality of drilled holes for thick compos-
ites, and to extend tool life.

2.3.3  Damage to FRP by Mechanical Machining

Machining of CFRP composites has been extensively studied experimentally. The 
influence of various input variables (feed rate, cutting speed, drill bit geometry and 
type of drill bit material) on the hole or surface quality (delamination and other 
damages) and drilling forces (thrust force and torque) are covered in this sub- 
section. Shyha et al. (2009) focused on drilling 1.5 mm diameter holes in 3 mm 
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thick quasi-isotropic, unbacked CFRP laminate. This research was to establish the 
influence of machining parameters on tool life and workpiece damage, together 
with identifying the most preferred levels for process control factors. Conventional 
carbide drills with a diameter of 1.5 mm, and stepped carbide drills with a pilot 
diameter of 1 mm followed by a 1.5 sizing diameter were used. Tests were con-
ducted in dry machining conditions. The authors’ conclusions agreed with what 
Franke (2011) observed, so much so that the main factors for tool life and thrust 
force are drill type and feed rate, whereas cutting speed and feed rate have the most 
significant effect on torque. Stepped drill geometry, high feed rates and the use of 
uncoated tools increases tool life, while the step drill sequence reduces the thrust 
force, which the authors attribute to the higher feed rates and the drill’s 140° point 
angle. Internal cracks, porosity (due to the absence of matrix material between lay-
ers), fibre/matrix cracking and resin loss were observed, but the change in helix 
angle between 24° and 30° did not appear to have any noticeable effect. Davim and 
Reis (2003) and Sardinas et al. (2006) observed that drilling woven-ply CFRP and 
unidirectional-ply CFRP (both were 3  mm thick) respectively, delamination 
expanded significantly in corresponding to high cutting speed settings. However, 
Gaitonde et al. (2008) inversely discovered that drilling thin woven-ply CFRP com-
posites caused delamination increased due to the effect of feed rate. Drilling of 
CFRP composites experiment by Ramulu et al. (2001) had similar results like Shyha 
et al. (2009) and Franke (2011) where by increasing the feed rate caused the thrust 
force and feed rate increased. In comparison with high cutting speed settings, 
Ramulu et al. (2001) also experienced the same scenario like Davim and Reis (2003) 
and Sardinas et  al. (2006) that by increasing the cutting speed, the tool wear 
increased, i.e. resulting in a short tool life and larger damage rings occurred. Based 
on these studies, only the work of Shyha et al. (2009) has a different drill bit geom-
etry compared to others, which they used twist drill bits. The influence of feed rate 
and cutting speed settings on drilling forces is similar to what had occurred to the 
other research attempts except the reduction values on drilling forces and delamina-
tion were significantly better when using step drill bit. Thus, the most significant 
factor on hole quality based on these research attempts is feed rate, which it affects 
the drilling forces. Based on the cutting parameters used by the authors recently, the 
range for the cutting speed is between 11 and 200 m/min, while for feed rate is 
between 0.01 and 0.3 mm/rev.

Iliescu et al. (2010) studied the drilling of CFRP in order to extend tool life and 
improve hole quality. These tests involved both uncoated and coated carbide tool of 
6 mm diameter, drilling through material 25 mm thick. Based on their observations, 
the authors pointed out the beneficial effect of a diamond drill bit as well a coated 
diamond drill bit on tool life, as the tool life of the tools was about 10 to 12 times 
the tool life of the uncoated carbide drill, for cutting speeds 3 times higher (170 m/
min instead of 56 m/min). They also recommended a drill bit with two point angles, 
which has the region of 125° and the second with a 90° point angle. In addition to 
that,an helix angle in the range of 35–40° like a corkscrew is also recommended by 
them. By comparing with the work of Shyha et  al. (2009), the drill bit used by 
Iliescu et al. (2010) almost like a step drill operation but each of drill bit geometry 
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serves a different purpose. Furthermore, a point angle of 125° is to ensure a proper 
balance of the drill bit and allowing if compatible with a very progressive output, 
which minimizes the thrust load near 90° point angle (Iliescu et al. 2010), whereas 
the drill bit geometry used by Shyha et  al. (2009) that 140° point angle able to 
reduce the thrust force and the reduction was believed due to the lower chisel edge/
workpiece material interaction when employed the step drill bit. Feed rate, cutting 
speed and tool wear are the most significant factors affecting the thrust force as 
stated in the work of Iliescu et al. (2010) and similar to other research attempts as 
highlighted in the first paragraph. They used 25 mm thick CFRP in this research 
attempt. Unfortunately, hole quality was not quantified, as the focus was clearly on 
tool wear. Research conducted by Santhanakrishnan et  al. (1988) studied the 
machined surfaces of CFRP. In machining of CFRP, sintered carbide tools exhibit 
flank wear and secondary sides, combined with a predominant crater wear. Severe 
wear in the nose region and cobalt matrix pull out lead to the flow of the carbide 
skeleton due to the higher cutting temperature. In this experiment, two types of tool 
were used involving sintered carbides (P20, TiC coated, K20) and HSS. They found 
that K20 carbides performed better in machining of FRP composites compared to 
other types of sintered carbides and HSS. Based on the literature in the first as well 
as this paragraph, so far two types of tool material, i.e. diamond and carbide drill 
bits, are the most promising drill bits for drilling CFRP composites due to its 
machining results. Apart from the effect of tool wear, choosing the most suitable 
coating material, especially for drilling, is crucial due to the nature of removing 
material in a confined space, which this leads to a wide potential for damage. 
However, information regarding tool defects can be valuable for optimizing speed 
and feed. The recommended by the authors (Caggiano et al. 2018, Shyha et al. 2009, 
Franke 2011, Davim and Reis 2003, Sardiñas et  al. 2006, Gaitonde et  al. 2008, 
Ramulu et al. 2001, Iliescu et al. 2010, Santhankrishnan et al. 1988) that the range 
for point angle is between 80° and 140°, while for helix angle is between 23° 
and 43°.

One of the early orthogonal machining experiments in CFRP composites was 
conducted by Koplev et al. (1983), where the authors observed the chip formation, 
surface quality and cutting forces for two fibre orientations: perpendicular 90° and 
parallel 0° fibre orientations, relative to the cutting direction. They found that the 
surface was destroyed and cracks were formed that penetrated into the composite 
during machining at 90° fibre orientation, up to a depth of 0.3 mm. However, during 
machining of CFRP at 0° fibre orientation, the surface was smoother and the cracks 
in the composite reached a depth of only one or two fibre diameters. Another experi-
ment was conducted in order to determine the horizontal cutting force, and it was 
found that horizontal force when the cutting direction was parallel to the fibres was 
dependent on the cutting depth and rake angle. The vertical force, in contrast, was 
dependent on the relief angle and the amount of wear the tool exhibited. Another 
experimental study, conducted by Pecat et al. (2012), investigated the circumferen-
tial up-cut milling process of unidirectional CFRP. In their paper, three relationships 
were discussed, and Fig. 2.12 shows the results achieved. The first result was the 
influence of the fibre orientation on the surface quality and process forces. They 
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pointed out that the fibre orientations under −45° and 90° showed serious damage 
in the form of cracks and segmentations. Based on their observation, they identified 
that the cutting mechanism was different for each fibre orientation. This is different 
compared to the findings by Koplev et al. (1983) that they reported only fibre orien-
tation at 90° was experienced serious damages. Another relationship that they dis-
covered was that between the influence of cutting speed on surface quality/damage, 
and process forces. They found out that high cutting speeds results in fibre bending 
in the cutting direction close to the machined surface. It was believed that this was 
caused by the thermo-mechanical load during the cutting process, therefore the 
level of damage rises when both cutting speed and workpiece temperature increase. 
The third relationship was the influence of the workpiece temperature on the surface 
and process forces. In this relationship, cracks were frequently formed when these 
were induced at low workpiece temperatures of −40 °C and 20 °C, but that they can 
be avoided at higher temperatures. In order to reach the specified workpiece tem-
peratures, an in-process cooling and respectively heating was used. The cooling was 
done with a carbon dioxide nozzle while the heating was performed by a hot air 
stream. For a temperature of 120 °C, a severe alteration in the sub-surface region 
was found, which indicates thermal damage. They suggested that milling the CFRP 
at 80 °C led to the best results, i.e. the optimum condition can prevent crack forma-
tion leading to low cutting forces and to avoid thermal damage at the same time. 
These experiments indicated a good understanding of the relations between the 

Fig. 2.12 Micrographs showing (a) specimens with different fibre orientations, (b) specimens 
machined with different cutting speeds and workpiece temperature, and (c) specimens machined 
with different cutting speeds and workpiece temperatures (Pecat et al. 2012)
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cutting speed, fibre orientation and workpiece temperature. Identifying where and 
how the defect occurs may lead to its consideration as a potential development for 
improving the machined surfaces. Understanding how the mechanisms work is cru-
cial for tuning process parameters towards causing the least amount of damage to 
the workpiece material.

With respect to surface quality, both Pecat et al. (2012) and Koplev et al. (1983) 
observed similar levels of serious workpiece damage for cutting directions set at 90° 
to the fibre orientation. However, these research attempts are more concerned with 
the development of chip formation and the effects of tool shape design. Current 
research is primarily seeking information on the combined effects of speed and 
feed, but it is still considered as valuable information regarding the cutting forces 
mechanisms; understanding these may lead to the development of a good combina-
tion of speed and feed in order to reduce the compressive and radial forces during 
drilling operations. Apart from establishing relationships between surface damage 
and cutting parameters, the paper also provides an interesting way of minimizing 
the influence of vibrations during machining, by providing an adequate clamping of 
the specimens. These were embedded into aluminium shells, which were clamped 
on a multidirectional force measurement platform. This part emphasizes the impor-
tance of fixturing when conducting any machining trials, in order to avoid any work-
piece movement during machining.

The study on delamination during the machining of CFRP conducted by Hintze 
et al. (2011) systematically investigated the occurrence of delamination of the top 
layers, with a focus on contour milling (“routing”). Two mechanisms are introduced 
to describe delamination: occurrence and propagation, as shown in Fig.  2.13.  
The authors found that the occurrence of delamination and fibre overhangs during 
the machining of CFRP generally depends on the condition of the tool wear and the 
fibre cutting angle on the top laminate layers. Neither delamination nor fibre over-
hangs were observed for angles of between 0° < X < 90°, whereas for fibre cutting 
angles in the range of 90° ≤ X < 180°, delamination and fibre overhangs did occur. 
Delamination can propagate from the critical cutting angle range to the component 
edge, provided that the fibres are initially cut at a cutting angle of 90° ≤ X < 180,° 
and at the component edge with a cutting angle of 0° < X < 90°. The authors also 
conducted a drilling experiment, and found that a significant radial force component 
acts in addition to the axial feed force and cutting force, and corresponds to the pas-
sive force. Passive forces act on both major cutting edges. This paper provides a 
good explanation of delamination. A systematic scheme for describing the occur-
rence of delamination in milling is a good reference for understanding the nature of 
delamination and how it propagates. A critical angle range of 90° ≤ X < 180° indi-
cates serious damage, and similar results were obtained by other researchers (Pecat 
et al. 2012, Koplev et al. 1983). However, the experiment was carried out with a 
single value for each parameter, cutting speed and feed. Whether the use of different 
cutting parameters will make their findings obsolete is not known. It is reasonable 
to assume that the situation will be different, and the occurrence and propagation 
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probably start at different points. The effect of each fibre orientation angle might 
also be changed.

The work of Sobri et al. (2018) emphasized the application of different drilling 
strategies on 25.4 mm thick CFRP in mechanical drilling experiments in order to 
determine whether the tools can actually drill through an entire stack in a single-step 
or whether the hole chip evacuation poses a serious problem, which it can ultimately 
fracture the tool. Experimental results showed that all strategies were able to pene-
trate the entire sample completely and only single-step drilling was capable of drill-
ing 25.4 mm thick CFRP with minimum damages. It is practical for this strategy to 
manipulate the machining parameters in order to reduce hole damages in future 
work. Moreover, the first and final layer of the CFRP were covered by an additional 
surface or coating layer (i.e. peel-ply layer), which it works as a surface protection 
as discovered by Sobri et al. (2018). This could be due to a higher fibre density/
concentration in the woven-ply structure compared to unidirectional configurations 
and led to increased interaction between abrasive fibres and the drill bit during drill-
ing, which it results a significant delamination. This paper presented the results that 
are useful to define the relationships between machining parameters related to 
mechanical drilling and hole quality for future considerations and it is revealed that 
the 2-flute uncoated tungsten carbide (WC) drill bit produced the best holes so far.
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Fig. 2.13 Systematic scheme for describing the occurrence of delamination in milling (Hintze 
et al. 2011)
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2.4  Quality Assessment of Drilled Holes

It has been reported that, in the aircraft industry, up to 60% of parts containing com-
posite materials are discarded during the final assembly process due to drilling- 
induced delamination damages (Caggiano et al. 2018, Wong et al. 1982, Stone and 
Krishnamurthy 1996). Other types of damage were also found in previous research, 
and efforts towards understanding drilling behaviour, particularly in drilling of 
CFRP, are still on-going. The quality of drilled holes is the important factor, and is 
complicated in nature due to the complexities of the material constituents, and the 
fact that examination of drilling effects is highly challenging during the evaluation 
process. Various techniques for evaluating drilled holes are currently available for 
researchers by using wide range of technology. The most favourable method in 
assessing drilled holes is non-destructive examination, which is commonly used by 
researchers; this method applies visual inspection through digital images extracted 
from optical microscope, stereomicroscope, ultrasonic C-scan, X-Ray computer-
ized tomography (CT) and others. The following sub-sections explain all of the 
types of evaluation techniques which are applied commonly for quality assessment 
and evaluation purposes in drilling process.

2.4.1  Delamination Factor (Fd) and Relationships Between 
Forces and Delamination

The earliest metric for characterising delamination after a drilling process is the 
one-dimensional delamination factor, often abbreviated as Fd, which was introduced 
by Chen (Chen 1997). This method is based upon measurement of the maximum 
diameter of the damaged zone or delamination around a hole, with the centre point 
of the damage diameter located at the centre of the hole. It is one of the most 
commonly- used methods by researchers to quantify the amount of damage to a hole 
produced in fibre reinforced composite materials, by applying Eqs. (2.1),

 
F

D

Dd =
max

0  
(2.1)

where Dmax is the maximum diameter of the observed delamination zone and Dnom 
or Do is the nominal diameter of the drilled hole. Figure 2.14 shows the measures used 
in calculating the delamination factor (Fd). This quantification method is mostly applied 
in measuring of holes drilled by mechanical operations. Moreover, this method can 
potentially be applied to laser-drilled holes; the ratio outcome may be significantly dif-
ferent due to thermal damage characteristics, as compared with mechanical drilling 
which is commonly affected by cutting operation parameters or cutting tool design.

The previous researchers believed that the relationship between delamination 
and thrust force has a significant correlation when drilling CFRP composites (Kim 
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and Lee 2005, Hocheng and Tsao 2006) and it is also believed that delamination can 
be identified by monitoring the force (Shyha et al. 2010). Feed rate, spindle speed, 
drill diameter, drill point angle and material configuration which the researchers 
pointed out that these process parameters affect the onset of delamination and the 
extent of delamination damage. Furthermore, the most influential parameter to con-
trol delamination is feed rate, and it is believed that this parameter has a direct influ-
ence on thrust force (Sheikh-Ahmad 2009). Apart from the thrust force, torque is 
also affected by the cutting speed, feed rate, and drill geometry. As explained in 
Sect. 2.3.1 (Cutting mechanisms of mechanical drilling), monitoring drilling thrust 
force and torque is essential for investigators or researchers to understand the evolu-
tion of the thrust force and torque, in order to see a detrimental effect on hole qual-
ity, in terms of workpiece delamination or damage. At the moment, this is the most 
common approach applied by researchers (Liu et al. 2012, Sheikh-Ahmad 2009). 
Moreover, researchers usually observe the trend or pattern of force signals which 
can use as an indicator of how the damage propagates, and which part of the revolu-
tion is most affected on the workpiece. Figure 2.15 shows a typical force diagram 
for a single hole, drilled using a stepped drill in this example. It can be seen that 
each section of the diagram shows a significant revolution generated by cutting 
action, and which part of the tool makes a major contribution to the damage. The 
main interest in observing the trend or pattern is on the maximum magnitude of the 
thrust force, which indicates the initiation of delamination (Sheikh-Ahmad 2009, 
Shyha et al. 2010, Caggiano et al. 2018). In spite of this, how certain a correlation 
between the course of thrust force and the amount of damage could not be found 
from any references (Caggiano et al. 2018, Liu et al. 2012, Sheikh-Ahmad 2009, 
Schrader and Elshennawy 2000, Shyha et al. 2010, Shyha et al. 2009, Chen 1997, 
Konig et al. 1985). However, the only possible way at the moment is to find the 
relationship between the amount of thrust force and the delamination factor, i.e. Fd 

Fig. 2.14 Assessment of 
hole quality (adapted from 
Faraz et al. 2009)
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ratio (Chen 1997) or Fda (Davim et al. 2007). Konig et al. (1985) and Chen (1997) 
revealed the relationship between the amount of thrust force and the width of dam-
aged zone on the tool exit side at any cutting conditions by using conventional twist 
drill bit and suggested that as long as the thrust force is below a certain critical 
value, which depends upon the material composition, no damage occurs. If it is 
above the limit, the damage takes place and grows very rapidly.

2.4.2  Adjusted Delamination Factor (Fda)

In cases where the damage is caused by a few fibres or fibre-bundles peeled up or 
pushed down result in a significant width, it will be difficult to assess the extent of 
the real, delamination characteristics across the entire hole periphery. Davim et al. 
2007 suggest a two-dimensional delamination factor called the adjusted delamina-
tion factor, typically abbreviated as Fda; Fig. 2.16 illustrates a method to measure the 
Fda. An extension of this approach is to not only look at the diameter but at the 
amount of material left behind by the drilling process. One way of assessing this 
damage in a quantitative manner is by determining the area of workpiece material 
blocking off the hole entrance and exit, and by relating it to the size of the damage 
contribution, which represents the common establishment of delamination factor, Fd 
as shown in Eqs. (2.2).

 
F =

D

D
+

A
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0

α β
 

(2.2)

Fig. 2.15 Example of typical force diagram for a single hole drilled by using a stepped drill 
(Shyha et al. 2010)
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where Amax is the cumulative peripheral damage area (the area marked by large 
yellow circle in Fig. 2.16), and Ao is the nominal area of the hole drilled (marked by 
small yellow circle in Fig.  2.16). In Fig.  2.16, both measurement elements are 
shown in the same region for better understanding and comparison, i.e. Amax/ 
Dmax including Ao/Do which are measured in the same region for both methods, 
Fda and Fd.

Davim et al. (2007) furthered the explanation of the parameters, α and β, which 
these are the weights in Eqs. (2.2). Amax and Ao are derived in Eqs. (2.3, 2.4):
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D
max

max.= π
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4  
(2.3)
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0
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(2.4)

Substituting Eqs. (2.1, 2.3) and (2.4) into Eqs. (2.2), the simplified Eqs. is as 
follows:

 F F Fda d d= +α β. . 2

 (2.5)

Based on the Eqs. above, parameter α is actually the accompaniment of param-
eter β, which is ‘α = 1 - β’. Furthermore, parameter β is the ratio of the damage area 
(Ad) to the area interrelated to Dmax (Amax), and subtracts the nominal area of the 
hole (Ao). Therefore, the Eqs. mentioned above can be equivalent to Eqs. (2.6, 2.7).

 
F F Fd dda = ( ) +1 2 β β. .

 
(2.6)

Fig. 2.16 Measuring 
elements in the adjusted 
delamination factor (Fda) 
(Shyha et al. 2010)
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The criterion based on Eqs. (2.1) may generally have an inherent incoherence, 
because the extent of the delamination caused by just a few fibres peeled up or 
pushed down to a distinct and significant width does not truly depict the real delami-
nation zone of the drilled hole periphery (Davim et  al. 2007, Faraz et  al. 2009, 
Shyha et al. 2010). Eqs. (2.2), in contrast, describes a two-dimensional delamina-
tion factor and might therefore be more appropriate for describing the damage 
caused to a hole or workpiece (Davim et al. 2007). In certain cases, Eqs. (2.2) pro-
vides a better discrimination of hole damage as compared to Eqs. (2.1). It may 
experience identical results, despite the big difference in damage during the analy-
sis, and thus the adjusted delamination factor (Fda) gives more robust/characteristic 
measure for hole defects. A typical example of this scenario can be seen in Fig. 2.17, 
based on the experiments conducted by Shyha et al. (2010).
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Fig. 2.17 An example of the application of conventional Fd and adjusted Fda: (a) final hole exit in 
Test 1; (b) final hole exit in Test 10; (c) first hole exit in Test 5; and (d) first hole entry in Test 10 
(Adapted from (Shyha et al. 2010))
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2.4.3  Assessment of Hole Geometry Accuracy

Circularity of hole and hole taper are some defects associated with mechanical drill-
ing as well as laser drilling, due to the inherent nature of drilling difficult-to-cut 
materials such as high-strength metals, ceramics and composites. Excessive tool 
wear can affect the accuracy of drilled hole, thus, tool life assessment can be mea-
sured and correlated with measurement of the hole diameter. Shyha et al. (2010) 
found the drilled hole diameter to be undersized in all conditions tested, by between 
36 to 73 μm at the maximum level of tool life performance. Moreover, they observed 
that all holes had a small taper, with slightly larger entry holes. It can be seen that a 
diametrical difference occurred between hole entry and exit which was 17 μm over 
a 2 mm height; however, further analysis was only considered at a 1.5 mm distance 
from hole entry or exit - the middle point reading. All tests were based on drilling of 
3  mm-thick symmetric CFRP laminate specimens (unidirectional and woven 
arrangements), with various prepreg resin types provided by manufacturers. The 
machining used uncoated WC twin lipped stepped drills with a pilot diameter of 
1 mm, incorporating a 1.5 mm sizing diameter section; the helix and point angles 
were 24° and 118° respectively. Figure  2.18 shows hole diameter measurement 
results in different prepreg resin type and prepreg form as well. They measured all 
holes by using 3-axis coordinate measuring machine, CMM equipped with a 
Renishaw head including a 1 mm ruby ball stylus. Three axial positions were mea-
sured as shown in Fig. 2.19, and twenty seven points taken for each axial position, 
repeated twice and averaged. The following sub-section explains the evaluation of 
hole geometry accuracy for a laser drilling operation.

Fig. 2.18 Hole diameter measurement outcomes (Shyha et al. 2010)
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2.5  Summary

The physical properties of the fibre and matrix, fibre volume fraction, and fibre ori-
entation primarily determine the properties of FRP materials. Owing to these prop-
erties, machining of FRP composites is a challenging task, which leads to some 
forms of material damage in any machining process. Drilling of composites, par-
ticularly CFRP, remains one of the most challenging machining operations, and 
among the key issues to be considered are thermal management, tool wear, delami-
nation and other significant damage (Sheikh-Ahmad 2009); in drilling of CFRP 
composites, the optimum performance depends on the proper consideration of these 
factors (Caggiano et al. 2018, Sobri et al. 2018, Sheikh-Ahmad 2009, Kalpakjian 
and Schmid 1999). Mechanical drilling requires the selection of optimum cutting 
operation parameters - i.e. cutting speed (spindle speed) and feed rate - in order to 
avoid any excessive forces affecting the surface integrity of CFRP composites.

Although researchers or investigators have suggested some approaches to reduc-
ing the damage in mechanical drilling, such as the use of support plates, special drill 
bits and pre-drilled pilot holes, the optimization of cutting operation parameters (i.e. 
spindle speed and feed rate) is still considered as the best approach to enhance the 
hole quality without needing special equipment or tools which can be an expensive 
for future manufacturers. Some authors believe that optimizing cutting operation 
parameters leads to better quality, since the use of low feed rate and high spindle 
speed favour the minimum material damage and extend tool life. Many researchers 
have highlighted the optimum performance of spindle speed and feed rate in their 
experimental attempts, and they encourage others to refer to these results for future 
machining; however, these references may or may not be suitable for drilling a thick 
sample, e.g. a 25.4  mm CFRP workpiece. Previous drilling experiments were 

Fig. 2.19 Locations of hole diameter axial positions for 3 mm thick CFRP laminates (Adapted 
from (Shyha et al. 2010))
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attempted by researchers to drill material thickness ranging from 1 to 25  mm 
(mechanical: 1 to 25 mm); manipulating the machining parameters may produce 
different results due to the different thicknesses.
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Chapter 3
Surface Modification of Graphene 
Nanoplatelets (GNP) Towards Preparation 
of Natural/Synthetic Rubber Blend 
Nanocomposites

Ruey Shan Chen, Jeefferie Abd Razak, Noraiham Mohamad, 
and Sahrim Ahmad

3.1  Introduction

Inorganic materials are established for reinforcement in polymer composites. In the 
development of polymer nanocomposites (reinforced with nanofillers), nanoscopic 
inorganic particles (typically 1–10 nm in at least one dimension) are incorporated in 
a polymeric matrix with the ideal exfoliation level of nanofiller dispersion. 
Nanoparticles rubber composites play a vital role in rubber technology and material 
engineering (Konar et al. 2010). Lately, high-performance elastomer nanocompos-
ites with the reinforcement of various kinds of inorganic nanofillers such as layered 
silicates, silica nanoparticles, multi-walled carbon nanotubes, etc. have been pro-
duced (Li et al. 2017). Graphene is well-known to have exceptional physical and 
chemical properties, and has been widely applied in electronic devices, adsorption, 
sensors, energy and conversion, and composites. In the field of composites, gra-
phene serves as multifunctional nanofiller to enhance the mechanical performance, 
conductivity characteristics in terms of thermal and electrical aspects as well as 
barrier effect (for instance, gas impermeability) of composites (Bhattacharya 2016). 
The reinforcing (normalized modulus) mechanism of graphene in elastomers nano-
composite depends on the aspect ratio (filler geometry), volume fraction and orien-
tation of the graphene filler (controlled by the processing methods) but it is 
independent of the filler modulus (Liu et al. 2018).
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In this chapter, a focus is made on the natural rubber/ ethylene-propylene-diene- 
monomer (NR/EDPM) blend matrix reinforced with graphene nanoplatelets (GNP) 
with different surface modification and nanofiller loading.

3.1.1  Graphene Nanoplatelets

Graphene nanoplatelets (GNP) is discs-shaped graphite particles in a nanometer- 
sized scale, which comprised of two-dimensional (2D) layers of sp2-hybridized car-
bon atoms in one-atom thickness that are arranged in a honeycomb hexagonal lattice 
structure (Chen et al. 2018). GNP made of multiple layers of graphene which cor-
responds to partially exfoliated graphite. In comparison to monolayer graphene, 
GNP with various particle sizes are commercially produced at a large scale through 
top-down methods at a relatively low cost (Zhang et al. 2016). Generally, GNP have 
an ultimate strength of 130 GPa, a high specific area of 2600 m2/g as well as very 
high electric conductivity (6000  S/cm) and thermal conductivity above 
5000 W m K−1 (Bhattacharya 2016). Therefore, the extraordinary properties of GNP 
as well as their ultrahigh aspect ratio (600–10,000) and large surface contact area 
with polymer have resulted this platelet nanomaterial as an ideal reinforcing and 
multi-functional fillers for polymer nanocomposites (PNC) (Kuan et al. 2018). The 
platelet’s shape promotes higher tortuosity path for molecular transport which fur-
ther provides the barrier effect to the resultant PNC (Abd Razak et al. 2015b).

The overall reinforcement of GNP in a polymeric matrix is strongly dependent 
upon its dispersion state and the nanofiller-matrix interfacial interaction. 
Nevertheless, GNP has a smooth, chemically inert and hydrophobic surface, which 
these inherent characteristic makes GNP not compatible with many polymers and a 
weak interfacial bonding is caused (Zhang et al. 2016). The dispersion of GNP in 
polymer matrices and interface quality control are very challenging because of their 
strong interlayer cohesive energy and surface inertia (Zhao et al. 2018). This renders 
GNP tends to easily agglomerate and re-stacking into graphite via van der Waals 
interactions as it is unable to repel the attractive forces between them as a result of 
the deficiency of intrinsic functional groups (Abd Razak et al. 2015a).

3.1.2  Surface Modification

Graphene based materials are difficult to achieve intercalation by huge species like 
polymer chains. In order to enhance the compatibility of GNP with various polymer 
matrices, the surface modification of GNP could be achieved through either cova-
lent or noncovalent functionalization approaches (Mohamad et al. 2017). Covalent 
modification or treatment is critically susceptible to destroy the intrinsic properties 
of graphene, whereas non-covalent treatment ordinally preserves the pristine struc-
ture as well as the intrinsic electrical and thermal conductivities of graphene (Abd 
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Razak et al. 2015b). The covalent functionalization involves hybridization of one or 
more sp2 carbon atom to sp3 configuration, followed by simultaneous loss of elec-
tronic conjugations (Ijeomah et  al. 2017). The covalent functionalization of gra-
phene will not only increase the dispersion of GNP, but also increase the 
graphene- polymer interfacial interaction. GNP typically has a hydroxyl functional 
group on base and edge section where this hydroxyl group will be hydrated with 
silane coupling agents with the presence of certain catalyst (Wang et al. 2012). By 
applying this idea, the silane coupling agent, for instance, aminopropyltryetoxysi-
lane (ATPS), can be act as a chemical bridge to link covalently with polymer matri-
ces chains (Kuila et  al. 2012). This covalent approach is proven to serve as an 
effective method in improving the filler-matrix interfacial interactions, and thus 
increasing the mechanical and thermal performances. However, the covalent bond-
ing is still considered less than satisfactory as a result of the inadequate oxygen 
functional groups in GNP (Zhang et al. 2016).

On the other hand, non-covalent functionalization basically involves the van der 
Waals, electrostatic, π-π stacking, and hydrophobic forces, which require the physi-
cal adsorption of the corresponding molecules to the surface of GNP (Ijeomah et al. 
2017). This approach has been exploited to tailor the interfaces between GNP and 
the organic media or to control interfaces within GNP network (Eleuteri et al. 2019). 
Poly(ethyleneimine) (PEI) is a polycationic polymer that is highly water soluble 
owing to ethylamine repeating units. The layers of GNP are able to gather the active 
amino groups in PEI for surface modification with some functional groups like car-
boxyl or epoxy groups (Abd Razak et al. 2015b).

3.1.3  Natural Rubber and Synthetic Rubber

A typical elastomer compound is mainly made from long chain molecules as known 
as the base polymer which contribute the basic physical and chemical properties. 
There is a small amount of free space which exists between the long chain mole-
cules where this space permits the independent mobility of the elastomeric mole-
cules, and causes the subsequent deformation (Mohamad et al. 2017). Due to the 
ease of deformation at ambient condition, good resistance to heat, superior flexibil-
ity and elongation before breaking, elastomers or rubbers are extensively used in 
various engineering industrial sectors such as packaging, aerospace, automotive and 
healthcare (Li et al. 2017). Rubbers possess good energy absorbing and mechanical 
(elasticity) properties which drive the commercial use of rubbers as polymeric 
matrices (La et al. 2018).

Natural rubber (NR) is the largest single type rubber which produced from latex, 
and NR has been extensively studied for practical applications in the field of auto-
motive tires, footwear, gloves and condom (Mohamad et al. 2017; Srivastava and 
Mishra 2018). This is owing to biodegradability characteristic, and excellent 
mechanical properties such as high elasticity, cracking resistance and etc. However, 
for practical uses, the requirement of natural rubber is essential to enhance the 

3 Surface Modification of Graphene Nanoplatelets (GNP) Towards Preparation…



70

physical and mechanical properties, to promote processability and flexibility in 
product design, as well as to reduce the production cost (Mohamad et al. 2017). On 
the other hand, the most common important synthetic rubbers are ethylene- 
propylene- diene-monomer (EPDM), silicone rubber, acrylonitrile butadiene rubber, 
styrene butadiene rubber, ethylene vinyl acetate copolymer, and butyl rubber, etc. 
These synthetic elastomers are manufactured in the purpose to replace or to be com-
bined with NR in making polymeric matrix with superior properties of NR 
(Srivastava and Mishra 2018).

In recent years, the elastomeric blends of NR and EPDM synthetic rubber have 
been extensively employed for investigation owing to their excellent heat and ozone 
resistance as well as superior performance in the tire application (Motaung et al. 
2011). It is evident that the low environmental and ozone resistance of the NR can 
be improved by mixing highly unsaturated NR with the highly saturated and non- 
reactive EPDM (Alipour et al. 2013). Besides, the blending of high cost EPDM with 
the low cost NR could suit the economic aspects as the appreciable price difference 
can be balanced with outstanding performances.

3.2  Materials

The commercial grade of SMR 20 natural rubber (NR) obtained from Mentari 
Equipment and Project Sdn. Bhd., Malaysia was 0.16 wt.% dirty retained on 44 
apertures, 1.00 wt.% ash content, 0.60 wt.% nitrogen, 0.80 wt.% volatile subject, 
30 min Wallace rapid plasticity (Po) and 40 min. % of plasticity retention index 
(PFU). Ethylene propylene diene rubber (EPDM) grade BUNA EPT 9650 was sup-
plied by LANXESS, Pittsburgh, USA with the Mooney viscosity UML (1 + 8) at 
150 °C of 60 ± 6 MU, ethylene content of 53 ± 4 wt%, ENB content of 6.5 ± 1.1 wt% 
with volatile matter ≤0.75 wt%, specific gravity of 0.86 and total ash ≤0.50 wt% 
with non-staining stabilizer. Both rubbers were masticated with two-roll mill prior 
to their use. Other compounding ingredients such as stearic acid, sulphur and zinc 
oxide were purchased from Systerm/Classic Chemical Sdn. Bhd., and tetramethyl 
thiuram disulfide (TMTD) from the Aldrich Chemistry, whereas 
N-cyclohexylbenthiazyl sulphenamide (CBS) and N-(1,3-Dimethylbutyl)-N′-
phenylp-phenylenediamine (6PPD) were supplied by Flexys America, USA.  All 
ingredients were used as received. Graphene nanoplatelets (GNP) in black and gray 
powder form, grade KNG-150, was purchased from the Xiamen Graphene 
Technology Co. Ltd., China. It has a bulk density of 0.3 g/cm3, a true density of 
2.25 g/cm3, a specific surface area of 40–60 m2/g and a carbon content of >99.5. 
Aminopropyltryetoxysilane (ATPS) and poly(ethyleneimine) (PEI) were purchased 
from Sigma-Aldrich and were used without further purification. APTS has a linear 
formula of H2N(CH2)3Si(OC2H5)3, an average molecular weight (Mw) of 
221.37 g mol−1 and a density of 0.946 g ml−1 at 25 °C. PEI, in the form of a viscous 
colorless liquid of branched polymer, has a linear formula of H(NHCH2CH2)nNH2, 
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an average molecular weight (Mw) of 25,000 g mol−1 and a density of 1.030 g ml−1 
at 25 °C.

3.3  Methods

3.3.1  ATPS-Dehydration and PEI-Adsorption of GNP

In this study, both surface treatment of GNP was performed via chemical modifica-
tion of the exfoliated graphite flakes, which was adapted from Ganguli et  al. 
(Ganguli et al. 2008). The mixture of solvent water: ethanol at the ratio of 25:75 was 
prepared for every treatment mixture of 2 g GNP and 3 g ATPS or PEI in the 1000 ml 
of solution mixture. The combination of mechanical stirring using high speed mixer 
(WiseStir HT50DX) at 1000 rpm and ultrasonication effect using ultrasonic bath 
set-up (JE10Tech UC-02) at 60 °C was performed for 5 hours. Next, the treated 
GNP was stirred using a hot-plate magnetic stirrer for 100 rpm, 100 °C for 45 min. 
Then, GNP was washed using distilled water as to remove the unreacted chemicals. 
Further oven heating at 150 °C was performed at 5 hrs for complete drying. The 
dried GNP product was grinded using agate mortar and placed in a close-sealed 
container.

3.3.2  Preparation of NR/EPDM Rubber Blend Filled 
GNP Nanocomposites

The compounding process was performed using a Haake Rheomix internal mixer 
with Banbury rotor type at 0.70 fill factor at 70 rpm of rotor speed and 70 °C of 
blending temperature for about 5 min mixing period. The formulations recipes used 
in the preparation of NR/EPDM blend were NR/EPDM blend (70,30 phr), EPDM- 
grafted- maleic anhydride 1.30 phr, 5.0 phr ZnO, 2.0 phr stearic acid, 2.0 phr 6-PPD, 
1.0 phr CBS, 0.3 phr TMTD and 1.5 phr sulphur. The percentage of GNP was varied 
at a 0.00, 0.25, 0.50, 1.00, 3.00, 5.00 wt.%. On mixing procedure (Fig. 3.1), at first, 
NR, EPDM and EPDM-g-MAH compatibilizer were blended for 1 min before the 

NR, EPDM and EPDM-g-MAH 
compatibilizer 

Zinc oxide, 
stearic acid 
and CBS 

6PPD, TMTD
and sulphur  GNP

1 min

1 min 2 min

Fig. 3.1 Schematic flow 
of mixing sequence for 
nanocomposite preparation
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first set of curatives consisted of zinc oxide, stearic acid and CBS were added into 
the internal mixer. After 2 min of mixing, the unmodified or modified GNP was 
compounded. Next, the second set of curatives consisted of accelerator (6PPD and 
TMTD) and sulphur were compounded at a minute before end of mixing period. 
The compound was left to stabilize for 24 hrs before characterization.

3.3.3  Characterization of Unmodified and APTS- 
and PEI-Modified GNP

Raman spectroscopy and Fourier-transform infra-red (FTIR) spectroscopy analysis 
were employed to evaluate the success of surface treatment done to the GNP. Raman 
spectrum was obtained using a Horiba JobinYvon model HR800 with a laser wave-
length of 514.53 nm and a laser power at sample of 10 mW. The focal length used 
was 800 mm with drift amount of <0.015 nm sec−1. FTIR analysis was performed 
using JASCO FT/IR 6100 setup at 0.5 cm−1 resolution at the range of 4000–400 cm−1. 
The morphological evaluation was performed using Field Emission Scanning 
Electron Micrograph (FESEM, model Hitachi SU8000) at a magnification of 1000 
x and a accelerating voltage of 2.0 kV to observe the transformation occurred on 
modified GNP due to the surface treatment.

3.3.4  Characterization of GNP Filled NR/EPDM Rubber 
Blend Nanocomposites

The cure characteristics of the blend were studied using MDR 2000 according to the 
ISO 3417 at 160 °C. Prior to testing, vulcanizate NR/EPDM based nanocomposites 
were conditioned for 24 h in a closed container at room temperature. The cure prop-
erties such as the scorch time (TS2), maximum curing time (tc90), minimum torque 
(ML), and maximum torque (MH) as well as cure rate index (CRI). CRI was calcu-
lated using the equation as: CRI = 100/ (tc90 - TS2) (Ahmed et al. 2012).

Tensile tests were conducted using a testometric tensometer Toyoseiki 
Strograph-R1 according to ASTM D1822. The dumbbell shaped specimens with the 
thickness of 2 mm were tested at a crosshead speed of 500 mm/min. At least 7 rep-
licates of each formulation were taken for averaging purposes. The hardness mea-
surements of the nanocomposites were carried out according to ISO 7691 -1 using 
a manual durometer type Shore A.

Dynamic mechanical thermal analysis was performed on the specimen with a 
rectangular dimension of 30 mm x 5 mm x 2 mm (length x width x thick) using TA 
Instruments DMA Q-800. Measurements were carried out from −100 °C to 100 °C 
at a frequency of 5 Hz, amplitude of 15 μm and heating rate of 5 °C/min.
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3.4  Results and Discussion

3.4.1  Characterizations of GNP

Figure 3.2 portrays the Raman of unmodified, ATPS- and PEI-modified GNP. It is 
observed that there are three main characteristic peaks presented at around 
1370–1375 cm−1, around 1600–1610 cm−1 and around 2710–2740 cm−1 which are 
representing D band, G band and 2D band, respectively. It is found that the intensity 
of the G band and D band for the PEI–modified GNP becomes weaker than that of 
unmodified GNP. This phenomenon suggests that PEI-treatment results in a higher 
level of disorder and the formation of defects in the modified graphene layers. As 
reported in our previous study, G band indicates the intact nature of GNPs’ graphitic 
domain, whereas the D band is a characteristic of defects and disorder (Abd Razak 
et al. 2015b). The analysis of 2D band peak could examine the arrangement and 
stacking of GNP layers (Kim et al. 2010). Comparing to unmodified GNP, the inten-
sity of this band peak is lower for ATPS-modified GNP but is higher for PEI- 
modified GNP. Another strong vibration peak at 2081.11 cm−1 is only shown for 
ATPS-modified (covalent treatment) GNP which attributed to the formation of 
covalent bonds of C=C bond between the GNP and ATPS.

Besides, the ratio of D band and G band intensity (ID/IG) for ATPS-modified 
GNP (ID/IG = 0.379) is remarkably increased than those of unmodified GNP (ID/
IG = 0.314) and PEI-modified GNP (ID/IG = 0.250). This indicates the transforma-
tion of some sp3 carbon due to the covalent functionalization of GNP after the ATPS 

Fig. 3.2 Raman spectra of unmodified, ATPS- and PEI-modified GNP
(Part of the work published in (Abd Razak et al. 2015b))
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treatment (Fang et al. 2009; Shen et al. 2010). Higher G mode of ATPS-modified 
GNP than that of untreated GNP confirmed the higher level of disorder for ATPS- 
modified GNP which relates to random arrangement of GNP layers. These situa-
tions might increase the possibilities for molecular chain of rubber into the interlayer 
space of the intercalated GNP and thus enhance the mechanical interlocking 
between the rubber blend and the surface of treated GNP for better interfacial inter-
action. In the case of PEI-modified GNP, the lower ID/IG ratio is corresponded to 
its high structural integrity caused from PEI treatment (Ma et al. 2014) where this 
non-covalent treatment done on GNP does not only promotes the disturbance on the 
arrangement and defects of platelets, but also improves the structure of GNP by 
physical adsorption.

The FTIR spectra of unmodified, ATPS- and PEI-modified GNP are shown in 
Fig. 3.3. The presence of absorption band at below ~1000 cm−1 for unmodified GNP 
refers to the presence of trace acid group that intercalates the graphite planes. In 
comparison to unmodified GNP, the absorption band of 821.08 cm−1 is disappeared 
for ATPS-modified GNP. This implies the possibility of covalent treatment by ATPS 
occurred through dehydration mechanisms which impedes the presence of minor 
functional group (C-O). Besides, for ATPS-modified GNP, the shift of C-C stretch-
ing of ethyl group (–CH2CH3) at 1060–1070  cm−1 suggests the asymmetric of 
Si-O-C doublet stretching vibration. These situations confirmed the success of 

Fig. 3.3 FTIR spectra of unmodified, ATPS- and PEI-modified GNP
(Abd Razak et al. 2015a)
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covalent (ATPS) modifications on GNP. On the hand, for both unmodified GNP and 
PEI-modified GNP, there are two distinct peaks at 1069 cm−1 and 2365 cm−1 which 
corresponds to the skeletal C–C stretching of ethyl group (or C–O stretching) and 
the presence of hydroxyl group (–OH stretching), respectively. The FTIR spectrum 
of PEI-modified GNP displays a new weak band at 966.16 cm−1 which corresponds 
to the skeletal motion of the C–C backbone. This means that the PEI adsorption 
onto GNP’s surface is probably to disturb the arrangement of atomic carbons in the 
GNP structure (hexagonal lattice) by vibrating to change the dipole moment (Stuart 
2005). Also, a new peak at 2322.00 cm−1 is existed for PEI-modified GNP and this 
confirms the interaction between PEI and GNP’s surface by forming the hydrogen 
bonding in the multiple structures of –OH related with the carboxylic acids. The 
presence of these two new peaks (966.16 cm−1 and 2322.00 cm−1) confirms the suc-
cess of non-covalent modification onto GNP’s surface.

Figure 3.4 presents the morphological micrograph of (a) unmodified GNP, (b) 
ATPS-modified GNP, and (c) PEI-modified GNP. The untreated GNP is not com-
pletely exfoliated as the GNP comprises of more than monolayer (Fig. 3.4 (a)). In 
Fig. 3.4 (b) and (c), a clear separation (increased) interlayer spacing between GNP 
layers for modified GNP, either ATPS or PEI treatments, in which this confirms the 
exfoliation nature of modified GNP after undergone the ultrasonication and high- 
speed mechanical shearing treatment. In comparison to unmodified GNP (control 
sample), the FESEM micrographs clearly demonstrate the reduction of lateral size 
but inconsistency in lateral dimension that occurs in ATPS- and PEI-modified 
GNP. By reducing the dimension of GNP, the cohesive energy between the platelets 
is reduced and the dispersion of filler in the polymer matrix is improved (Sridhar 
et al. 2013), as demonstrated in FESEM micrographs.

Fig. 3.4 FESEM micrograph of unmodified, ATPS- and PEI-modified GNP
(Abd Razak et al. 2015a)
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3.4.2  Cure Characterization Studies

The results of scorch time (Ts2) with respect of GNP loadings and GNP modifica-
tions are plotted in Fig. 3.5. Ts2 is described as the time required for the state of cure 
to increase about two torque units higher than the minimum at a given temperature 
(Nabil et al. 2013). GNP-filled nanocomposites possess a lower scorch safety with 
an increase of GNP loading than that of the unfilled NR/EPDM blend. However, the 
NR/EPDM/PEI-modified GNP system has a higher value of Ts2 than that of NR/
EPDM/ATPS-modified GNP system. This means the functionalization of ATPS and 
the adsorption of PEI polymeric layer onto the surface of GNP tend to improve the 
interaction between rubber-filler interface, and thus promoting the fast curing of 
NR/EPDM blend. This phenomenon is due to the high thermal conductivity factor 
induced by GNP nanomaterial where this has aided in dissipating the heat effi-
ciently and thereby promote the maturation reaction process (Abd Razak 
et al. 2015b).

Maximum curing time, tc90 is defined as the time needed to achieve 90% of full 
cure where most of the physical properties at this cure state reach their optimum. 
Figure 3.6 illustrates the tc90 of NR/EPDM filled with various loading of unmodi-
fied, ATPS-modified GNP, and PEI-modified GNP nanocomposites. It is found that 
the tc90 decreases with the increasing GNP loading for all NR/EPDM blend nano-
composite systems, due to the heat transfer in the nanocomposites is further 
enhanced by the presence of active GNP filler, thereby encouraging the fulfillment 
of molds during the vulcanization process. However, NR/EDPM blends incorpo-
rated with modified GNP exhibit lower tc90 values at all GNP loadings than that of 
the blends filled with unmodified GNP. This implies that the surface modifications 

Fig. 3.5 Scorch time (Ts2) of NR/EPDM filled with various loading of unmodified, ATPS-modified 
GNP, and PEI-modified GNP nanocomposites
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of GNP improve the solubility of GNP with the additional surface chemistry on 
GNP, and also induce a reduction in their lateral dimension size. These may assist 
the crosslinking during the vulcanization time for accelerated formation of polysul-
fide (Konar et al. 2010). Hence, the introduction of ATPS- and PEI-modified GNPs–
PEI aids to efficiently cure the NR/EPDM blends with the acceleration of the 
vulcanization process, as evidence by the reduction of Ts2 and tc90.

Figure 3.7 and 3.8 show the maximum torque (MH) and maximum torque (ML) 
of NR/EPDM filled with various loading of GNP in the nanocomposites. MH is the 
maximum torque that is achieved during the curing time, and is a representative of 
the vulcanizated strength of rubber blend-based compounds or the crosslinking 
degree in the elastomer. Meanwhile, ML is the minimum torque measured in the 
rheometer that is oftenly correlated well with the Mooney viscosity of a compound, 
and ML is an indicator to the uncured stock’s elastic modulus. A higher torque 
obtained indicates the higher number of crosslinks created (Abd Razak et al. 2015b). 
Overally, the incorporation of modified GNP increases the MH and ML with the 
increased filler loading. Unlike unmodified GNP, its NR/EPDM blend nanocompos-
ites show a fluctuating pattern and static trend for both MH and ML, respectively, 
which indicating the less processability of the nancomposites. From another angle, 
nanocomposites containing ATPS- and PEI-modified GNP averagely exhibit higher 
MH and ML values as compared to the one with unmodified GNP. This is attributed 
to the sufficient filler wetting characteristics resulted from the enhanced filler inter-
action with NR/EPDM macromolecules network. The addition of modified GNP 
increases the processing load because of the increased flow resistance that caused 
by smaller sized GNP as well as the formation of percolation structures by the edge- 
to- edge and edge-to-face interactions between the dispersed layers. Therefore, this 

Fig. 3.6 Maximum curing time (tc90) of NR/EPDM filled with various loading of unmodified, 
ATPS-modified GNP, and PEI-modified GNP nanocomposites
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factor strongly hinders the molecular movement of macromolecules and thus lead-
ing to an increase in the processing torque behavior (Konar et al. 2010).

The torque difference (MH – ML), a measurement of the vulcanization extent 
and accomplishment of a characteristic network chains (Konar et al. 2010), of NR/
EPDM nanocomposites filled with various loading of GNP is portrayed in Fig. 3.9. 
The NR/EPDM nanocomposites filled with unmodified GNP show a uniform 

Fig. 3.7 Maximum torque (MH) of NR/EPDM filled with various loading of unmodified, ATPS- 
modified GNP, and PEI-modified GNP nanocomposites

Fig. 3.8 Minimum torque (ML) of NR/EPDM filled with various loading of unmodified, ATPS- 
modified GNP, and PEI-modified GNP nanocomposites
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fluctuating plot pattern for the torque difference with the increased loading of 
unmodified GNP. The fluctuation of MH - ML torque values indicates the possibil-
ity of a non-uniform cross-distribution phenomenon because of the incompatible 
maturation condition between the NR (highly unsaturated) and EPDM (highly satu-
rated) rubber components, thereby resulting in an uneven distribution of crosslink 
density (Nabil et  al. 2013) and inferior mechanical properties of the NR/EPDM 
filled unmodified GNP. Meanwhile, the nanocomposites filled with modified GNP 
present a decreasing trend of (MH - ML) values with the increase of GNP loading. 
The NR/EPDM filled ATPS-modified GNP seems to have a significantly reduced 
profile as compared to nanocomposites incorporated with PEI-modified GNP at all 
range of loadings. In the case of PEI-modified GNP nanocomposites, the presence 
of the PEI polymers absorbed on the surface of GNP has resulted in the disruption 
of the formation of continuous crosslinks and interactions between the rubber 
phases in the blends. This is ascribed to the uniform isolation and dispersion of PEI- 
modified GNP as compared to the unmodified GNP filled nanocomposites. The 
more the PEI-modified GNP presented, the lower the torque difference value, as a 
result of the reduced crosslinking formed in the NR/EPDM blend matrices. In con-
trast, the decline trend for ATPS-modified GNP nanocomposites is insignificant 
with the GNP loading.

The plot of cure rate index (CRI) versus the GNP loading for three nanocompos-
ite systems is presented in Fig. 3.10. There is no considerable variation observed in 
the CRI for the unmodified GNP nanocomposite system. When approximately 
0.50 wt.% of unmodified GNP was introduced into the NR/EPDM blend, the CRI is 
found to decrease slightly. This is attributed to cure incompatibility effects resulted 
from the decrease in reactive sites on the surface of rubber molecules that are avail-
able for crosslinking reactions (Nabil et al. 2013). On the other hand, the CRI value 

Fig. 3.9 Torque difference (MH – ML) of NR/EPDM filled with various loading of unmodified, 
ATPS-modified GNP, and PEI-modified GNP nanocomposites
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is in line with the increase in the loadings of ATPS- and PEI-modified GNP, which 
may be associated to the reduction of activation energy for crosslinking process 
(Tavakoli et al. 2011) and the increased interaction sites for vulcanization (Ahmed 
et al. 2012) with the presence of these two fillers.

Tensile strength, percentage of elongation, stiffness at 300% elongation (M300) 
and hardness Shore A of NR/EPDM nanocomposites filled with different loading 
and types of GNP are shown in Figs. 3.11, 3.12, 3.13, 3.14, respectively. Generally, 
the results clearly show that the tensile properties are significantly increased with 
the increase of GNP loading into the NR/EPDM matrices. However, surface modi-
fications performed on GNP has caused the improvement in mechanical properties 
with the increasing filler loading, up to the certain filler loading, before the occur-
rence of decline of the improvement rate in tensile results at certain much of filler. 
By comparing the effect of surface modifications on GNP, nanocomposites filled 
with ATPS- and PEI-modified GNP experience a slightly improvement in tensile 
properties as compared to NR/EPDM nanocomposites filled with unmodified GNP 
at all loadings.

3.4.3  Mechanical Properties

As shown in Fig. 3.11, it is found that the tensile strength drastically increases up to 
104–124% when 5.00 wt.% of ATPS- and PEI-modified GNP are added into NR/
EPDM blend as compared to the unfilled blend. The maximum improvement of 
tensile strength obtained by ATPS-modified GNP nanocomposites indicates that the 

Fig. 3.10 Cure rate index (minit−1) of NR/EPDM filled with various loading of unmodified, 
ATPS-modified GNP, and PEI-modified GNP nanocomposites
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covalent treatment aids the separation and intercalation between filler platelets as 
well as increases the surface wetting (Razak et al. 2014). Surface modification of 
GNP using PEI treatment succeeds in enhancing the mechanical performance of 
NR/EPDM blends by creating retention effects among GNP upon the adsorption of 
the polymeric layer of PEI, and the oxygen-containing groups in the GNP introduce 

Fig. 3.11 Tensile strength of NR/EPDM filled with various loading of unmodified, ATPS-modified 
GNP, and PEI-modified GNP nanocomposites

Fig. 3.12 Percentage of elongation of NR/EPDM filled with various loading of unmodified, 
ATPS-modified GNP, and PEI-modified GNP nanocomposites
(Razak et al. 2015; Razak et al. 2014)
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the polar interations between PEI-modified GNP sheets and polar polymer matrices, 
thereby results in the better filler dispersion within the NR/EPDM blend (Zhang 
et al. 2012). At the same filler loading of 5.00 wt.%, a reduction in tensile strength 
is encountered for nanocomposite system with unmodified GNP which is due to the 
agglomeration of GNP that allowing the pre-mature failure (Abd Razak et al. 2015b).

Fig. 3.13 Stiffness at 300% elongation (M300) of NR/EPDM filled with various loading of 
unmodified, ATPS-modified GNP, and PEI-modified GNP nanocomposites
(Razak et al. 2015; Razak et al. 2014)

Fig. 3.14 Shore A hardness of NR/EPDM filled with various loading of unmodified, ATPS- 
modified GNP, and PEI-modified GNP nanocomposites

R. S. Chen et al.



83

For percentage of elongation in Fig. 3.12, an overall increasing trend is clearly 
similar to tensile strength. The percentage of elongation increases dramatically with 
the increase of GNP loading in the NR/EPDM blend matrices. However, this phe-
nomenon only applies to the nanocomposites filled with modified GNP, but not to 
the nanocomposites with unmodified GNP. Nanocomposites based on the unmodi-
fied GNP experience a major decrease in percentage of elongation value due to the 
induction of some weak points by the agglomeration of GNP in which this facili-
tates a pre-mature failure when the stress is applied. This suggests poor interfacial 
interactions and adherence between unmodified GNP and NR/EPDM matrices, and 
thus probably causes to reduction in the mechanical properties of filled rubber 
(Arayapranee and Rempel 2008). In the case of ATPS-modified GNP nanocompos-
ites, the elongation values are slightly lower than those of other nanocomposite 
systems, at the loading of ATPS-modified GNP less than 5.00 wt.%. This situation 
shows that the interaction of rubber blend matrices with the ATPS-modified GNP is 
increasing because of the presence of the functional groups that forms the links 
between the nanofillers and matrices. In which this benefits the improvements of the 
stiffness properties. For PEI modification, this nanocomposite system has apprecia-
bly higher values of the percentage of elongation than the other two nanocomposite 
systems, for almost all loadings used. This can be ascribed to the even dispersion 
and distribution of PEI-modified GNP within the rubber blend matrices. Additionally, 
the physical adsorption of PEI on the GNP’s surface is only bonded by the weak van 
Der Waals and this has increased the capability of GNP and rubber blend macromo-
lecular for slippage. Therefore, the elongation ability is increased (Abd Razak 
et al. 2015b).

The stiffness at a specific elongation points of 300% (M300) for nanocomposites 
with various modifications and filler loadings are plotted as shown in Fig.  3.13. 
Generally, as the nanofilller (with and without surface modification) loading 
increases, the M300 values are noted to increases nonlinearly. This positive trend is 
the manifestation of the reinforcement effect imparted by GNP in the NR/EPDM 
rubber matrices. This finding was in agreement with the previous work reported on 
other rubber blend systems incorporated with various kinds of filler (Sae-oui et al. 
2007; Shehata et al. 2006). In comparison of the surface modification strategies, it 
is noted that ATPS-modified GNP nanocomposites possesses the highest M300 val-
ues, followed by PEI-modified GNP nanocomposites and lastly for nanocomposites 
filled with unmodified GNP. The improvement for NR/EPDM blend nanocompos-
ites filled with modified GNP is contributed to the lamellar structure of GNP which 
allowing a better wettability and rubber–nanofiller interactions induced by the 
hydrogen and van der Waals forces, and hence causing to a better stress transfer 
(Sridhar et al. 2013).

As observed in Fig. 3.14, Shore A hardness shows an increasing trend with the 
increase of GNP loading. The hardness value for unfilled NR/EPDM blend is 45.5 
and the optimum value up to 49.8 for NR/EPDM blend nanocomposites filled with 
5.00 wt.% PEI-modified GNP. The increase in hardness properties is related to the 
high strength of the resultant nanocomposites (Arroyo et al. 2007). As the value of 
hardness increases, the higher the amount of crosslinking content found in the blend 
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matrices, and the more effective reinforcement mechanism introduced by the pres-
ence of added GNP fillers. In the aspect of surface modification effects, it is found 
that at 3.00 wt.% GNP, the trend of Shore A hardness is as follows: NR/EPDM/
APTS-modified GNP  >  NR/EPDM/unmodified GNP  >  NR/EPDM/ PEI- 
modified GNP.

3.4.4  Dynamic Mechanical Thermal Analysis

Storage modulus (E’) refers to the energy stored elastically during deformation, 
which indicates the elasticity of a material (Chen et al. 2015). Figure 3.15 shows the 
storage modulus of NR/EPDM-based nanocomposites containing GNP with differ-
ent surface modifications as a function of temperature. It can be observed that the E’ 
values in the glassy region (around -50 °C) appeared in a sharp peak, following the 
descending trend as: NR/EPDM/APTS-modified GNP  >  NR/EDPM/unmodified 
GNP > NR/EDPM > NR/EDPM/PEI-modified GNP. This finding confirms the effi-
ciency of APTS-modified GNP to act as active filler which provide the reinforce-
ment effect to NR/EPDM (Karger-Kocsis et al. 2010). In the case of non-covalent 
treatment (with APTS), the addition of GNP had increased the energy stored in the 
NR/EDPM blend nanocomposites, thereby showing higher E’ values. The improve-
ment of E’ implies the increased filler/matrix interfacial which thereby reducing the 
mobility of chains in which caused to the increased stability of nanocomposites 
with the increasing temperature. Therefore, the E’ decreases with the temperature.

Loss modulus (E”) is the energy being dissipated or replaced as heat during the 
deformation of a material, which is associated with the material’s viscous behavior 

Fig. 3.15 Plots of storage modulus versus temperature for NR/EPDM nanocomposites filled with 
various modification of GNP
(Part of the work published in (Razak et al. 2017))
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(Chen et al. 2015). The E” of NR/EPDM-based materials as a function of tempera-
ture is demonstrated in Fig. 3.16. At glass transition temperature, relaxation process 
allows the greater movement of individual chains in the NR/EPDM blends irrespec-
tive of GNP. This can be seen from the highest values of E” at around −50 °C in 
Fig. 3.16. Similarly, the E” peak for NR/EPDM nanocomposites filled with APTS- 
modified GNP is higher than that of unmodified GNP.  This shows that covalent 
surface modification of GNP via APTS could increase the heat dissipation charac-
teristics. The lesser heat entrapment in NR/EPDM reinforced with APTS-modified 
GNP has resulted in the consequent lacking of heat build-up in comparison to other 
investigated materials. Another reason for the improved E” in ATPS-modified GNP 
filled NR/EPDM nanocomposites is that APTS-modified GNP improved rubber- 
filler interface bond strength which is required to activate the immobilization of 
filler towards the stress transfer in the region of matrix-filler interface. There is 
another observation shown in Fig. 3.15, the broadening E” peak is as the following 
trend: NR/EDPM/APTS-modified GNP  >  NR/EDPM/unmodified GNP  >  NR/
EDPM = NR/EDPM/PEI-modified GNP. The broaden modulus peak indicates the 
greater immobilization being introduced onto amorphous phase or molecular chains 
in NR/EDPM (induced by GNP particles) (Jayalatha and Kutty 2013).

3.4.5  Comparison of Mechanical Properties 
With Previous Studies

Table 3.1 describes the comparison of mechanical properties with previously 
reported work on NR/EDPM blend composite materials with different loadings of 
GNP. Generally, higher values of elongation at break (780–900% for untreated GNP 

Fig. 3.16 Plots of loss modulus versus temperature for NR/EPDM nanocomposites filled with 
various modification of GNP
(Part of the work published in (Razak et al. 2017))
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and 850–1100% for APTS-modified GNP) are obtained from this study as com-
pared with previous studies on natural rubber/GNP. However, the tensile strength 
and hardness are found to be comparable (or slightly lower) to the previously pub-
lished works based on the similar content of GNP. This could be due to the use of 
NR/EDPM blend as matrix, instead of solely NR as used by previous research, 
which is likely to improve the elongation characteristic of rubber material.

3.5  Conclusion

This study has shown that covalent and non-covalent surface modifications of GNP 
with ATPS and PEI were successfully performed by a combination method of ultra-
sonication and high shear mechanical stirring procedure. The nanocomposites were 
prepared by dispersing the GNP in the NR/EPDM blend using the internal melt 
mixing procedure, and followed by curing under the semi-EV vulcanization system. 
A strong vibration band in Raman peak at 2081.11 cm−1 which corresponded to the 
formation of covalent bonds of C=C between the GNP and ATPS, as well as the 
disappearance of 821.08 cm−1 in FTIR spectrum confirmed the ATPS surface modi-
fication mechanism through dehydration. For PEI-modified GNP, the FTIR spec-
trum presented the presence of a new weak band at 966.16 cm−1 which referred to 
the skeletal motion of the C–C backbone, thus confirming an adsorption of the poly-
meric PEI into GNPs surface. The increasing GNP nanofiller loading in the NR/
EPDM rubber blend promoted the processability of the blend by increasing the Ts2 
and CRI. By adding 5.00 wt.% ATPS- and PEI-modified GNP, approximately 124% 

Table 3.1 Comparison of mechanical properties with previous studies

Matrix
GNP loading, 
(treatment)

Tensile 
Strength, 
MPa

Elongation at 
break, %

M300, 
MPa

Shore 
Hardness, 
A Source

NR/ EDPM 0.25 wt.%
(unmodified)
(modified)
5 wt.%
(unmodified)
(modified)

8
9 (PEI)

11
16 (APTS)

780
850 (PEI)

900
1100 (APTS)

2.1
2.9 (PEI)

3.1
3.6 (APTS)

46
46.5 (PEI)

49.5
50 (APTS)

Current study

NR latex 3%
(unmodified)

18–20 600 5 38–45 Charoenchai 
et al. 
(Charoenchai 
et al. 2019)

NR 5 phr
20 phr
(unmodified)

18–24
14–23

– – 56–58
68–72

Li et al. (Li 
et al. 2017)

Styrene 
butadiene 
rubber
(S-SBR)

1 phr
25 phr
(unmodified)

2.96
7.16

436
464

– – Das et al. 
(Das et al. 
2012a; Das 
et al. 2012b)
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and 104% increments in tensile strength were obtained. In term of dynamic mechan-
ical properties, the covalent modification (ATPS-modified GNP) appeared to be 
more suitable treatment for GNP than non-covalent method in giving the effective 
improvement. It can be concluded that the incorporation of GNP accelerated the 
curing process of rubber blend so to reduce the time and cost of the rubber blend 
vulcanization and product preparation cycle, as well as provided a remarkable 
improvement in mechanical properties of resultant nanocomposites.
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Chapter 4
Mechanical Properties of Nanoclay 
Composite Materials

Lee Ching Hao, Lee Seng Hua, Lum Wei Chen, and Khalina Abdan

4.1  Introduction

Composite materials are very important in this modern world, credited to their 
remarkable versatility in many fields (Lee et al. 2018, 2014). Composite materials 
can be classified based on their type of matrix material (Ex: polymer matrix com-
posites), form of dispersed phase (Ex: Continuous fiber-reinforced composite mate-
rials) and type of reinforcing fibers (Ex: organic fiber composite materials) (Wang 
et al. 2011). Among these, polymer-based composite is one of the important types 
of composite materials. In response to the call for replacing conventionally used 
metal alloys, the market for polymer-based composites is expanding with an upward 
tendency. Nowadays, the application of polymeric composite is very wide, includ-
ing in the field of transportation, aerospace, sport, marine etc. (Koniuszewska and 
Kaczmar 2016; Ayu et al. 2018; Lee et al. 2016).

In addition to their excellence performance, the properties of the polymer com-
posites could be further improved. One of the promising methods in improving the 
mechanical properties of polymer materials is by incorporation of nanoparticles. 
Nanoclay (nC) is among the favourite type of nanoparticles. Owing to their weak 
Van Der Waals bonding between layers, nC can disperse into individual layer. In 
addition, ion exchange reactions can also be conducted to alter the surface chemis-
try of nC in suiting for various applications, making nC one of the most sought-after 
nanoparticles (Ishida et al. 2000). nCs have been applied in many sectors, in order 
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to enhance the performances to meet the requirements of product. Packaging mate-
rials that required low gasses permeability can be enhanced by nC (Gurses 2015). 
Besides, poly(e-caprolactone) (PCL)/nanoclay composite has successfully demon-
strated significant low water vapor permeability and inhibited about 90% of the 
Escherichia coli growth (Yahiaoui et al. 2015). On the other hand, halloysite clay 
nanotube have been applied in drug delivery to allow for controllable sustained drug 
release for hours, days or even weeks (Lvov et al. 2016).

Clay represents the whole class of materials that consisting layered silicates with 
a small quantity of metal oxides and organic matter. Generally, clay minerals can be 
divided into four groups, namely kaolinite, montmorillonite/smectite, illite and 
chlorite according to difference in their layered structure (Uddin 2008). Among 
these clay minerals, montmorillonite (MMT) are the most prevalently used group as 
reinforcing agent for polymeric composites, attributed to their superior cationic 
exchange capacity, greater surface area and aspect ratio (Tjong 2006). The chapter 
discussed the factors that influence the mechanical properties of nC composite. In 
addition, types of nC and the processing methods of nanocomposites are also been 
reviewed. As pointed out by Rafiee and Shahzadi (2019), the term “nanocomposite” 
represents any polymeric composites that are reinforced with agents at scale of 
atomic level, or nano-scale. Therefore, in this chapter, polymeric composites that 
are reinforced with nC are referred as nC composite. Last but not least, modification 
of nC and type of matrix has also been described.

4.2  Factors of Influencing Mechanical Properties 
of nC Composites

NC is often incorporated into polymer in order to attain better mechanical proper-
ties of a composite material. The effects of the addition of nC is highly dependent 
on various factors such as size, dispersity and loading of the nC (Fu and Naguib 2006).

The size of the particles of nC played an important role in determining the prop-
erties of a composite material. NC with smaller distribution of particle size could 
led to better dispersion in the polymer matrix. Majdzadeh-Ardakani et al. (2014) 
investigated the degree of dispersion of commercial montmorillonite (MMT) and 
centrifuged clay (CMMT) in poly(ethylene terephthalate) (PET)/clay nanocom-
posites (Majdzadeh-Ardakani et al. 2014). Due to the removal of large particles 
using two-step centrifugation method, CMMT in water has smaller particle size 
compared to that of MMT.  In comparison to MMT, X-ray diffraction results 
revealed that CMMT has larger gallery spacing. Through Transmission Electron 
Microscopy (TEM) analysis, CMMT was very dispersed in the polymer matrix 
while some aggregations were observed in the case of MMT. As a result of well 
dispersion, storage modulus (G’) of the nanocomposite with the presence of 
CMMT increased.
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Loading of nC in a polymer composite is a deciding factor in determine the prop-
erties of the material. Table 4.1 summarizes the effects of the loading of nC and the 
mechanical properties of the corresponding nC composite produced.

Based on the studies by various researchers, it is clear that the incorporation of 
nC into nC composite enhance its mechanical properties. However, different load-
ing of the nC added have different degree of improvement. There are few proposed 
mechanisms on how nC enhances the properties of cement matrix. Rooj et al. (2011) 
suggested that nC with its tubular shape forms cross linkage with the cement matrix 
(Rooj et al. 2011). Hydroxyl group available on the surface of halloysite nC could 
also react chemically to the Ca2+ available in cement mixture and result in a denser 
microstructure compare to the samples without nC. As nanosized particles, the nC 
might also enter the void of the matrix and therefore function as fillers. Besides that, 
halloysite nC contains high amount of SiO2 and its ultra-thin surface might have 
resulted in the increased activity of the nucleation of calcium hydrosilicate (C–S–H) 
due to the consumption of Portlandite in cement matrix (Rao et  al. 2002). 
Furthermore, it was assumed that nC swells as it gradually absorbs and trap water 
within its layers. This cause the expansion of nC and the swelling improves the fill-
ing in capillary pores.

Often, there is a limit on the nC that one can be added. Beyond that limit, the 
properties of the nanocomposites would be diminished due to poor dispersion and 
agglomeration. Kord et al. (2011) fabricated polypropylene/wood flour composites 
with different content of glass fibers and nC (Kord et al. 2011). The concentration 
of nC used was 2, 4 and 6 per hundred compounds (phc) while the glass fiber con-
tent was 5, 10 and 15 wt%. The tensile properties of the composites were measured. 
Tensile modulus was found increased along with increasing glass fiber content at 
different loadings of nC. However, when the glass fiber content remained constant, 
it could be found that the tensile modulus of the composite enhanced with the incre-
ment of nC up to 4 phc. Beyond this limit, i.e. 6 phc, the tensile modulus reduced, 
mainly due to the agglomeration of nC at higher loading. Similar observation was 
recorded in impact strength, indicated that 4 phc of nC resulted in intercalation and 
better dispersion. Apart from nanocomposite, nC had also been added into coating 
to enhance the performance of water-based coating (Uyup et al. 2019). In the study, 
the authors reported that satisfied result in terms of abrasion resistance and impact 
strength of the nanocoating could be attained when 2% nC was used instead of 
higher loading of nC.

4.3  Type of nC

nCs are not a new composite filler for humankind, ceramists have been using them in 
various applications since prehistoric times. Clay are generally made from hydrous 
silicates and formed under sheet-like structure stacking over one and another. These 
sheet-structured silicates layers are composed by fine particle of aluminosilicates. 
Depends on the type of clay, every single layer could be constructed by two to four 
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Table 4.1 Effects of the loading of nC and the mechanical properties of the corresponding nC 
composite produced

Type of composite NC type and loading Findings Reference

Bagasse flour/ 
reprocessed high 
density polyethylene 
(rHDPE)/ nC 
composites

montmorillonite clay 
modified with a 
quaternary 
ammonium salt 
(Cloisite-30B) -0%, 
2%, and 4%

Tensile and flexural strength of the 
composite increased to 21.52 and 
25.74 MPa, respectively, when 2% 
nC were added compared to that of 
control board with 0% nC (19.85 and 
24.28 MPa, respectively). However, 
both tensile and flexural strength 
decreased when 4% nC were added 
(21.08 and 25.18 MPa, respectively)

Samariha 
et al. 
(2015)

Polylactide/
Poly[(butylene 
succinate)-co- 
adipate] blend 
composites

montmorillonite clay, 
Cloisite®C20A 
(C20A) - 0.5, 1, 2, 4, 
6, and 9 wt %

Tensile modulus of the composite 
was improved up to addition of 
6 wt% nC and started to decrease 
when 9 wt% nC was added

Ojijo et al. 
(2012)

Epoxy/3D 
orthogonal glass 
fiber woven 
composite

DK2 polymer-grade 
organic nC – 1, 2, 3 
and 4 wt%

The highest tensile strength of the 
composite was recorded when 3 wt% 
nC was added

Wang 
et al. 
(2019))

Waste-glass powder 
(WGP) cement 
mortars

montmorillonite clay 
modified with a 
quaternary 
ammonium salt 
(Cloisite-30B)

Cement mortars were produced with 
WGP and the addition of nC. It was 
found that the introduction of nC can 
further enhance the bending and 
compressive strength of the samples. 
However, the compressive strength 
shows greater degree of improvement 
compared with bending strength

Aly et al. 
(2011)

Cement mortars Halloysite nC Four type of mortar cements 
containing 1, 2 and 3% halloysite nC 
of were produced and tested for 
compressive strength. The authors 
found out that the addition of nC in 
mortars improved the compressive 
strength by up to 24% in samples 
with 3% nC compared with samples 
without nC (control)

Farzadnia 
et al. 
(2013)

Autoclaved aerated 
concrete

halloysite powders Halloysite of was 2%, 3.5%, 5.5% 
and 7.5% of cement was used as 
cement replacement. The results 
show that he incorporation of 
halloysite (≥3.5%) to the samples 
was able improved the compressive 
strength by at least 5% without 
negative impact on the samples’ heat 
conduction coefficient

Owsiak 
et al. 
(2015)

(continued)
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Table 4.1 (continued)

Type of composite NC type and loading Findings Reference

Cement 
nanocomposites

NC (NC) and 
calcined nC (CNC)

Nanocomposite of cement samples 
was produced with the addition of 
CNC or NC into the cement matrix. 
Flexural strength of the samples with 
added CNC and NC showed 
significant improvement. Compared 
to the control specimens, the samples 
containing 1 wt%, 2 wt% and 3 wt % 
CNC increased the flexural 
performance by 42.9%, 34.8% and 
30.6% respectively. On the other 
hand, the flexural performance of 
samples containing 1 wt%, 2 wt% 
and 3 wt% NC is increased by 
32.1%, 29.3% and 24.7% 
respectively

Hakamy 
et al. 
(2015)

Low-clinker slag 
cement mortar

calcined halloysite 
nano-clay (CHNC)/
molecular weight of 
294.19 g/mol

Ordinary Portland cement clinker 
produced was partially substituted 
with CHNC in ratios of 0%, 1%, 2%, 
3%, 4%, 5% and 6% by weight. It 
was concluded that early age and 
long-term mechanical strengths of 
the samples were significantly 
enhanced with the addition of 
CHNC. The samples containing 5% 
of CHNC displays the highest 
improvement of the mechanical 
properties

Allalou 
et al. 
(2019)

sheets of octahedra and/or tetrahedra arrangement. The octahedral sheet (Fig. 4.1a) 
is comprised of closely packed oxygens and hydroxyls in which magnesium, iron or 
aluminium atoms are arranged in octahedral coordination. While tetrahedral sheet 
(Fig. 4.1b) in which the silicon atom is placed between four oxygens or hydroxyls. 
These tetrahedron arrangements are arranged to form a hexagonal network repeated 
infinitely in two horizontal directions to form what is called the tetrahedral sheet. 
The, these aluminosilicate layers were stacked on each other with a gap held by shar-
ing the hydroxyls or oxygens and the gap known as interlayer. The interlayer pos-
sesses negatively charge due to the ionic substitutions in the sheets of clay minerals. 
It can be neutralized by adding exchangeable cations that have metal ions (Ca2+, 
Mg2+, K+ and Na+) or water molecules. This intercalation modification weakens the 
force of attraction between layers and caused the lattice to expand.

Generally, the clays can be classified according to the octahedral and tetrahedral 
sheet’s arrangement in the aluminosilicate layers (Lee and Tiwari 2012). Depending 
on numbers and the way that of the sheets stacking, the clay minerals can be 
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classified into three classes which was listed in Table 4.2 and smectite group is the 
most widely research nC. However, chlorites (2:1:1) not considered a clay but a 
phyllosilicates group (Kotal and Bhowmick 2015).

Besides, the nC platelet undergoes a structural rearrangement to give different 
structures (fibrous- like, disc-like and tube-like) and shown in Fig. 4.2. Despite of 

Table 4.2 Grouping of clay fillers (Majeed et al. 2013)

Layer 
type

Sheet 
arrangementa

Interlayer 
material Group Species

Layer 
charge

1:1 T:O H2O or None Kaolin–
serpentine

Odinite, Halloysite, Nacrite, 
Dickite, Kaolinite, 
Brindleyite, Fraipontite, 
Kellyite, Nepouite, 
Cronstedtite, Amesite, 
Berthierine, Lizardite

<0.01

2:1 T:O:T None Pyrophyllite- 
Talc

Pyrophyllite, Pimelite, 
Kerolite, Talc, Willemseite, 
Ferripyrophyllite

0

Hydrated 
exchangeable 
cations

Smectite Volkonskoite, Nontronite, 
Beidellite, Montmorillonite, 
Swinefordite, Stevensite, 
Sauconite, Hetorite, Saponite

0.2–0.6

Hydrated 
exchangeable 
cations

Vermiculite Vermiculite 0.6–0.9

Non-Hydrated 
exchangeable 
cations

True 
(flexible) 
mica

Paragonite, Celadonite, 
Glauconite, Illite, Muscovite, 
Lepidolite, Phlogopite, 
Biotite

0.6–1.0

Non-Hydrated 
exchangeable 
cations

Brittle mica Margarite, Anandite, Bityite, 
Kinoshitalite, Clintonite

1.8–2.0

2:1:1 (T:O:T):O Variable Chlorite Nimite, Cookeite, 
Chamosite, Amesite

Variable

aT = tetrahedral, O = octahedral

Fig. 4.1 Particles arrangement in (a) octahedral sheet and (b) tetrahedral sheet (Murray 2006)
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the layer’s arrangement differences, synthesis method, layer thickness, source of 
clay is reported to influence properties of nC, thereby varying the performances of 
nC reinforced composites.

Kaolin nC, from kalinite mineral, often used in building materials reinforce-
ments. Fadzil (2017) has compared few types of nCs including kaolin clay and 
nano-kaolin clay (Fadzil et al. 2017). High percentage of silica contents in kaolin 
nC was expected to give high strength profiles when reinforced in cements. 
However, a 3 wt% of nC reinforcements was reported to be the most optimum 
contents in polyester composites. One study has investigated the effects of halloy-
site nC in carbon fibers reinforced epoxy composite (Lee et al. 2017). The inter-
facial bond energy increased up to 3  wt% of nC but decreased for specimens 
having more than 5 wt% of nC. This increased bond energy has synchronized with 
tensile value, which showing positive effect of halloysite nanotube clay 
reinforcements.

Yong et al. (2018) has studied three different types of nC (bentonite nanoplate-
lets, rod-like halloysite nanotube and sulfuric acid-etched halloysite nanotube) rein-
forcement into cellulose nanofibril biocomposites. Bentonite reinforced 
biocomposites has exhibited strong Young’s Modulus and tensile strength due to 
higher amounts of hydroxyl groups compared to halloysites nC, resulted in better 
interaction with biocomposites. Furthermore, disc-like nCs (MMT and Laponite) 
has greater contact area to form bonding with matrix as better coverage on matrix 
surface which shown in SEM. Therefore it is being reported that forms strong elec-
trostatic interaction and intermolecular force with cationic binder to the formation 
of hydrogel composites thereby increasing mechanical properties (Liao et al. 2019). 
On the other hand, rod-like nCs (Halloysite and Sepiolite) have small smaller charge 
density which leads to weak interaction with cationic binder, thereby disability to 
form aerogel composites.

Well-dispersed in composites is a key-factor of getting high strength perfor-
mances. Agglomerations of nC will creates stress concentration spots, leading to 
crack failure before absorbing maximum load. Needle structured attapulgite nC 
which is hydrophilic found poor dispersion in polystyrene composite (Greesh et al. 
2013). Yet, higher adhesive strength was observed by attapulgite and epoxy matrix 

Fig. 4.2 Fibrous-like structure (Sepiolite), disc-like structure (Montmorillonite) and tube-like 
structure (Halloysite) (Raji et al. 2016)
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up to 5 wt% of loadings and shown in Table 4.3. Therefore, it still provides limited 
thermal barrier to the nanocomposites. Disc-like MMT nCs which has strong bond-
ing found homogenous dispersion in the polymer matrix. To provide the most opti-
mum enhancement of mechanical properties by nC, suitable nC’s layer or particle 
shapes are important to consider.

4.4  Nanocomposite Processing Methods

In the two distinct components system, low compatible bonding between inorganic 
and organic components leads to the poor mechanical properties. Moreover, agglom-
eration of particles created stress concentration spots, thereby reduce strength prop-
erties and produces weaker material (Giannelis 1996). Therefore, a phase-separation 
between nC sheets and polymer is often observed.

There are two types of nC composite structures can be obtained to provide prom-
ising interface between polymer and nCs (Fig. 4.3). The structure of intercalated is 
formed when extended polymer chains are intercalated between nC sheets. The 
alternating structure of polymeric and nC sheets resulted in about 20–30 Ǻ separa-
tion (Dennis et al. 2001). On the other hand, exfoliated structure is construted when 
the clay sheets are well dispersed in polymer matrix with 80–100 Ǻ separation dis-
tance (Alexandre and Dubois 2000).

The exfoliated structure of nanocomposites generally has better mechanical 
properties than interacted system since it maximizes the polymer-nC interactions. 
However, intercalated system nanocomposite is more widely reported in literature 
review. This is because of the highly anisotropic silicate layers with its length rang-
ing from 100 to 1000 nm, it is not easy for nC to dispersed uniformly in melted 
polymer.

There are three main fabrication methods for producing nC/polymer composites 
(Solvent intercalation, in situ polymerization and melt intercalation). Melt interca-
lation and in situ polymerization are considered as potential methods to prepare 
polymer/clay nanocomposites in commercial scale. Rafiee and Shahzadi (2018) has 
studied a full stochastic multi-scare modelling to analysis Young’ modulus of nC 
polymer composites (Rafiee and Shahzadi 2018). Exfoliated, intercalated and 
aggregated composite systems are factor of affecting mechanical properties.

Attapulgite contents, wt% Adhesive strength, MPa

0 6.05 ± 0.80
1 6.67 ± 0.89
3 7.49 ± 1.37
5 7.58 ± 0.59

Table 4.3 Adhesive properties of the neat epoxy and attapulgite nC reinforced epoxy 
composites (Sun et al. 2018)
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For solvent intercalation process, a solvent that compatible with matrix is used to 
exfoliates the layered silicate. This is because layered silicates are often bonded 
with a weak force and can be easily dispersed in an adequate solvent. After the nC 
has dissolved in the solvent, the polymer is then added to the solution. Precipitation 
or vaporization under vacuum was applied to removes the solvent. Non-polar poly-
mers are suitable to apply by using this method in order to obtains intercalated 
structure. Yet, laboratory scale of fabrication was being done currently, the use of 
large quantities of solvents is one of the main issues faced by industrials (Alexandre 
and Dubois 2000).

Besides, in situ-polymerization was the pioneer method used to fabricates nC/
polymer composites. A monomer solution is used to solutes the modified layered 
silicate by migrating into the galleries of the layered silicate, hence the polymeriza-
tion can induce in between the intercalated sheets by producing long-chain poly-
mers. There are several advantages of using this method, including ease of handling, 
short processing cycle, and promising properties of the final products (Ardanuy 
et al. 2008).

Thermoset polymer/nC composites generally prepared by in situ polymerization. 
The general methods for clay dispersion in the epoxy resin are slurry process, high 
pressure mixing, ball milling high shear mixing, ultrasonication and mechanical 
stirring (Zabihi et al. 2018). Table 4.4 listed a comparison of mechanical properties 
of some epoxy/MMT composites. Direct nC insertion into resin is the simplest 
methodology can be found in research studies (Shettar et al. 2017). Calculated por-
tions of nC and thermoset resins have been mixed, stirred physically and cured in 
room temperature. Chan (2011) has studied the most optimum nC direct mixing 
parameters to produce homogenous nC/epoxy composites with evident of better 
mechanical properties (Chan et al. 2011). Figure 4.4 shows the principal of direct 
mixing. Sometimes external ice bath was used to prevent the heating of the mixture 
during stirring process (Binu et al. 2016).

Fig. 4.3 Schematic graphic of two well-dispersed nCs reinforced polymer composites (Pavlidou 
and Papaspyrides 2008)
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On the other hand, melted intercalation process is simply blending the nC with 
the molten polymer matrix. If the polymer are sufficiently compatible with the nC’s 
surface, the polymer can flow into the interlayer space and form either an interca-
lated or an exfoliated structure (Beyer 2002). Melt intercalation is the most com-
monly used process. It can be carried out by using a single or twin-screw extruder. 
Twin screws extruder is more preferred as it has more advantage over single screw 
extruder. Well dispersion of nCs being reported up to 3 wt% of nC insertion by melt 
intercalation and the nC loading is found synchronized with highest mechanical 
properties composite (Daniel and Panneerselvam 2017).

4.5  Organically Modified nCs

Modification of nC shall lead to better dispersion in a polymer and provides an 
enhancement of thermal and physic-mechanical properties of the composite. The 
dimension of nanoplatelet is about 1 nm in thickness with 30–100 nm or longer, 

Table 4.4 Comparison of mechanical properties of some epoxy/MMT composites by different 
methods of mixing (Zabihi et al. 2018)

Method of 
mixing Structure

MMT loading, 
wt%

Tensile strengtha, 
%

Tensile modulusa, 
%

High shear 
mixing

Exfoliated/
Intercalated

2–8 -31.14 to -2.5 +11.39 to +31.21

Hand stirring Intercalated 2 +16.56 +1.41
Slurry process Highly exfoliated 1–5 -30.19 to +17.86 +9.1 to +28.36
Mechanical 
stirring

Intercalated 2–10 -25.73 to +2.89 -46.97 to +52.46
Exfoliated/
Intercalated

2.5–3 -36.56 to +19.67 +62.29

Exfoliated 1–10 -31.04 to +48 +2.29 to +54
Sonication Exfoliated/ 

intercalated
0.1–6 -33.85 to +68.38 +14.53 to +29.31

aPercentage value compared with their pure epoxy counterparts

Fig. 4.4 Principal of direct mixing (Chan et al. 2011)
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depending on the type of nC and its aluminosilicates layers (Nguyen and Baird 
2006). The most widely research MMT nC, was produced by partially substituting 
trivalent Al-cation by divalent Mg-cation in the octahedral layer, which giving a net 
negative charge at each layer due to the difference of electron valence (Paul and 
Robeson 2008).

The net negative charge is then can be balanced by alkali or alkaline earth metal 
(calcium or sodium ions). Interstitial water and other polar molecules may fill the 
spaces to cause swelling of silicate and replace by organic cations with cationic- 
exchange reaction, to change its hydrophilic behaviour as organophilic (Taxiarchou 
and Douni 2014). The organic cations lower the surface energy of the silicate sur-
face and improve wetting with the polymer matrix (Kornmann et  al. 2001). 
Therefore, modified organically of nC leads to better adhesion degree with poly-
mers. In addition, increased distance between clay layers reported to have better 
composite strength as easier penetration of nC into hydrophobic polymeric chains 
(Zerda and Lesser 2001). Figure 4.5 shown schematic for catalytic initiation of ring 
opening reaction by clay modifier in epoxy-amine curing reaction, representing bet-
ter interface bonding can be achieved by organo-nCs.

Martino (2017) has studied the effects of processing methods on organically 
modified nC reinforced biopolymer composites (Martino et al. 2017). Organically 
modified sepiolite (OSEP) reinforcements increases the molecular weight of poly-
mer nanocomposites due to the formation of strong covalent bonding with polymer, 
which found same scenario with PLA polymer (Chen et  al. 2005). On the other 
hand, organically MMT nC (OMMT) has found twice molecular weight reduction 
compared to net polymer. This is because high hydrolysis activities were found in 
OMMT. Hydroxyl groups on the edge of clay platelets and acidic sites have pro-
duced during alkyl-ammonium modification on MMT have accelerated polymer 
degradation under high temperature (Xie et al. 2001; Xu et al. 2009). Therefore, 
OMMT (Cloisite 20A, C20A) reinforcements found insignificant influences on ten-
sile strength yet better hardness for rubber nanocomposites (Kumar et al. 2015). 
Cloisite commercial OMMT products are famous low cost nC materials as it 
improving the performances of nanocomposite in term of barrier, mechanical, crys-
tallinity and thermal stability (Bracho et al. 2012).

R R
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O
O O

R R R R

R NH2

NR4NR4
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+
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Fig. 4.5 Schematic for catalytic initiation of ring opening reaction by clay modifier in epoxy- 
amine curing reaction (Surendran et al. 2018)
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The mechanical properties of virgin poly-amide-6 and 5 wt% nC reinforcement 
in nanocomposites are enumerated in Table 4.5 (Mohanty and Nayak 2007). The 
lowest tensile and flexural increment from sodium-montmorillonite, Na-MMT rein-
forcements possibly due to partial delamination of clay galleries. The nanocompos-
ites prepared by using organically modified clays C30B, OMMT, and C16MMT 
have showed higher tensile modulus and strength. This is because of great polymer 
chains interaction with organic modification nCs and creating largely exfoliated 
nanocomposites. It is also likely to concludes that the molecular as well as silicate 
layer orientation along the flow direction have significantly contributed to the 
observed reinforcement effects [26]. Merah and Mohamed (2019) has compared 
three types of OMMT nCs (Cloisites 10A, Cloisites 20A and Nanomer L30E) in 
unsaturated polyester matrix with 3 wt% nC loadings (Merah and Mohamed 2019). 
It is clearly found that nanocomposite containing L30E nC outperforms other nC 
fillers in mechanical strength, shown in Fig.  4.6. About 75% of tensile strength 
improvement over pure matrix observed on L30E contented nanocomposite. This is 
because high aspect ratio of L30E nC and to better dispersion in matrix as evident 
in SEM micrographic. This is agreed by other author who found L30E nC reinforce-
ments having positive effect on nanocomposite’s mechanical properties (Rafiq 
et al. 2017).

The MMT modified with octadecyl amine has been used to reinforced rubber 
nanocomposites. Higher modulus properties have found regardless of organoclay 
contents (Zachariah et  al. 2019). The reinforcing mechanism of OMMT can be 
referred to several modelling, like particle-particle interaction effects, geometry 
effects and shape factors. The Na-MMT also being applied to reinforces rubber 
nanocomposites (He et al. 2019). The author has confirmed promising mechanical 
performances have done by a well-dispersed of organophilic nC in rubber matrix, 
where clay gel or clay aqueous is obtained (Fig. 4.7). Pristine clay and swollen clay 
will be found be normal clay reinforcement composite system. Hydrophilic clay 
and strong ionic interaction between neighbouring clays in hydrophobic matrix, 
easily cause the clay to aggregate (Chiu et al. 2014). the incorporation of Na-MMT 
nC into the epoxy nanocomposites resulted in significant increase of the maximal 
applied stress and elongation (Tomić et al. 2019). The flexible chain of polymeric 
modifier existing on the clay-epoxy interface and the good adhesion were attributed 
to the enhanced stress transfer, which restricted the epoxy matrix from cracking.

Table 4.5 Mechanical properties of 5  wt% nC reinforced polyamide-6 (PA6) nanocomposites 
(Mohanty and Nayak 2007)

PA6 NaMMT/PA6 C30B/PA6 OMMT/PA6 C16MMT/PA6

Tensile strength, MPa 70.00 77.23 90.45 86.23 88.76
Tensile modulus, MPa 3400 4348 4897 4371 4562
Elongation, % 20.00 5.61 6.45 5.60 5.61
Flexural strength, MPa 115.00 121.60 146.52 143.89 144.71
Flexural modulus, MPa 2600 2799 3254 3143 3201
Impact strength, J/m 90.00 83.21 90.91 89.76 90.32
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Fig. 4.6 The effect of nC type on (a) the tensile strength, (b) fracture strain, and (c) modulus of 
elasticity of nC reinforced unsaturaed polyester nanocomposites (Merah and Mohamed 2019)

Fig. 4.7 Graphical structure of (a) pristine clay, (b) swollen clay, (c) clay gel and (d) clay aqueous 
suspension (He et al. 2019)

Halloysite nC reinforcements in cement shows impressive compressive and flex-
ural strengths. It acts as an activator for pozzolanic reaction as well as nucleating 
sites to filling up the voids between cement particles and thereby formed a more 
compact structure (Allalou et al. 2019). Besides, it also reduced the initial and final 
setting time of cement pastes significantly.

Four times of Indole-3-carbaldehyde and indole-3-acetic acid was added into 
200 cc deionized water containing 1.5CC HCI under stirring and 70 °C for an hour 
(Ashhari and Sarabi 2017). The modified nC fillers have reported better force at break 
and elongation at break. A hybrid organo modified montmorillonite nC (OMMT), 
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aluminum hydroxide flame retardant reinforced in Jute woven fiber in forced poly-
lactic acid composites. The use of OMMT or flame retardant in jute composites were 
found deteriorated strength profile. Yet synergic effect between OMMT and flame 
retardant provides a strong interaction between all composite components, giving 
highest flexural strength values (114.4–117.4 MPa) (Malik et al. 2018).

4.6  Type of Matrix

A study has found insertion of nCs into banana reinforced epoxy composite has 
increase two- and seven-fold of flexural strength and modulus, respectively (Mohan 
and Kanny 2019). Hard, brittle and high strength ceramic phase of nC induces 
higher energy absorption characteristics (Sivasaravanan et al. 2014). Besides, nCs 
provide a denser microstructure with reduced porosity thereby enhances adhesion 
bond between matrix and fibres (Assaedi et al. 2016). On the other hand, Shettar 
(2017) has compared the nC reinforcement in epoxy and polyester composites 
(Shettar et al. 2017). The results showed epoxy-based nanocomposites have higher 
mechanical properties than polyester based specimens regardless of nC filler load-
ings. Figure 4.8 shows 3% nC contents in epoxy composite.

Organically modified nC can be “modified” to make more compatible to poly-
mer. One study has run elemental analysis on cloisite nCs (Gómez et  al. 2016). 
Cloisite 20A has lower inorganic content compared to Cloisite 30B nC, due to 
higher alkyl groups (two and one alkyl groups for 20A and 30B, respectively). 
Therefore, 20A nC is more compatible to hydrophobic polymers while hydrophilic 
polymers are more preferred from 30B reinforcements. On other hand, Cloisite 30B 
has higher specific area which turns into better polymer-particle interactions (Zou 
et al. 2008). Bandyopadhyay (2017) has successfully improve nucleation process on 

Fig. 4.8 3% nC contents 
in epoxy composite (Rafiq 
et al. 2017)
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polypropylene polymer by dispersed organoclay fillers (Bandyopadhyay et  al. 
2017). Highly nucleated composite provides higher crystallinity content which 
turns into better mechanical properties. Figure  4.9 shows the polarized optical 
microscopic images of organoclay contented composites. The crystallization pro-
cess is almost complete in 130 °C.

Waste polymer treatment always needed to work out to increase their efficiency. 
In the year 2015, less than 9.1% of plastic wastes being transformed into recycled 
plastics, which is relatively insignificant. Besides, recycled plastics always have 
lower properties than virgin plastic products. Insertion of nCs into recycled plastic 
polymers found improvement of mechanical properties of composites. Cloisite 15A 
found fits well in recycled polypropylene in achieving promising mechanical prop-
erties and it is only about 5.28% of tensile strength value reduction was found when 
compared to virgin polypropylene/nC composites (Cengiz 2008). On the other 
hand, insertion of Cloisite 15A fillers help to maintains impact strength, regardless 
of number of polypropylene reuse cycle, successfully illustrated the effects of nCs 

Fig. 4.9 Polarized optical 
microscopic images of 
organoclay contented 
composites 
(Bandyopadhyay 
et al. 2017)
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insertion (Othman et al. 2017). Zdiri (2018) has reviewed the application of several 
nC fillers into recycled polypropylene composites (Zdiri et  al. 2018). Generally, 
insertion of nCs induced better composite’s mechanical properties until it reaches 
3 wt% contents where unexfoliated agglomerations and structural voids effects are 
significant (Zhao et al. 2005). Therefore, the type of matrix used in nC contented 
composites is one of the influencing factors in order to predicts composite’s mechan-
ical properties. Table 4.6 shows some studies being done by previous researchers on 
nC composites with different polymer matrix.

4.7  Conclusions

Incorporation of nC could led to significantly improvement in performance of the 
polymeric composites, particularly mechanical properties. NC composites showed 
a promising future as it can be applied in a wide range of application. Nevertheless, 
it should be noted that the preparation technology of nC composites exert direct 
effects to its development and utilization. Therefore, in order to improve and inno-
vate the current preparation methods, focus shall be emphasizing on looking for an 

Table 4.6 nC composites with different polymer matrix

Matrix nC

nC 
Content, 
%

Tensile 
strength, 
MPa References

Acrylonitrile-butadiene 
rubber

Na-MMT 0–10 5.9–12.1 He et al. 
(2019)

Natural and chlorobutyl 
rubber

Montmorillonite modified 
with an organic modifier 
octadecyl amine

0–10 – Zachariah 
et al. (2019)

Hydroxyapatite-zinc 
oxide

Cetyl trimethyl ammonium 
bromide and 
montmorillonite (k-10)

0–15 16.16–
30.13

Bhowmick 
et al. (2018)

Hydrogel Na-MMT and Laponite 
XLG

0.7–3.5 – Liao et al. 
(2019)

Unsaturated isophthalic 
acid based unsaturated 
polyester

Cloisite 30B 5 60.3 Bagheri et al. 
(2018)

Chitosan Halloysite 7.5 54.2 Liu et al. 
(2012)

Sodium carboxymethyl 
cellulose

Acid treated Halloysite 
with metallic salts

2 44.2–48.9 Wang and 
Rhim (2017)

Alginate Naoh-Halloysite with zinc 
oxide

1–7 62.0–67.5 Shankar et al. 
(2018)

Bisphenol epoxy based 
vinylester resin

Silicon carbide 5–15 – Bharath 
Kumar et al. 
(2018)

Natural rubber Cloisite 2.5 16.71 Roy et al. 
(2018)
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economically viable method to produce a more uniform dispersion system. Apart 
from that, the main research direction and further efforts should be put on exploring 
the practical application technology and realizing industrial production.
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Chapter 5
Fireproof Capability of Rigid Polyurethane 
Foam Based Composite Materials

Nazim Usta, Recep Yurtseven, Erkin Akdoğan, and Fatih Demiryuğuran

5.1  Introduction

Polyurethane foams are used in thermal insulation, automotive and furniture indus-
tries due to the best combination of performance and cost. There are mainly three 
different polyurethane foams used in different industries, namely rigid, semi rigid/
integral and flexible polyurethane foams. The rigid polyurethane foams (PUR) that 
have closed cell structures and low thermal conductivity coefficients are preferred 
for thermal insulation applications. Semi rigid – integral polyurethane foams are 
used for production of some parts for automotive and furniture industries. The flex-
ible polyurethane foams that have open cell structure are suitable for seating and 
bed applications in all kinds of industries.

The polyurethane foams are widely preferred because of their superior proper-
ties such as lightweight, thermal and electrical insulating, design flexibility, easy 
production, corrosion resistance etc. Nevertheless, the foams are flammable mate-
rials and this is an important disadvantage of the foams. During the ignition and the 
combustion of the foams, smoke, heat, toxic and corrosive compounds are released 
at different rates depending on the generic nature of the polyurethanes and the 
environmental conditions. The release rate of heat, smoke, toxic and corrosive 
compounds are responsible for generating both thermal and non-thermal hazards in 
fires. These hazards can be reduced by increasing fire resistance of the polyure-
thanes. Thus, the polyurethanes are modified by variety of techniques to increase 
their fire resistance. The most common technique is to use flame retardant materi-
als and inorganic fillers (Gao et al. 2013, Jin et al. 2014, Kirpluks et al. 2014, Xu 
and Wang 2015, Lu et al. 2018, Qu et al. 2017, Kairytė et al. 2018, Shi et al. 2018, 
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Chen et al. 2018). It should be taken in account the compatibilities of fillers and 
flame retardants with the polyol and the isocyanate components of the polyure-
thane foams and negative effects on the thermal and the mechanical properties 
(Usta 2012, Luo et al. 2015, Li et al. 2017). Furthermore, there are different studies 
related to the usage of glass fiber in rigid polyurethane foams (Latere Dwanisa 
et al. 2004, Kim et al. 2010, Han et al. 2010, Kumar and Kaur 2017) and in other 
polymers (Jiang et al. 2015, Hu et al. 2016).

In this chapter, the thermal, the combustion and the mechanical behaviors of the 
rigid polyurethane foams commonly used in thermal insulation, automotive and 
furniture industries were examined. New and effective fire-resistant polyurethane 
based composite foams were developed and tested in terms of the thermal, the com-
bustion and the mechanical properties.

5.2  Rigid Polyurethane Foam (PUR)

Rigid polyurethane foams are produced by mixing of polyol and isocyanate compo-
nents at certain ratios. After the mixing process, the foam rises, reaches a maximum 
point, and then slightly drops. Meanwhile some additives such as blowing agents, 
catalysts, surfactants, flame retardants and fillers are incorporated into the polyol 
component before mixing the isocyanate. Figure 5.1 shows an example for the foam 
formation and Fig. 5.2 shows the foam rising with respect to the time. The foam 
rising can be measured by using a special laser beam (Usta et al. 2011).

In general, low and high-pressure injection machines are used for mixing pro-
cesses in industrial applications. The mixture is poured into special heated molds. 
The mixture expands and fills the inside of the mold. Figure 5.3 show a low- pressure 
polyurethane injection machine and process.

Rigid polyurethane foams have closed cell structure and low thermal conductiv-
ity coefficients. Figure 5.4 shows an example view of the cell structure that was 
taken by a microscope. In addition, they should withstand certain loads. The rigid 
polyurethane foams are mainly used in all thermal insulation applications. Density 
and thermal conductivity of the foams may change depending on the raw materials, 
the polyol/the isocyanate ratio and the production applications.

Fig. 5.1 The isocyanate, the polyol and the foam formation after mixing of them
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Fig. 5.2 Foam rising versus time after after mixing of the polyol and the isocyanate

Fig. 5.3 (a) Low pressure injection machine, (b) Pouring of the polyol and the isocyanate mixture 
into the mold, (c) Curing process inside a heated press, (d) The rigid polyurethane foam
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5.3  Flame Retardancy and Intumescent Flame 
Retardant Systems

5.3.1  Flame Retardancy

Many studies have been performed to obtain fireproof rigid polyurethane foams. In 
general, different flame retardant materials and fillers are added into the polyol 
component and the doped polyol is mixed with the isocyanate component. 
Meanwhile it should be pointed out that the other properties of the foams should not 
be worsen. Otherwise, the foams cannot be used in the real life applications.

There are different studies related to the thermal decomposition, the combustion 
and the fire resistance of polyurethane foams in the literature. The thermal decom-
position is very important step before start of combustion. Because solid materials 
do not burn directly. When a matter is exposed to a heat or a fire, some gases initially 
decompose from the solid matters and combustible gases can be ignited and burned 
easily. Meanwhile some liquid may appear before gasification. Then, the liquid / 
solid matters start to burn due to the generated heat. In general, the thermal decom-
position of polyurethanes begins at thermally weakest links, namely allophanate 
and biuret, and the decomposition continue at ureas, urethanes, and isocyanurate 
group (Levchik and Weil 2004). In addition, the combustion of polyurethane foams 
were separated into two stages, namely solid and liquid pool combustions. In the 
solid phase combustion, the isocyanate component burns and yellow smoke is gen-
erated. Then the yellow smoke may decompose organic compounds and hydrogen 
cyanide, which partially results in nitrogen oxides. In the liquid pool phase combus-
tion, the polyol component burns and heat, carbon monoxide and carbon dioxide are 
generated.

Fig. 5.4 Cell 
structure of PUR
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Flame retardants may be divided into two different groups as reactive and non- 
reactive (Singh and Jain 2009). It should be pointed out that the non-reactive flame 
retardants can be physically filled into the polyurethane foams and the reactive 
flame retardants can be incorporated chemically into the foams. Although the reac-
tive flame retardants take part in the foaming reaction, the non-reactive flame reac-
tants do not. Moreover, the reactive flame retardants essentially consist of 
phosphorus, nitrogen and halogen materials and they try to maintain the fire resis-
tance of the foam by slowing down the decomposition of the foam (Tashev et al. 
1992, Modesti and Simioni 1994, Prociak et al. 1997, Usta 2012). However, the 
flame retardants including the halogen produce hazardous poisonous gases and 
dense smoke during burning of the foam. Therefore, the flame retardants including 
halogens are not preferred and permitted in most of countries and many studies have 
been focused on halogen-free flame retardants. Flame retardants which consist of 
phosphorus and nitrogen can form char layer and decrease the generation of hazard-
ous poisonous gases and dense smoke (Singh et al. 2008, Usta 2012).

Yang et al. (2015) studied on synthesis, mechanical properties and fire behaviors 
of rigid polyurethane foams with a reactive flame retardant including phosphazene 
and phosphate. They synthesized reactive flame retardant hexa-(phosphite-hydroxyl- 
methyl-phenoxyl)-cyclotriphosphazene (HPHPCP) by using hexachlorocyclotri-
phosphazene, diethyl phosphite and p-hydroxybenzaldehyde. It was reported that 
HPHPCP as a flame retardant inhibits foam collapse, pool-fire formation and 
restricted flame spread during burning.

The non-reactive flame retardants which may contain aluminum, boron, anti-
mony, carbon, sulphur, phosphorus, nitrogen, halogens, and silicones etc., may be 
either compatible with the raw materials of the polyurethane foams acting as plasti-
cizers, or not. The non-reactive flame retardants that are not compatible with the raw 
materials are evaluated as filler materials. The non-reactive flame retardants enhance 
fire resistance of the foam on weight basis. In general, the amounts of raw materials 
are decreased as the amounts of the fillers and this causes decreasing of the combus-
tible decomposed gases (Lu and Hamerton 2002, Thirumal et al. 2009).

When the metal hydroxides as a part of the non-reactive flame retardants are 
added into the foams in high amount, namely more than 60 phr, the fire resistance 
of the foams may be significantly enhanced (Levchik and Weil 2004, Thirumal et al. 
2010a, Lv et al. 2005, Zhang et al. 2004). However, the mechanical properties and 
the thermal insulation of the foams may be deteriorated (Bahattab et al. 2010, Liu 
et  al. 2010). The deteriorations can be explained with inadequate interactions 
between the metal hydroxides and the foam materials (Thirumal et al. 2010b). In 
addition, the usage of the non-reactive and the reactive flame retardants together is 
also advised to generate synergistic effects for enhancing fire resistance of the foams 
(Zatorski et al. 2008, Bastin et al. 2003).

Akdogan et  al. (2019) investigated the effects of triphenyl phosphate (TPhP), 
aluminum trihydrate (ATH), and zinc borate (ZnB) alone, as well as their binary 
blends on the thermal conductivity, the compressive strength and the flame retar-
dancy of rigid polyurethane foams. The amounts of flame retardants were changed 
from 10 to 50% by polyol weight percentage. It was reported that there were no any 
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negative effects on the thermal insulation and the compressive strength. The fire 
retardancy of the foams that were determined with limited oxygen index (LOI) and 
cone calorimeter tests were enhanced by the flame retardant additions.

Flame retardants may act either in the condensed phase or in the vapor phase of 
the combustion through physical and/or chemical mechanisms to delay and/or stop 
the combustion process consisting of heating, pyrolysis, ignition and flame spread 
stages. Jia et al. (2019) used imide and oxazolidinone, which were synthesized by 
using 3, 30, 4, 40-biphenyltetracarboxylic dianhydride (PTDA) and 9, 10-dihydro- 9-
oxa-(10-glycidoxypropylene)-10-phosphap-henanthrene-10-oxide (e-DOPO) as 
reactive flame retardants. They reported that the compressive strength and the ther-
mal conductivity of the foams were improved with the flame retardant additions. 
The fire behaviors of the foams were investigated by using the limited oxygen index, 
cone calorimetry test, and smoke density test. They pointed out that the char layer 
of the foam including PTDA and e-DOPO achieved a stronger barrier to burning in 
the condensed-phase.

Red phosphorus (RP) and the coated RP with melamine formaldehyde resin 
(MFcP) were used in production of rigid polyurethane foam by Cao et al. (2017). 
The enhancement of fire resistance of the doped foam was determined with limiting 
oxygen index and UL 94 test. In addition, the results of the cone calorimeter test 
indicate that MFcP100 addition causes less heat, smoke and toxic gases than RP. In 
addition, it was reported that MFcP primarily takes effect in the condensed phase of 
the burning while RP is effective in the gaseous phase. This was explained with the 
wrap effect of graphitic carbon nitride generated from melamine.

Meanwhile, some flame retardants may act in the both condensed and the vapor 
phases (Weil and Levchik 2004, Lu and Hamerton 2002). Wang et al. (2018a) syn-
thesized a novel reactive flame retardant triol (TDHTPP) based on a triazine and a 
phosphate structure for rigid polyurethane foams and the triol was chemically 
merged in the main chains of the foam as a chain-extender. They reported that 
TDHTPP retain both vapor phase and condensed phase flame retardant behaviors 
and only 5 wt % of TDHTPP addition results in V-0 rating (UL 94) for the foam.

Liu and Wang (2018) introduced a novel phosphorus and nitrogen-based flame 
retardant, zinc amino-tris-(methylenephosphonate) (Zn- AMP), into rigid polyure-
thane foam to improve the flame retardancy, the mechanical and the thermal proper-
ties. It was reported that 20  wt % Zn-AMP considerably increases the thermal 
stability of the foam and Zn-AMP acts in both the condensed and the gas phases of 
the burning. Zn-AMP can result in formation a stable char residue and releases of 
non- combustible nitrogen-containing gases diluting oxygen and flammable gases in 
the gas phase.

Xu et al. (2018) produced fire resistive rigid polyurethane foams by using tris 
(1-chloro-2-propyl) phosphate (TCPP) and modified aramid fiber (MAF). It was 
found that using TCPP and MAF together could decrease smoke and toxic emis-
sions such as hydrogen cyanide and increase char residue compared to the using 
TCPP alone. In addition, nonflammable gases carbon dioxide and water were also 
decreased. It was reported that TCPP and MAF could generate the quench effect in 
the gaseous phase and barrier effect in the condensed phase.
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In another study, effects of functionalized graphene oxide (fGO) on thermal deg-
radation and the flame retardant mechanism of the rigid polyurethane foams were 
investigated by Chen et al. (2019). It was pointed out that only 0.25 g fGO addition 
could achieve 28.1% (LOI) and V-0 rating (UL 94) for the rigid polyurethane foam. 
In other words, the fGO can be considered effective flame retardant, which can 
increase the thermal stability and decrease the flammability of the foams.

Michałowski and Pielichowski (2018) physically modified polyurethane foams 
by two additive phosphorous flame retardants - phenol isobutylenated phosphate or 
phenol isopropylated phosphate, and chemically reinforced by functionalized 1, 
2-propanediolizobutyl POSS (PHI-POSS). The analysis of micro calorimetry test 
revealed an enhancement of fire resistance of the foams including hybrid reactive 
(POSS)/additive (phosphate) flame retardant systems resulting reduced heat 
release rates.

Effect of environmentally-friendly flame retardants, such as ammonium poly-
phosphate, melamine pyrophosphate, triethyl phosphate, bentonite and expanded 
graphite on the fire resistance and the mechanical properties of rigid polyurethane 
foams were investigated by Czech-Polak et al. (2016). They classified the doped 
foams with flammability class V-0 (UL 94). It was reported that the addition of the 
flame retardants resulting V-0 rating does not considerably deteriorated the mechan-
ical properties of the foams. Norzali and Badri (2016) developed palm-based poly-
urethane containing phosphate ester (PE) as a fire retardant. It was found that the 
lowest burning rate could be achieved with loading of 15 wt % PE.

In general, the researchers focused on intumescent flame retardant systems 
which form a char layer acting as an insulator/mass transfer barrier and enhance the 
fire resistance (Lv et al. 2005, Tuzcu 2010, Usta 2012, Hu and Wang 2013, Luo 
et al. 2017, Chen et al. 2017, Hu and Wang 2013, Xu et al. 2013, Wu et al. 2013a, 
Wu et al. 2013b, Wu et al. 2014, Gao et al. 2014, Li et al. 2019b, Sykam et al. 2019).

Effects of different size-modified expandable graphite (EG) and ammonium 
polyphosphate (APP) on the flame retardancy, the thermal stability, the physical and 
the mechanical properties of rigid polyurethane foams were investigated by Pang 
et  al. (2019). It was reported that APP is more effective matter for forming the 
chemical char than EG. In addition, the size of EG is an important parameter for 
better thermal and fire resistance. As the size of EG increases, the heat release rate 
and the total heat released decrease.

Some fillers such as calcite, clay and fly ash are used in polyurethane foams for 
decreasing production costs (Alavi Nikje et al. 2006, Zatorski et al. 2008, Akdogan 
2011, Yurtseven et al. 2013). In addition, the fillers may strengthen the char layer 
produced by the intumescent flame retardants. The uniform dispersion of the small 
sized fillers in the foam are very important for enhancement of all the properties 
(Gürü et al. 2009a, Gürü et al. 2009b, Mishra et al. 2005, Mishra and Shimpi 2007, 
Shimpi and Mishra 2010, Mishra et al. 2009).

Peng et al. (2018) investigated effects of hydrotalcite on different properties of 
rigid polyurethane foam including 10 wt % organic phosphate mixture as a com-
mercial flame retardant. It was concluded that the hydrotalcite increases the char 
residue, retards the decomposition temperatures, improve the thermal stability, and 
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enhance the sound absorption. In addition, it was reported that a small amount of 
hydrotalcite increases the compressive strength; however, excessive hydrotalcite 
negatively affects it. The optimum amount of hydrotalcite was mentioned as 5 wt % 
for most of the properties.

The effects of multi-walled carbon nanotubes and nanoscale titanium dioxide on 
the flammability and smoke emission of rigid polyurethane foams containing 
halogen- free fire retardants were examined by Salasinska et  al. (2017). They 
reported a synergistic effect between the nano fillers and halogen-free flame retar-
dants in terms of fire resistance of the foam. It was informed that generation of the 
carbonized coating on the surface of the foams restricting the access of fire into the 
unburned parts of the foam and inhibiting the formation of radicals enhanced the 
fire resistance of the foam.

Peng et al. (2019) investigated the effects of magnesium hydroxide and alumi-
num hydroxide additions on the flame retardancy, the thermal stability, the sound 
absorption and the mechanical properties of rigid polyurethane foam including an 
organic phosphate mixture as a commercial flame retardant. It was determined that 
aluminum hydroxide is more effective filler than magnesium hydroxide in terms of 
the flame retardancy of the foam.

Kuznia et al. (2019) reported that the incorporation of fluidized bed combustion 
fly ash as a filler enhances the thermal stability of rigid polyurethane foams due to 
the barrier effect of the fly ash preventing the release of gases from the foam. 
Furthermore, it was determined that the addition of the fly ash into the foam, up to 
10 wt %, improves the mechanical performance of the foams. Cheng et al. (2018) 
investigated effects of flax fiber on improving performance of rigid polyurethane 
foams. Their results reveal that the fiber can enhance the mechanical properties and 
fire resistance of the foam.

As a different approach, Li et al. (2019a) decorated silica aerogels onto surfaces 
of rigid polyurethane foam to produce porous silica aerogel/polyurethane foam 
composites. It was reported that the introduction of silica aerogel increased the 
compressive strength and decreased the thermal conductivity of the foam. In addi-
tion, the fire resistance of the foam was enhanced with a compact silica-rich hybrid 
barrier preventing the thermal decomposition products and the heat transfer during 
burning. In addition, there are some studies, which are related to the fire protective 
coating on the surface of the foam (Liu et al. 2019).

5.3.2  Intumescent Flame Retardant (IFR) Systems

The intumescent flame retardant system is composed of mainly three components, 
namely acid source, blowing agent and carbonizing agent. There are different chem-
ical matters for these components. In this study, ammonium polyphosphate (APP) 
as an acid source and blowing agent and pentaerythritol (PER) as a carbonizing 
agent were used to synthesize the intumescent flame retardant (Usta et al. 2011). 
APP and PER are generally mixed into the polyol component by using a mechanical 
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mixer and a homogenizer. Then the doped polyol and the isocyanate are mixed by 
using a mechanical mixer. IFR (APP/PER) should be homogeneously distributed in 
the foam as shown in Fig. 5.5.

Since the thermal decomposition is an important step before the ignition of the 
foam, thermogravimetric analyses should be examined to investigate the fire retar-
dant mechanism of IFR. The thermogravimetric analyses of ammonium polyphos-
phate (APP, Clariant  - Exolit AP 423, n  >  1000, Phase II, d50  =  8  μm) and 
pentaerythritol (PER, MKS Marmara Chemistry Company d < 75 below 75 μm) are 
shown in Fig. 5.6. The analyses were performed between 40 °C and 800 °C at a rate 
of 20 °C/min under nitrogen by using Perkin–Elmer Diamond thermogravimetric 
analysis (TG/DTA) equipment. Ceramic pans were used in the experiments. The 
decomposition of PER begins around 175  °C and ends completely around 
345 °C. PER has only one decomposition process in which the maximum degrada-
tion temperature and the maximum rate of degradation were 334.9 °C and 53.3%/
min, respectively. APP starts to decompose around 250  °C and there are three 
decomposition steps between 40  °C and 785  °C.  The residual weight of APP is 
approximately 12%. Ammonia, water and polyphosphoric acid are evaluated 
between 300 °C and 450 °C and the polyphosphoric acid is evaporated and/or dehy-
drated to phosphorus oxides between 500 °C – 700 °C (Duquesne et al. 2000, Wu 
et al. 2008).

When the rigid polyurethane foam composed of the intumescent flame retardant 
is exposed to heat or fire, it swells, IFR decomposes and a char layer acting as an 
insulator and mass transfer barrier slowing down the escape of the combustible 
volatiles and enhancing the fire resistance of the foam is generated (Lu and Hamerton 
2002, Wang and Chen 2005, Bian et al. 2008, Ni et al. 2009, Ni et al. 2010, Barikani 
et al. 2010, Wang et al. 2018b, Wang et al. 2018c). Figure 5.7 shows a simple view 
of the char layer.

The ratio of APP to PER is an important factor for effectiveness of IFR system. 
Four different ratios (APP/PER) which are 1:0, 3:1, 2:1 and 1:2 were investigated 
for the rigid polyurethane foam. In general, addition of additives and flame retar-
dants may deteriorate the foam process and negatively affect the rising. The effects 
of IFR systems additions on the foam rising are shown in Fig. 5.8. It was determined 
that 10% IFR additions resulted in decreasing of foam rising between 7.2% 
and 9.1%.

There are different kinds of tests used for investigation of fire resistance of poly-
meric materials, like UL 94, LOI and cone calorimeter (Usta 2012, Gao et al. 2013, 
Luo et al. 2017). The fire resistance of PUR with and without IFR system, which 
was determined by using UL 94 test, are shown in Fig. 5.9. Although the flame 

Fig. 5.5 PUR with IFR
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Fig. 5.6 Thermogravimetric analysis of APP and PER

Fig. 5.7 Simple view of 
intumescent flame 
retardant mechanism

Fig. 5.8 The effects of IFR systems additions on the foam rising
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passed the first gauge mark in the pure PUR foam at the burning speed of 40 mm/
min, IFR additions obviously enhanced the flammability resistance of the foams. 
All of the systems show similar effects, and the flame did not pass the first refer-
ence line.

In addition, the effects of IFR systems additions on the compressive strength are 
shown in Fig. 5.10. The compressive tests were performed using an Instron 8801 
computer controlled testing machine (model 8801) in accordance with the ASTM 
D1621- 04a (2004b) standard. As it is expected that IFR additions decreased the 
compressive strength of the foam. 10% IFR addition causes decreasing of the com-
pressive strength in the range of 15.8 to 29.6%. However, it should be pointed out 
that all of them have the compressive strength more than 100  kPa, which is an 
acceptable value for most of the rigid polyurethane foam applications.

Thermal conductivity is an important property for rigid polyurethane foams. The 
effects of different IFR systems on the thermal conductivity that was measured 
using Kyoto QTM-500 are shown in Fig. 5.11. The addition of IFR system caused 
increasing of thermal conductivity of the foams in the range of 4.3 to 9.0%. The 
smallest increase was obtained with IFR (APP:PER – 2:1) as 4.3%.

In general, these results imply that effective fire resistance of the rigid polyure-
thane foam can be obtained by using the intumescent flame retardant including 
APP:PER in the mass ratio of 2:1 without significant increasing of thermal conduc-
tivity. Demir et al. (2005) also found the same ratio for fireproof polypropylene.

Fig. 5.9 The foam pictures after UL 94 tests
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5.4  Fireproof Rigid Polyurethane Foams

In this section, two different applications were presented for fireproof rigid polyure-
thane foams. The first one is halogen-free intumescent flame retardant (IFR) addi-
tion into the PUR and the second one is covering of the PUR with glass fiber fabric 
(GFf). In addition, these two approaches are compared at two different fire scenar-
ios, namely medium sized and small sized fire scenarios.

Fig. 5.10 Effects of different IFR systems on the Compressive Strength of the foams

Fig. 5.11 Effects of different IFR systems on the thermal conductivity of the foams
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5.4.1  Intumescent Flame Retardant (IFR) Application

The intumescent flame retardant containing ammonium polyphosphate (APP, 2 
unit) as an acid source/blowing agent and pentaerythritol (PER, 1 unit) as a car-
bonific agent was used as a flame retardant for rigid polyurethane foams (Usta et al. 
2011). “IFR” notation implies this combination of the intumescent flame retardant 
in the rest of the chapter. A laboratory-scale batch process was used to produce the 
rigid polyurethane foams (PUR) with and without IFR. The ratio of polyol and iso-
cyanate was 1/1.18 and the amounts of the components were determined to get 
foams of 40 ± 0.5 kg/m3 density. IFR was incorporated into the polyol in 5, 10, 15 
and 20 wt % by using a mechanical homogenizer. The polyol/IFR and the isocya-
nate are mixed with a mechanical stirrer. Then the mixture was poured into a pre-
heated aluminum mold. The samples were removed from the mold, which was kept 
under a press after the curing process completion. Effects of different amounts of 
IFR on the rising of the foam are shown in Fig. 5.12. IFR addition results in decreas-
ing of the foam rising. However, the foam rising of PUR with 20% IFR addition is 
acceptable level. In addition, the density of the foam increases with IFR (Fig. 5.13).

In addition, the compressive strength and the thermal conductivity are very 
important properties for thermal insulation applications. The effects of IFR addi-
tions on these properties are shown in Figs. 5.14 and 5.15. IFR additions slightly 
enhanced the compressive strength of the foam. However, there was a slight increase 
in thermal conductivity. 20% IFR addition caused less than 5% increase in the ther-
mal conductivity. Different factors, which are the cell size and orientation, the foam 

Fig. 5.12 Effects of 
different amounts of IFR 
systems on the 
rising of foam
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Fig. 5.13 Effects of 
different amounts of IFR 
systems on the 
density of foam

Fig. 5.14 Effects of 
different amounts of IFR 
systems on the 
compressive strength

N. Usta et al.



127

density, the ratio of close to open cell and the thermal conductivity of the gases in 
the cells and the filling materials, affects the thermal conductivity of rigid polyure-
thane foam (Thirumal et al. 2010a). As a different description, the thermal conduc-
tivity of the foam is affected by three different parameters, namely, thermal 
conductivity of the gas inside the cells, thermal conductivity of the solid phase and 
the radiation across the cells (Modesti and Simioni 1994).

Scanning Electron Microscope (SEM) views of the foams are shown in Fig. 5.16. 
The shape of cells in PUR was approximately polyhedron. However, the addition of 
IFR into PUR slightly changed the shapes of the cells. There was slightly increasing 
in the mean diameters of the cells.

As it is known that investigation of the thermal degradation is very important to 
investigate the flammability, the burning, and the flame retardancy of polymer mate-
rials. The thermogravimetric analyses of the foams are shown in Fig.  5.17. The 
foams exhibited similar three decomposition processes. The thermal decomposition 
starts with evolving water (over 100 °C) and continued with the dissociation of the 
thermally weakest links, namely allophanate and biuret (Levchik and Weil 2004).

The incorporation of IFR accelerated the main decomposition processes and 
decreased the maximum degradation temperature (Duquesne et al. 2001). The early 
decomposition of PUR including IFR can be explained with the intumescent flame 
retardant. Because IFR quickly decomposes and produces a char layer. This char 
layer can partially slow down the decomposition of the foam. This results in enhanc-
ing of the thermal stability at high temperatures (Kulesza et  al. 2006, Wu et  al. 
2008). Figure 5.18 shows the results of UL 94 flammability tests of the foams. As it 
is shown that 20% IFR addition provided the best fire resistance.

Fig. 5.15 Effects of 
different amounts of IFR 
systems on the thermal 
conductivity
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Cone calorimeter is a bench-scale equipment that can simulate real-world fire 
conditions (Morgan and Bundy 2007, Usta 2012). In addition, cone calorimeter test 
which is a combustion test for investigation of fire resistance of polymeric materials 
(Wu et al. 2008, Beyer 2007) can generate important parameters such as time to 
ignition (TTI), heat release rate (HRR), total heat released (THR), residual mass, 
smoke and CO/CO2 release rates (Chung et al. 2009).

The fire behaviors of PUR, PUR+ 10% IFR and PUR+ 20% IFR were examined 
by a cone calorimeter according to ASTM E-1354 (2004a) and ISO-5660 (2002) 
standards. Figure 5.19 shows the pictures of the cone calorimeter. The foams (100 x 

Fig. 5.16 SEM views of PUR and IFR added PUR
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100 x 50 mm) were exposed horizontally to a heat flux of 35 ± 1 kW/m2 as shown 
in Fig. 5.20.

Heat release rate (HRR) is an important parameter to investigate fire resistance 
of polymer materials (Zhang et al. 2004). The heat release rates of PUR, PUR+ 10% 
IFR and PUR+ 20% IFR foams are given in Fig. 5.21. All of the foams presented 
similar characteristics of thermally thick charring samples. In other words, when the 
foams are exposed a heat flux, the heat release rate increases and then a char layer 
is generated, after that the thickness of the char layer increases resulting in decreases 
in the heat release rates (Schartel and Hull 2007, Lu et al. 2015, Wang et al. 2011, 
Usta 2012). However, IFR additions resulted in decreasing of peak heat release rates 

Fig. 5.17 Thermogravimetric analysis of PUR, PUR + 10% IFR and PUR + 20% IFR

5 Fireproof Capability of Rigid Polyurethane Foam Based Composite Materials



130

Fig. 5.18 Pictures of the foams after UL 94 Flammability Tests

Fig. 5.19 Pictures of the cone calorimeter

Fig. 5.20 Heat flux applications
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Fig. 5.21 The HRR variations of PUR, PUR+ 10% IFR and PUR+ 20% IFR

and extended the time to reach peak heat release rates. Furthermore, it should be 
pointed out that peak heat release rate (PHRR) is an important parameter indicating 
the intensity of fires (Chung et al. 2009). IFR decomposition accelerates the forma-
tion of a better char layer. This char layer slows down the decomposition of the 
foam and reduces the heat release rate (Usta 2012). Although 10% IFR did not 
increase the time to ignition significantly, 20% IFR delayed the ignition. It is desir-
able to have a long ignition time for the foams (Checchin et al. 1999). It can be said 
that PUR+ 20% IFR present better performance in terms of the fire resistance.

Figure 5.22 shows total heat released (THR) curves of PUR, PUR+ 10% IFR and 
PUR+ 20% IFR. It is obviously seen that IFR significantly reduced the THR values. 
The reductions are explained with the barrier effect of the char layer (Zhao et al. 
2005, Konig et al. 2009). It is thought that 20% IFR addition results in a stronger 
and more effective char layer with respect to 10%IFR addition.

Smoke and carbon monoxide (CO) emissions are the most important toxic sub-
stances in fires of rigid polyurethane foams (Checchin et al. 1999). Smoke and CO 
emissions of PUR, PUR+ 10% IFR and PUR+ 20% IFR are given in Fig. 5.23 and 
Fig. 5.24, respectively. The strength of fire and the material properties affect the 
generation of smoke and CO, which are formed due to the incomplete combustion 
of the foam. The smoke and CO changes are similar. IFR additions considerably 
decreased the peak values of the smoke and CO. In addition, the effects of IFR con-
tinue, and smoke/CO generations decrease during the rest of burning times. 
Although the heat release rates reduced to nearly zero and there was no flame at the 
end of the burning time of 300 s, there were still some smoke and CO emissions 
because of the smoldering combustion of the foams at low intensity (Price 
et al. 2000).

The carbon dioxide (CO2) emissions are shown in Fig. 5.25. CO2 emissions of 
PUR+ 10% IFR and PUR+ 20% IFR were lower than that of PUR. The CO2 emis-
sions of the foams revealed similar changes with the HRR curves (Bustamante 
Valencia et al.  2009). The CO2 emissions of PUR+ 10% IFR and PUR+ 20% IFR 
decreased because of the char layer formation generated by IFR. It is thought that 
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Fig. 5.24 CO emissions of PUR, PUR+ 10% IFR and PUR+ 20% IFR

Fig. 5.23 Smoke emissions of PUR, PUR+ 10% IFR and PUR+ 20% IFR

Fig. 5.22 The THR variations of PUR, PUR+ 10% IFR and PUR+ 20% IFR
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the char layer protects the underlying foam from further burning (Duquesne et al. 
2000, Wu et al. 2008).

Bustamante Valencia et al. (2009) reported that the quantities of nitrogen gas 
species (NO2, HCN, N2O, NH3) are less than 2 ppm in gas products emitted during 
burning of the polyurethane foams at different heat applications. Since even the 
small amount of NO emission is considerably harmful, it is useful to examine NO 
emission. There are mainly two reasons for the formation of NO emission from the 
polyurethane foam burning, namely the high temperature and the nitrogen in the 
foam. Figure 5.26 shows NO emissions of PUR, PUR+ 10% IFR and PUR+ 20% 
IFR. IFR additions decreased NO emissions. This situation can be explained with 
the lower HRR values of PUR+ 10% IFR and PUR+ 20% IFR. Twenty percent IFR 
addition reduced NO emission below 10 ppm.

The char structure may reveal the burning behavior of the foams. The effective 
char layer formation prevents the heat transfer and the oxygen between the burning 
foam and the flame zone. Meantime the layer retards the decomposition of the foam 

Fig. 5.25 CO2 emissions of PUR, PUR+ 10% IFR and PUR+ 20% IFR

Fig. 5.26 Nitrogen oxides of PUR, PUR + 10% IFR and PUR + 20% IFR
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and retains the underlying foam from further burning (Lv et al. 2005). Pictures of 
PUR, PUR+ 10% IFR and PUR+ 20% IFR after cone calorimeter tests are shown in 
Fig. 5.27. It is obviously seen that the char layer of PUR + 20% IFR is better than 
that of PUR+ 10% IFR. In addition, the residual mass of PUR+ 20% IFR is more 
than that of PUR + 10% IFR.

5.4.2  Glass Fiber Fabric (GFf) Application

A laboratory-scale batch process is used to produce the rigid polyurethane foams 
(PUR) as mentioned previous section. Similar procedure was applied to produce the 
rigid polyurethane foam covered with glass fiber fabric (PUR + GFf) (Demiryuguran 
2015). However, the glass fiber fabric, which was supplied from Cam Elyaf 
Corporation (Turkey), was placed at the bottom of the mold and under the cover of 
the mold as shown in Fig.  5.28. The schematic of PUR with GFf is shown in 
Fig. 5.29.

Fig. 5.27 Pictures of PUR, PUR+ 10% IFR and PUR+ 20% IFR after cone calorimeter tests

Fig. 5.28 Pouring of polyol and isocyanate mixture over GFf and PUR with GFf
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The thermogravimetric analysis of the glass fiber fabric, which is an E-glass 
woven fabric (0°/90°) with areal weight of 500 g/m2, is shown in Fig. 5.30. As it is 
shown that GFf does not decompose up to 950 °C.

PUR and PUR+GFf were tested in the cone calorimeter at different heat fluxes, 
namely 15 kW/m2 and 35 kW/m2 in the horizontal position as shown in Fig. 5.31 to 
simulate small and medium sized fires, respectively.

5.4.2.1  Medium-Sized Fire Simulation (35 kW/m2)

The HRR values of PUR+ GFf are compared with those of PUR and PUR+ 20% 
IFR at heat flux of 35 kW/m2 in Fig. 5.32. Although GFf does not considerably 
affect the ignition behavior of the foam, the peak heat release rate was slightly 
decreased with GFf. However, PUR+ GFf cannot satisfy the fire resistance as much 
as PUR + 20% IFR addition. Meanwhile, the effect of GFf on the total heat released 
(THR) is shown in Fig. 5.33. There is only 26% reduction was occurred in 300 s 
with GFf.

Figures 5.34 and 5.35 show smoke and CO generations of PUR, PUR+ GFf and 
PUR+ 20% IFR, respectively. GFf retards the smoke generation and results in lower 
smoke than that of PUR. However, GFf cannot decrease the smoke as much as 20% 
IFR addition. Meanwhile, GFf causes reduction in CO emissions and the general 
trend of PUR+ GFf is very similar to that of PUR+ 20% IFR. CO emission of PUR 
foam increases after approximately 230 s implying smoldering combustion of the 
foam. Again, GFf and 20% IFR reduces the smoldering combustion intensity of the 
foam. CO2 emissions of PUR, PUR+ 20% IFR and PUR+ GFf are shown in 
Fig. 5.36. Since the CO2 formation is directly related to burning mass of the foam, 
CO2 emissions are very similar to the HRR values. NO emissions of the foams are 
compared in Fig.  5.37. GFf coverage does not change NO emission of 
PUR. Figure 5.38 shows the pictures of the foams after cone calorimeter test. The 
glass fiber fabric can be seen clearly, but the foam under the glass fiber fabric 
was burned.

5.4.2.2  Small-Sized Fire Simulation (15 kW/m2)

When the foams were exposed to the heat flux of 15 kW/m2, there were obvious differ-
ences in burning characteristics and the fire resistances of the foams. Although PUR+ 
20% IFR shows similar trend with PUR, PUR+ GFf shows different characteristics 

Fig. 5.29 Schematic of 
PUR with GFf
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Fig. 5.31 Heat Flux 
application on PUR + GFf

Fig. 5.32 HRR variations of PUR, PUR+ 20% IFR and PUR+ GFf at heat flux of 35 kW/m2

Fig. 5.30 Thermogravimetric analysis of GFf
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Fig. 5.33 THR variations of PUR, PUR+ 20% IFR and PUR+ GFf at heat flux of 35 kW/m2

Fig. 5.34 Smoke emissions of PUR, PUR+ 20% IFR and PUR+ GFf at heat flux of 35 kW/m2

Fig. 5.35 CO emissions of PUR, PUR + 20% IFR and PUR + GFf at heat flux of 35 kW/m2
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(Fig. 5.39). The time to ignition increased with GFf and the peak heat release rate 
increased sharply, but it decreased quickly. The flame diminished early than others. In 
addition, the difference can be seen clearly in THR values shown in Fig. 5.40. GFf can 
achieve better fire resistance than 20% IFR addition at the heat flux of 15 kW/m2.

Fig. 5.37 NO emissions of PUR, PUR+ 20% IFR and PUR+ GFf at heat flux of 35 kW/m2

Fig. 5.38 Pictures of PUR, PUR+ 20% IFR and PUR+ GFf after cone calorimeter tests (35 kW/m2)

Fig. 5.36 CO2 emissions of PUR, PUR + 20% IFR and PUR+ GFf at heat flux of 35 kW/m2
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Fig. 5.39 HRR variations of PUR, PUR+ 20% IFR and PUR+ GFf at heat flux of 15 kW/m2

Fig. 5.40 THR variations of PUR, PUR+ 20% IFR and PUR + GFf at heat flux of 15 kW/m2

Smoke emissions are shown in Fig. 5.41. The smoke generations were reduced 
with decreasing of the heat flux. The smoke generations of PUR and PUR+ 20% 
IFR are very close each other. However, GFf retarded the smoke emissions and 
again resulted in lower smoke emissions in shorter time range.

CO emissions are presented in Fig. 5.42. There is a strange changing at the heat 
flux of 15 kW/m2. PUR+ 20% IFR generate more CO emissions than PUR. However, 
GFf retarded CO emissions and resulted in lower CO emissions.

CO2 emissions of PUR, PUR+ 20% IFR and PUR+ GFf at heat flux of 15 kW/m2 
are shown in Fig. 5.43. Since the CO2 formation is directly related to burning mass 
of the foam, CO2 emissions are very similar to the HRR values. NO emissions of the 
foams are compared in Fig. 5.44. GFf retarded NO emission and generation of NO 
occurred in a short time. Figure 5.45 shows the pictures of the foams after cone 
calorimeter test. The positive effect of the glass fiber fabric can be seen clearly.

5 Fireproof Capability of Rigid Polyurethane Foam Based Composite Materials



140

Fig. 5.42 CO emissions of PUR, PUR+ 20% IFR and PUR+ GFf at heat flux of 15 kW/m2

Fig. 5.43 CO2 emissions of PUR, PUR+ 20% IFR and PUR+ GFf at heat flux of 15 kW/m2

Fig. 5.41 Smoke emissions of PUR, PUR+ 20% IFR and PUR+ GFf at heat flux of 15 kW/m2
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5.5  Conclusions

In this chapter, the information about different studies that were performed to 
enhance the fireproof capability of rigid polyurethane foams are presented briefly. 
In this context, the flame retardants and their effects on the fire resistance of the 
foams are introduced. Among them, the intumescent flame retardants as halogen- 
free flame retardants have been found to stand out because of better performance. 
Therefore, extensive studies were conducted on the intumescent flame retardants for 
providing fireproof rigid polyurethane foams.

The effects of intumescent flame retardant (IFR) systems which are composed of 
ammonium polyphosphate (APP) as an acid source/blowing agent and pentaeryth-
ritol (PER) as a carbonific agent on the fire resistance, the thermal stability, the 
thermal conductivity and the mechanical properties of the rigid polyurethane foams 
were investigated. 20 wt % IFR (APP:PER – 2:1) addition into the rigid polyure-
thane foam can effectively enhance the fire resistance of the foam at medium sized 
fire condition (heat flux of 35  kW/m2) without deterioration of the mechanical 

Fig. 5.44 NO emissions of PUR, PUR+ 20% IFR and PUR+ GFf at heat flux of 15 kW/m2

Fig. 5.45 Pictures of PUR, PUR+ 20% IFR and PUR+ GFf after cone calorimeter tests (15 kW/m2)
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properties, the thermal stability and the thermal conductivity. Furthermore, it was 
determined that IFR additions can decrease toxic emissions namely CO, smoke and 
NO, during the burning.

Additionally, a different approach, which is the coverage of rigid polyurethane 
foams with glass fiber fabric (GFf), is introduced to enhance the fireproof capability 
of the foams in this chapter. Although the coverage of the foam with GFf can pro-
vide limited fire resistance at the medium sized fires (heat flux of 35 kW/m2), it can 
achieve very good fire resistance at small sized fire conditions (heat flux of 15  kW/
m2), even better than 20 wt % IFR addition. Moreover, GFf can significantly inhibit 
CO, smoke and NO emissions at the small sized fire conditions.
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Chapter 6
Structural Behaviour of Composite 
Materials in Fire

Aslina Anjang Ab Rahman

6.1  Introduction

Fire is a serious safety issue when it comes to a structural component of a civilian 
building, offshore platform, naval ships or an aircraft that carries high numbers of 
passengers. At present, many structural components mentioned above is being 
replaced from a conventional material to an advanced material such as fibre rein-
forced polymer composites that exhibit superior performance compared to tradi-
tional materials. Some common type of high-temperature resin used in composite 
structures are polyimides, bezoxazines, bismaleimides and cyanate esters. In aero-
space application, the combination of carbon fibre and bismaleimide matrix is mate-
rial of choice for jet engines due to the excellent fire performance. Fire performance 
is considered as one of the most significant factors in restricting the broader use of 
composite materials for structural applications. Despite their superior performance 
compared to other materials such as steel, aluminium or reinforced concrete, com-
posite materials are reactive at high temperatures, particularly for organic matrix 
and fibres. Composite materials decompose and release heat and smoke when 
exposed to high temperature and fire environment. The exposure of composite 
material structures to high temperatures leads to decomposition, associated with 
thermal and mechanical properties degradation. The degradation causes a reduction 
in mechanical performances, which is the primary concern in safety aspects.

When a composite material is exposed to fire or heat at a temperature around 300 
to 400 °C, the organic matrix decomposes and releasing heat, smoke, soot and toxic 
volatiles (Mouritz and Gibson 2006). Similar to an organic matrix, organic fibres 
will also decompose and generate heat, fumes and smoke. Fire scenarios are very 
complex and different depending on many factors. Figure 6.1 gives an overview of 
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the fire scenario and the mechanism involved in the thermal decomposition of com-
posite materials with possible additional feedback into the composites due to the 
local burning of decomposition products. The product of decomposition gives feed-
back into the centre of the fire and will affect the burning intensity.

Figure 6.2 shows the processes occurring in a composite laminate subjected to 
fire. The process involved when composite laminates receive heat/fire are thermal, 
chemical, physical as well as the influence in failure modes (Mouritz et al. 2009). 
The thermal process involved heat conduction, heat generation or absorption by 
decomposition reaction and convective heat loss from the egress of hot reaction 
gases and moisture vapours from the composite into the fire. The chemical pro-
cesses include thermal softening, melting, pyrolysis and volatilisation of the poly-
mer matrix, organic fibres and core material together with the formation, growth 
and oxidation of char. The physical processes involve thermal expansion and con-
traction, internal pressure build-up due to the formation of volatile gases and vapori-
sation of moisture; thermally-induced strains; delamination damage; matrix 
cracking; surface ablation; and softening, melting and fusion of fibres. The failure 
modes depend on the temperature, heat flux and duration of the fire; magnitude and 
type of load (e.g. tension, compression, bending, torsion); and geometry of the 
structure. Some of the failure modes experienced by composite laminates include 
matrix decomposition, pore formation, delamination cracking, matrix cracking, 
fibre–matrix debonding, and char formation.

The reduction to the structural properties of composite materials due to heat and 
fire requires an in-depth understanding of the thermal, chemical, physical, softening 
and failure mechanism. It is crucial to understand the process involved as well as 
their interactions in analysing the structural behaviour of composites in a fire. The 
fire reaction properties that define the flammability and fire hazard of polymer com-
posites are described in the next section. Some of the reaction properties include 

Fig. 6.1 Processes in a fire scenario (A.P. Mouritz and Gibson 2006)
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time-to-ignition, heat release rate, flame spread, smoke and gaseous combustion 
products. The fire resistive properties of composites, such as burn-through rate and 
mechanical integrity during and after fire, are also described in the next section of 
this chapter. Overall, this chapter summarises the understanding and key issues on 
the structural behaviour of composite materials at high temperature and in fire envi-
ronment. It is envisaged that the understanding of the fire behaviour and mecha-
nisms will increase the fire safety criteria of existing and future application of 
composite structures.

6.2  Fire Reaction and Resistance Properties of Composites

Fire reaction and fire resistance capability of a material play a significant role in the 
safety of the structures and personnel in case of fire. Fire reaction properties influ-
ence the initiation, growth and spread of fire and determine the survival of humans 
exposed to fire. Fire resistance measures the ability of a structure to prevent heat 
transmission and determine structural integrity. In this section, both fire reaction 
and fire resistance properties are adequately presented.

In the field of fire sciences, fire reaction is a general term that defines the flam-
mability and combustion properties of composite materials. Some of the most 

Fig. 6.2 Reaction processes of laminates exposed to fire (Mouritz et al. 2009)
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critical fire reaction properties are time-to-ignition, heat release rate, peak heat 
release rate, smoke density, limiting oxygen index, and flame spread rate (Anjang 
et al. 2014). The heat release rate is being classified as the most critical fire reaction 
property because it indicates the fire hazard of combustible material (Mouritz et al. 
2006). The heat release rate is a quantitative measure of the amount of thermal 
energy released by a material per unit area when exposed to a fire that radiates a 
constant heat flux or temperature. The heat release rate value of composite material 
is not constant but varies with fire exposure times. The value of the heat release rate 
is determined by the thermal energy released in thermo-chemical decomposition 
processes. Time-to-ignition is the minimum period required for a combustible mate-
rial to promote ignition and continuos flaming due to a constant radiant heat flux. 
The ignition time is used as an approximate measure of the flammability resistance 
of a material. In high fire risk application, it is very sensible to use materials with 
longer ignition times. The flame spread rate describes the speed of propagation at 
which the flame front travels over the surface of combustible material. The flame 
spread rate is an experimentally measured value and cannot be directly determined. 
Oxygen index is defined as the minimum oxygen content in the fire environment 
required to sustain flaming combustion of a material. Materials with high oxygen 
index values are used in high fire risk applications due to the potential behaviour for 
self-extinguishing. Two other crucial fire reaction properties are smoke density and 
gas toxicity. Both properties exhibit a significant impact on the ability of humans to 
survive in a fire incident. Most fatalities are not triggered by heat and flame but are 
due to smoke that caused confusion and disorientation that has slow the escape 
process from the fire incident. As the exposure time to toxic fumes increases, the fire 
incident may lead to incapacitation and fatalities. The fire reaction properties of 
composite materials have been characterised, and a wealth of reaction data for dif-
ferent fire or heat flux conditions has been published (Allison et al. 1991; Mouritz 
et al. 2006; Scudamore 1994; Tewarson and Macaione 1993; Egglestone and Turley 
(1994); Grenier et al. (1998);  Mouritz et al. (2009)).

Fire resistance describes the burn-through resistance and mechanical integrity of 
a loaded material or structure during and after fire exposure. Resistance to fire also 
defines the ability of a material or structure to limit the spread of fire from room to 
room. These fire parameters can be evaluated using small, intermediate or full-scale 
test methods. These tests can provide information on the mechanical integrity and 
burn-through resistance of the composites design for a specific fire test condition. 
However, the tests are complicated to perform, time-consuming, involved high cost 
and only provide information on the specific case of fire test condition. Fire resis-
tance also describes the physical and mechanical resistance of materials to fire 
attack. Fire resistance is critical to the safe use of load-bearing composites in air-
craft, ships and buildings as their structures may collapse or fail due to losses in 
strength, stiffness and creep resistance. Several tests are used to determine fire resis-
tance properties, where the furnace and burn-through fire tests are the most notable 
test. When evaluating the fire resistance of composite structures by using furnace 
method, controlled heating and realistic fire conditions can easily be achieved. 
However, the method has some deficiencies that can affect the reliability of the test 
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results; variable results between different furnaces and testing organisations, even 
though all technically comply with the requirements of the standards. It is also com-
pelling to note that only a relatively small number of tests are suitable for determin-
ing the fire reaction properties of composite materials or structures (Mouritz, 2003a; 
Mouritz and Gibson 2006). When discussing the fire resistance capability, it is inter-
esting to contemplate on the effect of simultaneous heating and loading that is 
exposed to a composites material or structure. A large amount of experimental data 
on the fire resistance of composite laminates has been obtained, particularly for 
fibreglass reinforced polymer laminates and sandwich composites (Allison et  al. 
1991; Anjang et al. 2014; Bai and Keller 2009; Feih et al. 2007b; Feih and Mouritz 
2012; Gibson et al. 2012; Gibson et al. 2010; Luo et al. 2012; Marquis et al. 2013; 
Summers et al. 2012a). More information on the behaviour of the materials under 
simultaneous heating and loading is thoroughly discussed in the next sections of the 
chapter.

At present, there is no single test or experimental method that are adequate in 
evaluating all the fire properties of a composite. Two or more methods is necessary 
to obtain a complete understanding of the fire reaction and resistance behaviour of 
a composite.

6.3  Thermal Response of Composite Materials

Composite materials that are exposed to sufficiently high heat flux radiated from the 
fire or due to the high temperature environment will thermally decompose and yield 
gaseous, chars and smokes. The thermal response of composite materials due to 
heat exposure or fire environment is a temperature-dependent process (Mouritz 
et al. 2009). Figure 6.3 summarised the approximate temperatures on the different 
processes that occurred in a composite material. The first event that occurs when 
composite material is exposed to high temperature and fire is heat conduction. The 
heat conduction is governed by the incident heat flux and thermal diffusivity of the 
virgin composite material. The heat conduction through composite material is com-
plicated due to the highly anisotropic nature of the thermal properties. The rate of 
heat conduction along the fibre direction is much faster compared to the through- 
thickness direction. The situation is further complicated as the thermal conductivity, 
and the specific heat of composite materials vary with temperature.

The heat conduction will expand and contract the composite materials specimen 
or structure depending on the temperature. The amount of contraction and expan-
sion on the polymer matrix below the glass transition temperature, Tg is determined 
by the thermal expansion linear coefficient of the virgin material. Thermal gradient 
in the through-thickness direction is non-uniform; highest at the hot surface and 
lowest at the cold face (Pei Gu and Chen 2012). Some types of fibre display aniso-
tropic thermal conductivity behaviour, where when the material is heated, both con-
traction and expansion coincided. As an example, carbon fibre will expand in the 
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through-thickness direction and contract slightly in the axial (or fibre) direction 
when heated.

Below the decomposition temperature of a polymer matrix, heat energy is trans-
ferred via conduction, where a small amount of energy is absorbed in the thermal 
expansion. Composite materials begin to decompose at sufficiently high tempera-
ture. Typically, the decomposition temperature of a polymer matrix is in the range 
of 250° to 350  °C depending on the composition and chemical stability of the 
organic material, heating rate as well as the fire atmosphere (Rahman and 
Kumarasamy 2017). In the physical process where contraction and expansion 
involved, internal pressure rise and build-up due to the formation of volatile gases; 
vaporisation of moisture; thermally-induced strains; delamination damage; matrix 
cracking; surface ablation; and softening, melting and fusion of fibres. These pro-
cesses occur concurrently, and this enumerates to the complexity of fire behaviour. 
The pressure exerted by the gas culminates pores formation, delamination and 
matrix cracking. When the matrix has becomes sufficiently porous, and crack is 
noticeable, the volatile gases and water vapour flow through the degraded region 
into the heat or fire environment. This has a convective cooling effect which reduced 
the heat conduction. The pyrolysis gas will also cool the composite depending on 
the heat capacity of the gases.

For the organic matrix and fibre, the endothermic decomposition process contin-
ues until the reaction zone reaches to the back face of the composite laminates. The 

Fig. 6.3 Different processes and temperature (Mouritz et al. 2009)
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combustible matrix and fibre are then finally degraded to volatiles and chars. At this 
phase, the decomposition process ends unless a sufficiently high temperature that 
instigates pyrolysis reactions between the fibres and char. In the case of glass fibres 
where the temperature exceeds ~1000 °C, the char retaliate with the silica network 
resulting in a substantial mass loss. For carbon fibre composites, the fibres and chars 
were oxidised due to the oxygen-rich environment during fire (Feih and 
Mouritz 2012).

In summary, many processes involved when composite materials are exposed to 
fire. The overall process is very complex depending on the fire scenarios as well as 
due to the different types of composite materials involved in the scenario. The pro-
cesses also do not occur in separation from each other. The complexity of the pro-
cess is further cumbersome due to the anisotropic properties and the 
temperature-dependent properties of composites. It is also essential to understand 
the sequence of events that occur when composite material is exposed to high tem-
perature and fire environment.

6.4  Fire Structural Behaviour Under Loading

The mechanical responses such as strength, stress, strain and displacement of com-
posites under elevated temperatures and fire environments are significantly affected 
by their thermal exposure (Bai and Keller 2009). Contrarily, mechanical responses 
have almost no influence on the thermal responses of these materials. As a result, the 
mechanical and thermal responses can be dissociated from each other. Structural 
fire behaviour under loading considers both thermal and mechanical response. 
Significant advances have been made in the modelling and testing of the structural 
response of composite materials in fire. Thermal-mechanical models have been 
developed to predict temperature rise, softening rate, residual stiffness and strength, 
and failure stress and failure time of composites at elevated temperature or in fire 
(Asaro et al. 2009; Bai and Keller 2009; Yu Bai et al. 2008; Birman et al. 2006; 
Dimitrienko 1997; Gu 2012; Liu et al. 2011; Luo et al. 2012; Mouritz et al. 2009; 
Nguyen et al. 2019; Sullivan 1993; Summers et al. 2012b; Tran et al. 2018). A large 
amount of experimental data on the fire resistance of composites has also been 
obtained, particularly for fibreglass reinforced polymer laminates (Anjang et  al. 
2014; Anjang et al. 2017; Elmughrabi et al. 2008; Feih et al. 2007a,b; Feih et al. 
2007; Gibson et al. 2010; Wang et al. 2014). This section provides a review of the 
structural fire behaviour under tensile and compressive loading.

Substantial progress has been made in the development of finite element and 
analytical models to investigate the compressive structural integrity of composites 
in fire (Bhat et al. 2017; Birman et al. 2006; Pei Gu and Asaro 2008; Pei Gu and 
Chen 2012; Krysl et al. 2004; Looyeh and P. Bettess 2001). Modelling the structural 
response of composites in predicting their fire behaviour under compression loading 
is less complicated because the fibre reinforcement is not significant in controlling 
softening and failure. The initial step in analysing the compression properties is the 
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calculation of the temperature distribution through the composite with increasing 
time using the thermal model. By using the through-thickness temperature distribu-
tion, the reduction to the mechanical properties can be calculated. Currently, the 
reduction to the mechanical properties with increasing temperature must be mea-
sured experimentally at elevated temperature under isothermal conditions. The 
compression model assumes that the mechanical properties of the composites 
decrease via a single-stage (rigid-to-rubbery) glass transition of the polymer matrix 
with increasing temperature. The compression strength of most composite lami-
nates decreases with increasing temperature, as depicted in Fig. 6.4.

The simplest method to assess the fire structural behaviour under loading is by 
performing a small-scale test set up (stress-rupture test). Although the full-scale fire 
test is generally required in displaying the realistic condition, the small-scale fire 
test is adequate to predict the fire resistance capability of a structure under loading 
(Mouritz and Gibson 2006). Many researchers have investigated the fire structural 
survivability of composites under combined compressive loading and one-sided 
heating (Bhat et al. 2017; Boyd et al. 2007; Feih et al. 2008; Pei Gu and Asaro 2012; 
Liu et al. 2011). Studies on the reduction to the mechanical properties of composite 
materials due to combined heating and compressive loading have unveiled that 
compressive creep failure occurs at temperatures around the glass transition tem-
perature of the polymer matrix, within the range of 100–180 °C (Boyd et al. 2007; 
Feih et al. 2007a). At higher temperatures, failure is also dependent on the decom-
position and the matrix delamination cracking (Gibson et al. 2006; Liu et al. 2011). 
The experiment revealed that time-to-failure values decreased with increasing heat 
flux (temperature) and applied compressive stress (Feih et  al. 2007a; Feih et  al. 
2008; Kim et  al. 2007). The thermo-mechanical model used in calculating the 

Fig. 6.4 Typical relationship between temperature and compressive strength (Feih et al. 2008)
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time- to- failure of laminates supporting a static compressive stress during one-sided 
heating able to predict the experiment with reasonable accuracy as depicted in 
Fig. 6.5.

The thermal-mechanical model developed by Feih (Feih et al. 2008) also able to 
calculate with reasonable accuracy the failure times of sandwich composites con-
sisting of E-glass/vinyl ester and balsa core. The model predicts that the time-to- 
failure increases with the skin thickness and when the applied compressive stress or 
heat flux is reduced as depicted in Fig. 6.6. Nevertheless, the model was not able to 
accurately predict the failure time for all heat flux conditions due to the complexity 
of the failure process of the face skins of the sandwich. The model is accurate when 
all plies in the front skin fail at the same time due to microbuckling, which occurs 
under high heat flux and high stress conditions. Extensive amounts of research on 
the development of thermal-mechanical models for calculating the fire structural 
response and failure of composites under compression load models only assume 
that the weakening of the composite is solely due to matrix softening (Boyd et al. 
2007; Pei Gu and Asaro 2008, 2012; Lattimer et al. 2004; Lua et al. 2006). Other 
softening processes such as pore formation and delamination are not considered 
into their mechanical models. Further analysis and validation are needed to incorpo-
rate damage and failure processes into the thermal-compressive mechanical models. 
The accuracy of the newly developed model also needs to be determined against 
experimental data for a wide variety of composite materials.

The behaviour of composites in fire under tensile loading is different and more 
complicated than compression loading. In analysing the tensile response, both 
matrix and fibre softening effects need to be considered and analysed. Several mod-
els have been developed to calculate the tensile softening and failure of composites 

Fig. 6.5 Failure times of the composite laminate tested at different heat fluxes (Feih et al. 2007a)
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in fire (Anjang et al. 2014, 2017; Bhat et al. 2015; Elmughrabi et al. 2008; Feih et al. 
2007; Pering et al. 1985). Similar to the compression model, tension model takes 
into account both thermal-mechanical response into the fire behaviour (stress rup-
ture) analysis. The loss in tensile strength of the fibreglass with increasing tempera-
ture is much more gradual than the loss in compressive strength of the polymer 
matrix, and this accounts for the laminate having longer failure times under tensile 
loading. Figure 6.7 gives the time-to-failure of a woven glass/vinyl ester composite 
under tension and compression loading when being exposed with similar heat flux 
level. The failure times for tension loading is about an order of magnitude longer 
than for a compression loading. Failure of the laminate under tension loading 
involved the decomposition of the polymer matrix and is later controlled by creep 
rupture of the fibres, whereas under compression the process is strongly influenced 
by thermal softening of the polymer matrix.

Similar to compression, the tensile strength of most polymer laminate decrease 
with increasing temperature as depicted in Fig. 6.8. In analysing fire under tensile 
loading, fibre strength loss is regarded as both time and temperature-dependent. 

Fig. 6.6 Failure times of 
sandwich composites 
under combined 
compression and one-sided 
heating at different heat 
fluxes (a) 2 mm skin 
thickness and (b) 5 mm 
skin thickness (solid curve: 
prediction, data points: 
experimental) (Feih 
et al. 2008)
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Figure 6.9 shows the effect of temperature and heating time on the normalised ten-
sile strength of E-glass bundles. The tensile strength of the fibre bundles decreases 
with increasing temperature and heating time. Details on the equation used to model 
the thermal-mechanical response will not be discussed in this chapter. A compre-
hensive explanation of the model can be found written by Feih et al. (2007). Only 
types of fire model to predict the failure behaviour will be discussed and the valida-
tion with experimental fire test are shown.

The average strength model developed by Feih et al. (2007) and Gibson et al. 
(2006) as shown in Fig. 6.10 can predict the failure stresses and times of fibreglass 

Fig. 6.7 Comparison of the time-to-failure of a glass/vinyl ester laminate under tension and com-
pression at a heat flux of 50 kW/m2 (Feih et al. 2007b)

Fig. 6.8 Relationship 
between temperature and 
tensile strength of a 
polymer (Feih et al. 2007)
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laminates with good accuracy. This tension model does not analyse all the damage 
processes which control the mechanical properties and failure such as thermal 
strain, pore formation, delamination and fibre-matrix debonding however the model 
gives a good estimation of tensile strength and failure time of E-glass/vinyl ester 
composite. Another model by Gibson et al. (Gibson et al. 2006) has shown that the 

Fig. 6.9 Fibre strength as a function of time and temperature (Feih et al. 2007)

Fig. 6.10 Comparison of failure times calculated using average strength model for a glass-vinyl 
ester laminate at different heat fluxes (Feih et al. 2007)
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thermal model, coupled to laminate theory, can give reasonable predictions for 
mechanical behaviour under load. The thermal model, coupled to this laminate the-
ory is from previous analysis that predicts the evolution of temperature and resin 
decomposition with time through-the-thickness of the laminate. Figure 6.11 gives 
the failure curve calculated using the average strength model on a glass/polyester 
composite. Model to analyse the tensile response of sandwich composites exposed 
to fire is also capable to determine the temperature rise, tensile failure stress and 
failure mechanism of the sandwich (Anjang et  al. 2014; Anjang et  al. 2017). 
Although the above mentioned model able to calculate with reasonable accuracy of 
the fire structural behaviour, further development is required to incorporate damage 
modelling (cracks and other damage) into the thermal–mechanical model.

6.5  Post-Fire Behaviour of Composite Materials

The post-fire behaviour is essential to evaluate the structural integrity and safety of 
heat-affected composite materials following a fire. The polymer matrix used in the 
composite materials will decompose, ignite and burn due to the exposure to high 

Fig. 6.11 Time-to-failure 
prediction for glass/
polyester laminate (Gibson 
et al. 2006)
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temperature or fire. Inadequate fire protection will result in rapid ignition to the 
composite structures that release large amounts of heat, smoke and potentially toxic 
fumes (Anjang et  al. 2015; Gardiner et  al. 2004; Mouritz and Gardiner 2002; 
Sorathia et al. 1993). After a fire is extinguished, it is vital to analyse the post-fire 
properties in order to assess the residual integrity and safety of the composite struc-
tures. The residual mechanical properties of composite following fire can be signifi-
cantly reduced due to the decomposition and damage of the polymer matrix (Mouritz 
and Mathys 1999, 2000, 2001). Mouritz and Mathys suggested that when a burnt 
composite is loaded in uniaxial tension at room temperature, the residual tensile 
properties can be approximated using a rule-of-mixtures model. In the model, the 
post-fire properties are determined by combining the tensile properties of the 
unburnt and char regions using a rule-of-mixture formulation to give the bulk post- 
fire strength and stiffness of the fire-damaged composite. Figure 6.12 shows a sche-
matic of fire damage in a laminate which forms the basis of the model.

The post-fire models have been validated for several types of laminates and sand-
wich composites (Gardiner et al. 2004; Gibson et al. 2004; Mouritz, 2002; Mouritz 
and Gardiner 2002; Z Mathys et al. 2002). Figure 6.13 shows one example of a suc-
cessful validation of the post-fire tensile strength and stiffness of a woven glass/
polyester laminate. The post-fire properties decrease with increasing heating time, 
and the agreement between the calculated and measured post-fire properties is 
excellent. The reduction is due to the thermal degradation of the polymer matrix that 
forms a weak char region. Figure 6.14 gives the validation of the post-fire properties 
for sandwich composites. The model reveals that the post-fire tension properties are 
controlled by char damage to the entire sandwich. Different from post-fire tension, 
post-fire compression shows more significant degradation. This difference occurs 
because softening and failure of the composite materials under compression loading 
are dominated by the front skin (Anjang et al. 2015). The post-fire models are capa-
ble of predicting the temperature rise in the composite materials and the resultant 
reduction to the mechanical properties. The post-fire model also had shown that 

Fig. 6.12 Schematic of 
fire damage 
(Mouritz 2002)
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other types of fire-induced damage, such as delamination cracking and overheating 
of the resin within the unburnt region of the composite, do not have a considerable 
influence on the post-fire properties (Mouritz et al. 2004).

Fig. 6.13 Post-fire tensile strength and stiffness (Mouritz 2003b)

Fig. 6.14 Post-fire tensile properties of sandwich composites (Anjang et al. 2015)
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6.6  Fire Protection for Composite Materials

It has been demonstrated that structural survivability of composite structures 
depends on the capability of the material in resisting deformation and failure, rather 
than on eluding from flaming combustion (Mouritz et  al. 2009). The protection 
system is crucial in reducing the risk of fire on composite materials. There are two 
types of fire protection for composite materials; namely passive and active fire pro-
tection. As the thermal softening of the polymer matrix is the dominant process 
controlling the structural behaviour of composites in high temperature and fire envi-
ronments; thermal insulation protection is vital to be incorporated into the compos-
ite structure. Passive insulation involves fire protecting the composite with a surface 
coating which has very low thermal conductivity and is thermally inert. Examples 
of passive insulation materials are cement-based coatings, aggregate gypsum con-
taining cellulosic particulates or glass fibre reinforcement, mineral fibres, and insu-
lations board.

Reactive insulation is different from passive insulation. In reactive insulation, the 
coatings react when exposed to the fire, which increases their thermal insulation 
properties. Some reactive coatings release volatiles into the fire, which then reacts 
against the combustion process. The most common type of reactive insulation is 
intumescent coating, which is commonly applied onto the substrate as an organic- 
based paint. Intumescent coatings provide fire protection by undergoing an endo-
thermic decomposition reaction process at an elevated temperature that causes the 
material to swell and foam into a highly porous, thick and thermally stable char 
layer (Camino et al. 1989). In recent years, there has been an increasing interest in 
the application of intumescent coatings due to their advantages, including their abil-
ity to form foamed char and produce less smoke and toxic gases during combustion 
(Jeencham et al. 2014; Rajaei et al. 2017; Wu and Yang 2011).

In summary, whenever fire resistance is required, better fire performance can be 
obtained by adding the selected protection system in the composites. By having the 
fire protection system, flame retardancy is enhanced and will reduce the incident 
that may occur due to fire.

6.7  Conclusion

Studying and understanding the fire behaviour of composite materials is essential in 
preventing accidents in the many industries that utilising composite materials as the 
structure or component. This chapter has reviewed the fire reaction and fire resis-
tance properties of composite materials. The thermal response, as well as the effect 
of loading on the fire behaviour, is also adequately explained. The thermal and 
mechanical model is essential in predicting the behaviour of the composites at ele-
vated temperature and due to fire exposure. Advancement on the models still needs 
to be enhanced for better prediction of the fire behaviour. Fire testing; although 
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expensive and cumbersome; also needs to be performed to validate the model fur-
ther on various types of composites. It is envisaged that by understanding the fire 
behaviour and mechanisms, the fire safety criteria of existing and future application 
of composite structures will be surpassed and enhanced.
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Chapter 7
Natural Resources Based Green Composite 
Materials

M. R. Mansor, M. J. Taufiq, and A. F. Ab Ghani

7.1  Introduction

Green composites materials can be described as composite materials made from the 
natural resources, either as the reinforcement material, the matrix or both reinforce-
ment and matrix. They are also known as natural fibre composites, wood plastic 
composites and fibre reinforced plastics. Nowadays, there have been huge efforts 
and accomplishment in the development of green composite materials from natural 
resources, especially to replace and reduce the use of synthetic composites. Green 
composites materials offer many advantages compared to synthetic composites for 
many applications. In term of material properties, the natural fibre used as the rein-
forcement materials for the green composites has low density property, which fur-
ther contributes to a higher specific strength and specific modulus compared to 
synthetic composites. The low density physical property is also one of the key 
advantages for green composites because it helps to reduce the overall final com-
posite weight. Furthermore, natural based fibres are also more environmentally 
friendly, whereby there are obtained from renewable, recyclable and biodegradable 
resources, as compared to synthetic based fibres which are made from non- renewable 
petroleum based resource. Green composite materials also offer similar product 
development advantages as compared to synthetic composites, such as a high degree 
of flexibility where the product final form with complex geometrical shape can be 
customized. Green composite materials are also able to be produced in varying sizes 
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by using a similar manufacturing process. Besides, they are also known to have 
minimal impacts on users’ health issues such as skin irritation, as well as encom-
passed fewer abrasive properties which help to reduce tool wear and prolong tool 
life. Another distinct advantage of green composites is lower final composite cost; 
due to the cheap and renewable source of constituents that making up the final com-
posite material.

Despite the advantages, green composites also inherit several limitations that 
challenges further development of these materials, especially for higher load bear-
ing applications. Among the most notable limitation is due to the hydrophilic nature 
of the reinforcement materials (which is derived from plant based natural resources). 
The hydrophilic nature caused dimensional instability to the final composites as 
well as poor fibre-matrix adhesion performance which strongly affect the structural 
strength of the material. Moreover, uneven fibre size also affects the structural prop-
erties due to varying load distribution along the fibre length, which causes larger 
stress concentration at a certain location in the final composites. These factors are 
currently limiting green composites application to low load bearing application.

In this chapter, an overview of green composite materials is discussed. The dis-
cussion is focused on green composites reinforced polymer matrix, as it is the most 
applied type of green composites made from natural resources being developed 
currently. Among the topics included are types of green composites, application of 
green composites, their mechanical properties and processing methods. This chap-
ter also highlights the latest development of green composite materials such as 
hybrid green composites; green composites reinforced recycled polymer matrix and 
green composites with nanomaterials. The chapter is concluded with brief remarks 
on the opportunities which can be ventured both by researchers and practitioners, to 
address existing limitation such as regarding the material properties, processing and 
design method.

7.2  Overview of Natural Resources Based Green 
Composites Materials

In general, the basic structure for the formulation of green composites from natural 
resources comprised of the reinforcement and the matrix. The main function of the 
reinforcement (or the fibre) is to absorb the applied load, while the matrix acts as to 
hold all the fibres together to form the shape of the final composites as well as 
evenly distribute the load applied across the composites structure. In addition, new 
class of advanced green composites also encompassed nanoparticle fillers (such as 
nanoclays, graphene, carbon nanotubes (CNT) and cellulose crystals) to further 
enhance the materials existing mechanical, thermal, physical and other functional 
properties. Figure 7.1 shows the basic structure in green composites formulation 
from natural resources.
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Based on Fig. 7.1, there are multiple combinations on the type of reinforcement 
and matrices from natural resources developed for green composites. Green com-
posites can be formulated from single fibre/single matrix up to hybrid fibre/blend of 
matrix. Green composites can also be formulated to become fully green composites 
(both reinforcement and matrix are made from natural resources) or partially green 
composites (either the reinforcement or matrix are made from natural resources).

7.2.1  Green Composites Reinforcement Material

Pecas et al. (2018) published a very comprehensive review on the characteristics of 
green composites reinforcement and matrix materials. They stated that as the main 
load bearing element for the green composites, the reinforcement or fibre perfor-
mance depends on several factors such as fibre volume (amount of fibre used), 
aspect ratio, shape, orientation, arrangement and also the interfacial adhesion with 
the matrix. Green composites reinforcement is available in the form of particle or 
fibre and is characterized as continuous or discontinuous (i.e., chopped) depending 
on its length-to-diameter (l/d) ratio. Commonly, the fibre-reinforced phase arrange-
ment is classed as woven or non-woven. A woven fabric is characterized by continu-
ous interlacing of perpendicular yarns, in a regular pattern. Yarns are structures 
consisting of several interlocked fibres. The twist angle is responsible for the cohe-
sion of the fibres and yarn strength up to a certain point, beyond which, the 

Fig. 7.1 Basic structure in green composites formulation from natural resources
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maximum fibre strength decreases due to the increase in obliquity. Moreover, the 
increase of the fibre twist angle is correlated with a decrease of fibre-resin bond 
strength, lower permeability and consequently poor mechanical properties. When 
continuous fibres are used, the fibre architecture can be one-dimensional and two- 
dimensional, or often termed as unidirectional or bidirectional. In the one- 
dimensional architecture, the twist angle and the level of alignment of 
continuous-filament yarns play a significant role in determining the maximum 
applied load. The reinforcement is able to hold the highest applied load in the fibre 
direction compared to transverse fibre directions. Pecas et al. (2018) also further 
explained that a non-woven arrangement consists of a flat structure without interwo-
ven strands, with randomly oriented or unidirectional fibre orientation. Furthermore, 
the mat or woven can either be composed of continuous or chopped unidirectional 
fibres, randomly chopped fibres or suspended particles. In particular, mat composed 
with randomly chopped fibres does not have any preferential stress direction, but 
they are the preferable choice for large-scale production due to the high availability, 
ease and cost-effectiveness when manufacturing complex parts of isotropic nature.

Reinforcement from natural resources can be classified based on their origin into 
the following groups: animal, mineral and plant. Plant originated natural fibres are 
the most commonly accepted fibres by the industry and the most analysed by the 
research community due to the short growth period, renewability and wider avail-
ability (Cristaldi et al. 2010). As shown in Fig. 7.2, plant fibres are composed of 
cellulose, hemicellulose and lignin, which can be extracted from bast, leaf, seed, 
fruit, wood, stalk and grass/reed (Shah 2014). Among the types of commodity plant 
fibres used to manufacture green composites are kenaf, jute, flax, wood and hemp.

Fig. 7.2 Type of natural fibres resources (Shah 2014; Aji et al. 2009, Radzi et al. 2019a; Ishak 
et al. 2013)
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Natural fibres offer many advantages compared to synthetic fibres such as good 
specific strength and modulus, low density, low manufacturing energy consump-
tion, low cost, high acoustic damping, low carbon footprint, renewable and biode-
gradable (Faruk et al. 2014). However, natural fibres have negative aspects due to 
their low consistency of properties and quality. These fibres have higher variability 
of physical and mechanical properties, higher moisture absorption, lower durability, 
lower strength and lower processing temperature (Pickering et al. 2016). The large 
varieties of properties are mainly dependent upon plant species, growth conditions 
and methods of fibre extraction (Sanjay et al. 2016). Moreover, the related proper-
ties are also depending on the fibre cell geometry of each type of cellulose and its 
degree of polymerization (Ho et al. 2012; Shah 2013).

There have been many publications summarizing the important properties of 
plant fibres for green composites application. One of them was by Gurunathan et al. 
(2015) who have listed major type of plant fibres according to their physical and 
mechanical properties as shown in Fig. 7.3. It can be observed that among the fibres 
with the highest tensile strength and modulus properties available are pineapple, 
kenaf, flax and hemp fibres; while among the lightest fibres are bamboo, kenaf, coir 
and sisal fibres. Hence, consideration on the appropriate type of fibres can also be a 
challenge for producing green composites products, which needs to be based on the 
weight of importance for the selected properties to be used for the intended product. 
Another important information which need to be alerted for selection of suitable 
plant fibres are the range of values within the similar fibre itself, due to varying fac-
tors such as type of growth conditions and method of fibre extractions as stated 
previously.

7.2.2  Green Composites Matrices

Matrix is a vital component in the formulation of polymer based green composites. 
As described earlier, matrix acts as to hold all the fibres together to form the shape 
of the final composites as well as to distribute the load applied evenly across the 
composites structure. In general, there are two categories of matrix applied for 

Fig. 7.3 Selected physical and mechanical properties of natural fibres for green composites 
(Gurunathan et al. 2015)
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green composites, which are thermoset and thermoplastic. They are originally 
derived from petroleum based resources, but as the need for more environmentally 
friendly alternatives arise, a new class of matrix which is fully biodegradable (often 
term as biopolymer) are extensively developed to construct fully biodegradable 
green composites. This new class of biopolymer is an important solution to reduce 
plastics wastes issues related to petroleum based plastics nowadays.

In overall, thermoplastic materials that currently dominate as matrices for green 
composites are polypropylene (PP), polyethylene (PE), and polyvinyl chloride 
(PVC) while thermosets, such as phenolics and polyesters, are common matrices 
(Malkapuram et al. 2009). Elsewhere, it is also reported that PE and PP are the most 
widely used plastics and account for 61% of the U.S. plastics market. PE and PP 
have glass transition temperatures (Tg) much lower than ambient temperature, 
which makes them tough, and are semi-crystalline, which makes them rigid, with 
moderate melting temperatures (Tm), which makes them easy to process. The com-
bination of toughness, rigidity, and processing ease along with a density of 
0.93–0.96 g/cm3 makes them useful for a wide variety of applications from bottles 
to automotive parts. While the semi-crystallinity gives them exceptional properties 
for a wide range of applications, PE and PP also exhibit the challenge in generating 
the largest shrinkage after molding compared to other commodity polymers, which 
is a direct result of the semi-crystallinity. This results in large warpage of the part 
while in use (Davis et al. 2019). Moreover, polystyrene, and polyamides (nylon 6 
and 6, 6) are also common types of thermoplastic used especially in the automotive 
application. Holbery and Houston (2006) reported that the development of thermo-
plastic green composites is constrained by two primary physical limits: the upper 
temperature at which the fibre can be processed and the significant difference 
between the surface energy of the wood and the polymer matrix. Process tempera-
ture is a limiting factor in green composites applications. The generally perceived 
upper limit before fibre degradation occurs is on the order of 150 °C for long pro-
cessing durations, although plant fibres may withstand short-term exposures to 
220 °C. The result of prolonged high-temperature exposure may be discoloration, 
volatile release, poor interfacial adhesion, or embrittlement of the cellulose compo-
nents. Therefore, it is important to obtain as rapid a reaction rate as possible during 
both surface treatment and polymer processing to limit exposure to cell wall com-
ponents preventing degradation. The development of low-process-temperature sur-
face treatments with high service capabilities is viewed as an enabling technology 
for the application of plant fibres in green composite materials.

Holbery and Houston (2006) also reported that among the primary thermoset 
resins used for green composites especially in automotive applications are polyes-
ter, vinylester, and epoxy resins. Polyester resins are widely used, particularly the 
“unsaturated” type capable of cure from a liquid to a solid under a variety of condi-
tions. A range of polyesters is made from different glycols (polyethylene glycol, 
ethylene glycol, etc.), acids (malaeic, anhydride), and monomers, all having various 
properties. Orthophthalic polyester is the standard economic resin commonly used, 
and it yields highly rigid products with low heat resistance. Isophthalic polyester is 
now more common when moisture resistance is needed. Epoxy resins offer high 
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performance and resistance to environmental degradation. On the other hand, vinyl-
ester resins have excellent chemical resistance, good thermal and mechanical prop-
erties, and the relative ease of processing and rapid cure characteristics of polyester 
resins. These have better moisture resistance than epoxies when cured at room tem-
perature. Vinylester resins are similar in their molecular structure to polyesters, but 
differ in that the reactive sites are positioned at the ends of the molecular chains, 
allowing for the chain to absorb energy. This results in a tougher material when 
compared to polyesters.

Biopolymer is an emerging and highly potential alternative for the formulation 
of green composites, especially in the future. Biopolymer is made from natural 
resources such as plants. Sahari and Sapuan (2011) summarized several important 
types of biopolymer, which are further categorized into biodegradable natural based 
polymer and biodegradable petroleum based polymer. Among the types of biode-
gradable petroleum based polymer are aliphatic polyester, aliphatic-aromatic poly-
ester, polyester amide, polyalkynene succinates and polyvinyl alchohol (PVA). On 
the other hand, examples of the biodegradable natural based polymer are polylac-
tide acid (PLA), thermoplastic starch, cellulose and polyhydroxyalkanoate (PHAs). 
PLA is an environmentally and commercially interesting biopolymer as it has many 
exclusive qualities, such as good transparency, glossy appearance, high rigidity, and 
good processability. However, PLA also draws some limitation in term of its inher-
ent brittleness and poor toughness (Siakeng et al. 2019a, b). Thermoplastic starch 
(TPS) is derived from renewable and cheap raw material feedstock such as sugar 
palm starch and agar (seaweed), cassava, corn, wheat, and potatoes. Starch is com-
posed of two polymers namely amylose and amylopectin. The linear structure of 
amylose makes it closely resembled the behaviour of conventional synthetic ther-
moplastic, hence, enabled TPS to be used in various fabrication machines for its 
production; that is, extrusion, compression moulding, injection moulding, etc. 
Nevertheless, pure TPS also possesses several disadvantages such as poor mechani-
cal strength and weak water resistance (Jumaidin et al. 2017). In overall, due to the 
low mechanical properties of biopolymer as compared to synthetic matrices, their 
application in green composite materials is limited to low load bearing conditions.

7.3  Hybrid Green Composites Materials

Single fibre/matrix green composites have been extensively studied over the years, 
using various types of plant fibres as the reinforcement material. However, single 
fibre/matrix green composites are still facing the challenges in term of low mechani-
cal properties as compared to single fibre/matrix synthetic composites such as glass 
fibre reinforced composites and carbon fibre reinforced composites. To address the 
issue, researchers have has come out with a solution to use hybridization method for 
alleviating the properties of the green composites. The hybridization method com-
bines two or more types of fibres in a single matrix, to form hybrid green compos-
ites. As shown in Fig. 7.1 previously, hybrid green composites may be formed using 
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either the combination of natural based fibre-synthetic fibre or natural based fibre- 
natural based fibre type of reinforcements. The goal of hybridization is to improve 
the overall performance of the final green composites, by combining initially less 
strong natural fibres with stronger fibre counterparts within the same matrix. The 
synergetic combination enables improvement for the final green composite proper-
ties. Moreover, the hybridization method also allowed obtaining a balance between 
performance and cost for the final green composites, which is very beneficial for 
optimum use such as in application with medium load bearing requirement (Mukhtar 
et al. 2018).

Up to date, many efforts have been reported on the development of hybrid green 
composites using fully natural fibre/natural fibre type of reinforcements. This is due 
to the increasing drive towards formulating better eco-friendly green composite 
material (higher use of renewable and biodegradable contents) as well as having a 
lower overall raw material cost. Cavalcanti et  al. (2019) have developed a novel 
intralaminar hybrid green composite using jute, sisal and curaua fibres. The fibres 
were woven together to produce hybrid jute/sisal and hybrid jute/curaua mat. The 
hybrid mats were later reinforced with epoxy matrix at 70 wt%. In their study, the 
fibres were also subjected to alkalization and mixed alkalization and silanization 
chemical treatments. Characterization was performed on the intralaminar hybrid 
green composites to determine their density, tensile, flexural impact properties. 
Navaneethakrishnan et  al. (2019) also developed new hybrid green composites 
using sisal and luffa fibres. Sisal fibre was extracted from sisal leaf, whereas luffa 
fibres were extracted from cucumber (after its cellulose was removed). Unsaturated 
vinyl ester resin was used as the matrix for the green composites. They studied three 
hybrid sisal:luffa fibre loadings which were 10:20, 15:15, 20:10, and the hybrid 
green composites were fabricated using compression moulding process. In another 
study, Chee et  al. (2019) developed hybrid green composites using bamboo and 
kenaf fibres. The bamboo fibre used was in the form of non-woven mat while the 
kenaf fibre was in the form of woven mat. Total hybrid fibre loading of 40 wt% was 
used to formulate the hybrid green composites, while the bamboo and kenaf fibre 
ratio was fixed at 30:70, 50:50 and 70:30 wt%. The hybrid composites were charac-
terized in term of their coefficient of thermal expansion (CTE) and dynamic 
mechanical properties. Furthermore, Premnath (2019) also developed hybrid jute/
sisal reinforced epoxy green composites. The green composites were fabricated 
using hand lay-up process. The jute fibre loadings were also varied. His study also 
involved the assessment of chemically treated (using NaOH) and untreated jute/
sisal hybrid fibres in term of the mechanical properties (tensile, flexural, impact and 
hardness).

Other types of natural fibres were also reported as reinforcement materials for 
hybrid green composites. Zin et al. (2019) produced hybrid green composites by 
combining banana-pineapple leaf (PALF)-glass woven fibres, using epoxy matrix. 
Ninampure et al. (2019) developed hybrid sisal fibrils/kenaf fibres unsaturated poly-
ester green composites. The novel hybrid fibres were targeted as an environmentally 
friendly alternative material for high strength electrical insulation applications. The 
hybrid reinforcement was varied from 10 to 40 wt%. The hybrid green composites 
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were later characterized in term of the mechanical, thermal and electrical insulating 
properties. Apart from that, Asim et al. (2019) produced hybrid pineapple leaf fibre/
kenaf reinforced phenolic green composites and studied their thermomechanical 
properties at varying hybrid fibre loadings. Elsewhere, Arulmurugan et al. (2019) 
also developed new aloe vera /hemp/flax natural fibre sandwich laminate hybrid 
green composites with the addition of barium sulfate as the filler. The hybrid green 
composites performance was investigated in term of their nonlinear viscoelastic 
behaviour, tensile and flexural strength properties.

Kumar et al. (2019) further developed hybrid Grewia optiva/Bauhinia vahlii fibre 
reinforced epoxy composites. This new class of natural fibres is mostly found 
around Himalayan region. A similar type of Bauhinia vahlii fibre was also devel-
oped as hybrid green composites, by combining the fibre with Nettle fibre (which 
also originated around Himalayan region). The hybrid Nettle fibre/ Bauhinia vahlii 
fibre was developed using epoxy matrix (Kumar et al. 2019a). In addition, Bauhinia- 
vahlii- weight/sisal (BVWS) fibres reinforced epoxy composites was also developed 
as green composites. The hybrid BVWS green composites were also added with 
risk husk as filler at varying filler loadings and characterized in term of the final 
composites physical, mechanical and sliding wear properties (Kumar et al. 2019b). 
The use of new and unique species of plant fibres by the aforementioned researchers 
showcased positive research growth towards identifying more alternative to produce 
high performance natural fibre for green composites application.

There are also reported studies about the effect of varying laminate stacking 
sequence on hybrid green composites material properties. Kumar et al. (2019) stud-
ied on the effect of different stacking sequence to the tensile, compressive, inter- 
laminar shear strengths (ILSS) and hardness material properties for hybrid hemp/
sisal reinforced epoxy green composites. The hybrid green composites were fabri-
cated using hand lay-up and hot press method. Sanjay et al. (2019) performed a 
similar study using jute/kenaf reinforced epoxy and jute/kenaf/e-glass reinforced 
epoxy composites. They found that the addition of e-glass fibre to the jute/kenaf 
hybrid fibres further help to enhanced the mechanical properties. The laminates 
were developed using vacuum bagging method by utilizing woven fabric shape. 
Jothibasu et al. (2018) studied the effect of stacking sequence on the mechanical 
properties of areca sheath fibre/jute fibre/glass-woven fabric reinforced epoxy green 
composites. The natural fibres were also subjected to alkali-treatment process and 
the samples were fabricated using hand lay-up method. Similarly, Mohamad 
Hamdan et al. (2019) developed various stacking sequence for hybrid woven jute–
roselle green composites to investigate its performance. They used hand lay-up 
method to produce the green composites. Furthermore, Khan et  al. (2019) also 
investigated the similar effect using kenaf/jute reinforced epoxy green composites. 
They compared two type of stacking sequences for the hybrid fibres in the study, 
which are kenaf/jute/kenaf (K/J/K) and jute/kenaf/jute (J/K/J). The hybrid green 
composites were also fabricated using hand lay-up method.

Apart from thermoset matrix, hybrid green composites were also developed 
using thermoplastic matrix. For example, Radzi et al. (2019a) developed of roselle 
(RF)/sugar palm (SP) fibre reinforced thermoplastic polyurethane (TPU) hybrid 
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green composites using hot compression moulding process. The fibres used were in 
short fibre form. They also further investigated the roselle (RF)/sugar palm (SP) 
fibre reinforced thermoplastic polyurethane (TPU) hybrid green composites proper-
ties when subjected to alkali treatment process (Radzi et  al. 2019b). Moreover, 
Siakeng et  al. (2019a, b) developed pineapple leaf fibres (PALF)/coir reinforced 
polylactic acid (PLA) green composites in short fibre form, which is targeted for 
food packaging application. The hybrid green composites were produced with dif-
ferent fibre ratios and manufactured using internal mixer plasticizer and hot press 
machine. In addition, Rahman et al. (2019) developed short fibre hybrid composites 
using the combination of kenaf and jute fibres, and bound together using polyethyl-
ene matrix. The hybrid natural fibres were also subjected to alkaline-treated and 
compared with untreated hybrid fibres for their physical, mechanical and thermal 
properties. Table 7.1 summarized the recent works available from literature on the 
development of hybrid green composites from natural resources.

7.4  Green Composites Materials Using Recycled 
Polymer Matrix

Synthetic polymer is a man-made material, containing organic or semi organic 
material which is malleable and can be moulded into almost any simple and com-
plex shapes. With regards to this fact, the synthetic polymer has been used in variet-
ies of applications in human daily life including in technical used or household 
appliances. The special characteristics of low density, possibly adjustable proper-
ties, easy workability, and resistance to moisture and chemicals have made the syn-
thetic polymer can take over the conventional materials such as metal (Worsfold 
et  al. 2019). However, the broad applications of synthetic polymer have caused 
another problem, faced by many countries, which is the rising of plastic waste abun-
dance. The rising of plastic waste abundance also could reduce the landfill area. 
Ritchie and Roser (2018) reported that high-income country tends to produce more 
plastic waste. This was supported by the data collected by Dorger (2019) where it 
shows that China has produced the most plastic waste (59.8 million tons/year), fol-
lowed by United States (37.83 million tons/year) and Germany (14.48 million tons/
year). In addition, the polymer waste might be produced from the post-consumer 
use or even from the industrial sector. Hence, the polymer wastes need to be recy-
cled as to reduce the waste abundance as well as extending the life cycle of the 
synthetic polymer.

The growing awareness of eco-friendly materials must be paralleled with envi-
ronmental regulations and conservation. Green composite is said as an eco-friendly 
material, since it is made by the combination of synthetic polymer (as matrix) and 
natural fibre (reinforcement). For some application, the green composite can replace 
the conventional material, because of its characteristics of low cost, low density, 
nonabrasive, noncorrosive, inherent biodegradability, acceptable specific strength 
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and stiffness, easily available, and recyclable (Naveen et al. 2019). Moreover, the 
current development on green composite can be seen on the using of recycled syn-
thetic polymers as the matrix. The using of a recycled synthetic polymer may reduce 
the material cost and abundance plastic waste, and support sustainable product 
development (Taufiq et al. 2017).

In the 2018, Taufiq et al. discovered the mechanical and thermal properties of 
kenaf fibre reinforced recycled polymer blend composite. The recycled polymers 
were received from rejected unused disposable diapers, obtained from a disposable 
diaper manufacturer. Mainly in disposable diapers, the plastic parts were made by 
polyethylene, polypropylene, polystyrene, super absorbent material, and colouring 
materials (Espinosa-Valdemar et al. 2011). Those materials are synthetic polymer, 

Table 7.1 Summary of recent works on the development of hybrid green composites from natural 
resources

Year Type of hybrid green composites Authors

2019 Jute/sisal and jute/curaua reinforced epoxy composites Cavalcanti et al. (2019)
2019 Sisal-luffa reinforced unsaturated vinyl ester composites Navaneethakrishnan et al. 

(2019)
2019 Bamboo/kenaf composites Chee et al. (2019)
2019 Jute/sisal reinforced epoxy composites Premnath (2019)
2019 Grewia optiva/Bauhinia vahlii fibre reinforced epoxy 

composites
Kumar et al. (2019)

2019 Nettle fibre/Bauhinia vahlii reinforced epoxy composites Kumar et al. (2019a)
2019 Bauhinia-vahlii-weight/sisal reinforced epoxy 

composites
Kumar et al. (2019b)

2019 Banana/pineapple leaf (PALF)/glass reinforced epoxy 
composites

Zin et al. (2019)

2019 Roselle (RF)/sugar palm (SP) fibre reinforced 
thermoplastic polyurethane (TPU) composites

Radzi et al. (2019a); Radzi 
et al. (2019b)

2019 Hemp/sisal reinforced epoxy composites Kumar et al. (2019)
2019 Jute/kenaf reinforced epoxy and jute/kenaf/e-glass 

reinforced epoxy composites
Sanjay et al. (2019)

2019 Areca sheath fibre/jute fibre/glass-woven fabric 
reinforced epoxy composites

Jothibasu et al. (2018)

2019 Woven jute/roselle composites Mohamad Hamdan et al. 
(2019)

2019 Kenaf/jute reinforced epoxy composites Khan et al. (2019)
2019 Pineapple leaf fibres (PALF)/coir reinforced polylactic 

acid (PLA) composites
Siakeng et al. (2019)

2019 Kenaf/jute reinforced polyethylene composites Rahman et al. (2019)
2019 Sisal fibrils/kenaf fibres unsaturated polyester 

composites
Ninampure et al. (2019)

2019 Pineapple leaf fibre/kenaf reinforced phenolic green 
composites

Asim et al. (2019)

2019 Aloevera /hemp/flax natural fibre sandwich laminate 
composites

Arulmurugan et al. (2019)
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thus suitable to be used for green composite matrix. Through electron microscopy 
examination on the fractured samples, it can be seen the using of recycled polymers 
and kenaf fibre are compatible within the range of 30–40 wt.% of fibre. The flexural 
strength also proved the maximum strength can be found on the point of 30 wt.% 
and started to decrease at 40 wt.%. On the Izod strength characteristic, the addition 
of kenaf fibre does not improved the impact strength. The deterioration of impact 
strength may due to fibre-to-fibre contact, causing the fibre breakage to be domi-
nant. In addition, the increases of fibre content have affected the insufficient matrix 
to hold the reinforcement. The absence of coupling agent also induced the fibre 
pull-out, poor adhesion, and failure on matrix and reinforcement interfaces. 
Figure 7.4 showed the failure mode on the tested samples.

Similar work was done by Turku et al. (2018), on the using recycled synthetic 
polymer that received from municipal and construction wastes. Their work was 
comparing the durability towards manipulated weathering of the green composite 
made by two types of recycled polymer matrix. As reported in their earlier studies, 
the recycled polymer that obtained from construction contained the packaging and 
non-packaging plastics (Turku et  al. 2017). Meanwhile, the municipal recycled 
polymers were made of household packaging and appliances. These construction 
and municipal polymer waste generally made by polyethylene, polypropylene, 
polystyrene, poly vinyl chloride (PVC) and other polyolefin materials, thus essen-
tial for green composite production. The freeze-thaw cycling method was used to 
examine the irreversible effect of water absorption on the mechanical properties of 
the composites made by two different matrices. The thickness swelling and water 
absorption more in composite made by recycled municipal plastic rather than recy-
cled construction plastic, showing higher wettability. This caused the fibre swelling 
that leads to stress in matrix, inducing microcracking formation. In addition, the 
water absorbed also weakened the fibre and matrix interfacial interaction, which 
later support the reason for composites made by recycled municipal plastic have 
lower in mechanical strength and modulus. Figure 7.5 showed the SEM images of 
the microcracks that occurred in the matrix.

Fig. 7.4 Some of the detected failures on the Izod impact fractured samples (Taufiq et al. 2018)
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7.5  Green Composites Materials Using Nanomaterials

In the pursue to address the existing limitation of green composites, efforts have 
also been made by researchers to incorporate nanomaterials as filler material. These 
new classes of advanced green composites encompassed nanomaterial fillers such 
as nanoclays, graphene, carbon nanotubes (CNT) and cellulose crystals to enhance 
the materials existing mechanical, thermal, physical and other functional properties. 
Among the nanomaterials, nanoclays are leading the development of advanced 
green composites. Nanoclays play a significant role to improve composite perfor-
mance by enhancing their properties such as thermal stability, mechanical strength, 
and barrier properties. Some of the important parameters which contribute the most 
in modifying the properties of various composites include the content, shape, size, 
and the affinity towards matrix material (Cheng et al. 2016).

Among several examples on the application of nanoclays in green composites 
was by Rajesh et al. (2019) who developed short madar fibre reinforced polyester 
composite using nanoclay to increase its mechanical properties. The composite 
specimens were prepared with the addition of 1 wt.% nanoclay at varying weight 
proportions of short madar fibre in the polyester matrix from 2.5 to 15  wt.%. 
Meanwhile, Mohan and Kanny (2019) developed banana reinforced epoxy green 

Fig. 7.5 SEM images of the microcrack on the matrix; (a) before, (b) after water absorption of 
recycled construction plastic, (c) before (b) after water absorption of recycled municipal plastic 
(Turku et al. 2018)
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composites with the addition of Na + montmorillonite (MMT) nanoclay to enhance 
the unmodified composites mechanical properties (tensile, flexural and compressive 
strength). Shahroze et al. (2018) also used MMT nanoclay to enhance the mechani-
cal properties of sugar palm reinforced polyester composites. They stated that, 
MMT nanoclay is the most widely applied constituent in composites manufacturing 
applications due to its good tendency for cation exchange, high aspect ratio and 
good swelling properties as compared to other nanoclay materials such as saponite, 
hectorite, stevensite, beidellite and nontronite.

Apart from nanoclays, enhancement of green composites is also performed by 
the addition of graphene nanomaterials. Graphene is regarded as the future materi-
als due to its superior mechanical, thermal and electrical properties. Among the 
many recent works on the use of graphene in green composites is by Sarker et al. 
(2019). They used graphene oxide (GO) and graphene flakes in the preparation of 
jute reinforced epoxy composites using hot press method to improve the unmodified 
composites tensile strength and tensile modulus properties, tailored for various 
stiffness- driven applications. Naveen et al. (2019) also used varying graphene nano-
platelets loadings in improving the mechanical and moisture resistant properties of 
Kevlar (K)/cocos nucifera sheath (CS)/epoxy hybrid green composites. Elsewhere, 
Dang et al. (2019) employed GO in the formulation of ramie fibre reinforced poly-
propylene green composites, to enhance the materials interlaminar shear strength. 
The GO-ramie fibre reinforced polypropylene green composite was prepared by hot 
press method.

There are also many recent positive improvements regarding the green compos-
ites modified with carbon nanotubes (CNT) and cellulose nanocrystals which have 
been reported by the related research works. Nor et  al. (2019) demonstrated the 
improvement of impact properties for hybrid bamboo/glass fibre polymer compos-
ites filled with CNT as nanofillers. Meanwhile, Wang et al. (2019) applied multi- 
walled carbon nanotubes (MWCNTs) to modify the mechanical and thermodynamic 
properties of flex reinforced epoxy composites. On the other hand, among the 
research works reported on cellulose nanocrystal for green composites was by 
Chang et al. (2019) who developed sisal reinforced starch composites using starch 
nanocrystals (SNCs). In their study, the SNCs were obtained by the hydrolysis of 
waxy starch. It was shown that the addition of SNC helped to improve the interfacial 
adhesion of the sisal reinforced starch composites. Whereas, Zhang et al. (2017) 
reported the development of new sisal reinforced epoxy composites with the addi-
tion of cellulose nanocrystal. In their study, sisal fibres were first treated with alkali 
before the cellulose nanocrystal were deposited onto the fibre surface using electro-
phoretic deposition (EPD) method.
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7.6  Application of Green Composites Materials

Up to date, there are many reports on the application of green composites, which 
provide clear evidence on its positive growth for both research and development 
(R&D) and commercialization purpose. Grand View Research (2018), one of the 
leading market research and consulting firm published a forecast report on the green 
composites commercialization for year 2018 until 2024, stating that the global 
green composites market size was valued at USD 4.46 billion in 2016, and expected 
to steadily increase with cumulative annual growth rate (CAGR) of 11.8% from the 
year 2016 to 2024 (Market Research Report 2018). The company also reported that 
major types of natural fibres used in the current application are wood, flax, kenaf, 
cotton, and hemp. Wood fibres top the list with 59.3% of the overall natural fibre 
market revenue in 2015. Meanwhile in term of market application, green compos-
ites are widely used by building and construction, automotive, electronics and sport-
ing goods industry. Product examples are decking, railing, window, building frames, 
mobile cases, laptop cases, tennis racket, bicycle, and snowboards. The highest mar-
ket application of green composites is recorded by building and construction indus-
try, followed by the automotive industry based on 2016 data from similar report. 
Among the major factors contributing to the rapid growth of green composites, 
especially from natural resources are spiralling demand for lightweight products 
from the automotive industry, rising awareness about green products, growing incli-
nation towards eco-friendly products, and urging uptake of recyclable products 
mainly by consumers and industrial players.

There are two major factors that drive the rapid progress of green composites in 
automotive application; (1) vehicle light-weighting and (2) end-of-life performance. 
It is estimated that a 25% reduction in car weight would be equivalent to saving 250 
million barrels of crude oil. Thus, the utilization of low-density natural fibres 
towards the formulation of green composite materials could lead to a weight reduc-
tion of 10–30%, which significantly contribute to achieving lightweight vehicle tar-
get. Moreover, the recycling concerns being driven by EU regulations (ELV) are 
forcing automotive manufacturers to consider the environmental impacts of their 
production and possibly shift from petroleum-based to agro-based materials. Agro 
based materials such as green composites derived from natural resources provide 
better end of life performance in term biodegradability and recyclability as com-
pared to synthetic composites and other conventional engineering materials. 
Furthermore, green composites also provide advantages in term of low raw materi-
als cost for vehicle production as they are renewable resources with high availability 
(Mansor et al. 2014a, b). Pecas et al. (2018) listed a very extensive list of existing 
green composites used in vehicle interior application such as door panels, panels 
and other trim components. Green composites are also reported to be used as fillers 
in automotive friction components (brake and clutch pads) such as areca sheath 
fibre (Krishnan et al. 2019), banana fibres (Zhen-Yu et al. 2019) and kenaf fibres 
(Abdollah et al. 2015).
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However, despite the advantages, the use of green composites from natural 
resources are still dominated for low load bearing applications due to the relatively 
low structural strength of the composites as compared to synthetic composites and 
metals. Nevertheless, steady progress has been reported by researchers to venture 
into medium load bearing application using green composites. Mastura et al. (2017) 
have developed a conceptual design of automotive anti-roll bar using hybrid sugar 
palm/glass fibre composites while Ishak et  al. (2018) proposed a new design of 
automotive car front hood using kenaf fibre-metal-laminates (FML). Furthermore, 
Mansor et al. (2014b) developed a new conceptual design of automotive parking 
brake lever using hybrid kenaf/glass reinforced polypropylene composites and 
while Shahruzaman et  al. (2019) proposed a new concept of vehicle side door 
impact beam using kenaf reinforced thermoplastic composites. In addition, Mansor 
et  al. (2015) also proposed a new design of automotive rear spoiler using kenaf 
reinforced thermoplastic composites, utilizing sandwich construction solution to 
gain higher product rigidity. The use of innovative design approach such as Theory 
of Inventive Problem Solving (TRIZ), biomimetics and multicriteria design making 
tools (such as Analytic Hierarchy Process (AHP) and Vlse Kriterijumska 
Optimizacija Kompromisno Resenje (VIKOR)) as demonstrated by the aforemen-
tioned researchers are spearheading new solutions for green composites to be used 
in higher load bearing applications.

Green composites are also reported to be applied for new application such as 
aerospace and military industries, particularly due to their lightweight, impact resis-
tance and vibration damping properties. Mansor et al. (2019) summarized the recent 
application of green composites in the aerospace industry such as for the develop-
ment of aircraft radome, aircraft interior cabin component and aircraft honeycomb 
structure. Furthermore, Strohrmann et  al. (2019) also reported the use of hybrid 
flax/carbon fibre polymer composites to develop lightweight helicopter cockpit 
door component. On the other hand, several researchers have also reported the use 
of green composites in the military industry. Kumar et al. (2019) developed armour 
component using conch seashells/chopped banana fibres/aluminium layer rein-
forced epoxy composites. The hybrid green composites were later subjected to bal-
listic test with the short hand gun, and results obtained showed that composite 
successfully fit for ballistic protection application. Braga et al. (2017) constructed 
lightweight and efficient Multilayered Armor Systems (MAS) component using 
laminate shape. The MAS laminate consists of three layers, whereby the front layer 
was made from ceramic, followed by sisal reinforced polyester composite for the 
second layer, and ductile metal for the third layer. Results from ballistic tests per-
formed using class III 7.62x51 mm ammunition showed that 30 vol.% sisal rein-
forced polyester composite and the conventional aramid laminates were equally 
efficient in terms of MAS second layer due to similar capacity of the different com-
posites to retain the fragments generated by the interaction of the projectile with the 
front ceramic. Meanwhile, Yahaya et al. (2016) developed a new military vehicle 
spall liner component using hybrid kenaf/aramid reinforced epoxy composites. The 
hybrid composites were produced in laminate form using woven kenaf mat from 
unidirectional kenaf yarn of 800 tex at 0°/90° ply orientation.
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7.7  Mechanical Properties of Green Composites Materials

Mechanical properties of the final material depend on many different parameters. 
The main parameters are the fibre and matrix material properties and the compati-
bility of matrix and the fibre bundle. Many investigations have been carried out on 
the potential of natural fibres as reinforcement for composites, and in several cases, 
the results have shown that natural fibre composites reached a good stiffness, but 
their final strength was not improved (Oksman et al. 2002; Mathew et al. 2005). In 
addition, mechanical properties were also useful in the identification and classifica-
tion of materials for different applications. The considerable properties of mechani-
cal tests are tensile strength, modulus, impact resistance, compression, hardness, 
and toughness. These properties also depend on the orientation of the reinforce-
ments and atmospheric conditions.

Starch-based plastic mixtures possess poor mechanical properties such as low 
tensile strength, stiffness, low elongation at break, low humidity stability and release 
small amounts of plasticizing molecules from a starch matrix. Modification of 
starch, with the use of compatibilizer, reinforcement, and improvement of process 
conditions, are likely to make starch as a practical plastic substitution material 
(Zhang et al. 2007).

Elongation, thermal stability, and water resistance of PU/PDSP films increase 
with the addition of PU (Liu et al. 2008). Lu et al. (2005) developed PU from rape-
seed oil-based polyols, and then used it to modify glycerol plasticized starch (PS) to 
overcome the disadvantages of starch, namely poor mechanical properties and water 
sensitivity. The results exhibited that plasticized glycerol starch could be combined 
with rapeseed oil-based PU at PU content below 20% and phase separation ascended 
when PU content increased. Incremental of PU into the starch matrix also intensify 
film resistance to water (Lu et al. 2005).

Kumar and Siddaramaiah (2005) studied the effect of coating bamboo fibres with 
Polyurethane (PU) and Polyurethane/Polystyrene Interpenetrating Network (PU/
PSIPN) on the tensile property of the composites. Both the untreated / alkali treated 
bamboo fibres were coated with polyethylene glycol based PU and its semi inter-
penetrating network (SIPN) with PS. It was found that the tensile strength of bam-
boo has increased after coating with PU and PU/PS system. PU/PS coating on alkali 
treated bamboo fibres have shown a rise (74%) in the tensile load at break than PU 
(11%) coating on alkali treated fibre. Lee and Ohkita (2004) have fabricated bio- 
composites of poly (lactic acid) (PLA)/bamboo fibre (BF) and poly (butylene suc-
cinate) (PBS)/bamboo fibre (BF). They have investigated the effect of lysine based 
diisocynate (LDI) as coupling agent on properties of bio composites. They have 
reported that tensile properties and water resistance were improved by the addition 
of LDI. These improvements were due to enhanced interfacial adhesion between 
polymer matrix and bamboo fibre.

Chen et al. (1998) have fabricated bamboo reinforced polypropylene (PP) com-
posites. Polypropylene was modified with maleic anhydride. Modified polypropyl-
ene was prepared by solution grafting method. They have investigated the effect of 
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bamboo fraction, MAPP content and bamboo sizes on mechanical properties of 
unmodified and modified Bamboo Fibre/PP composite. Tensile modulus of modi-
fied composite increased with bamboo content up to 65  wt%, but modulus of 
unmodified composite was not affected by changing bamboo fraction. Tensile 
strength of modified composite has increased about 50 wt% bamboo fibre, but for 
unmodified composite, tensile strength has decreased slightly. This effect was also 
studied by Tran et al. (2011) using a compatibilizer of maleic anhydride polypropyl-
ene (MAPP), it enhances the flexural strength compared to pure PP, and this resul-
tant material becomes stronger and less flexible. A similar effect was observed by 
Lee et al. (2009) while adding 3-glycidoxypropyltrimethoxysilane (GPS) as a cou-
pling agent in the PLA/kenaf fibre biocomposites. The flexural strength and flexural 
modulus of the composites increased with increasing the content of GPS, while 
compared with pure PLA. This coupling agent significantly increases the interfacial 
strength between resin and fibres.

Thwe and Liao (2002, 2003) have fabricated the bamboo reinforced polypropyl-
ene (BFRP) and bamboo-glass reinforced Polypropylene (BGRP) composites. They 
have studied the effect of fibre content, fibre length, bamboo to glass ratio, coupling 
agent (maleated polypropylene) on tensile and flexural properties of these compos-
ites. It was reported that moisture absorption of BFRP during aging can be reduced 
by replacing bamboo fibre with glass fibre and by using Compatilizers. Mechanical 
properties of BFRP and BGRP have degraded after aging in water. Rozman et al. 
(2004) studied the effect of isocyanate (MDI and toluene diisocyanate-TDI) treat-
ment on the mechanical properties of EFB composites with polyethylene (PE) as 
the matrix. The composite with fibre treated with MDI showed higher tensile and 
flexural strengths than those treated with TDI. It is well known that to achieve opti-
mum mechanical strength and stiffness in a composite, the reinforcement fibres 
should be continuous and aligned in the direction of the applied load. The same is 
true for natural fibres.

Moreover, there are also studies which reported on the use of physical treatments 
such as plasma and corona discharge to improve the functional properties of natural 
fibres. Plasma treatment in oxygen can roughen the surface. Low-temperature 
plasma treatments improve the surface of natural fibres by causing chemical implan-
tation, etching, polymerisation, free radical formation and crystallisation (Mohanty 
et al. 2005). For example, the wettability of wood fibres has been found to improve 
significantly with an increased level of corona treatment (Wallace 2005). Also, there 
are some methods that combine the physical and chemical methods and called 
physico-chemical methods such as hydrothermal and steam explosion (Jawaid and 
Khalil 2011; LI et al. 2007). Badri et al. (2001) prepared medium-density fibreboard 
(MDF) with palm-based PU as the binder. Various sizes of refined EFB ranging 
from 53 ∝m to 500 ∝m and fixed blending ratio of PU to EFB at 20:80 were used. 
The smallest size of EFB fibres gave higher impact strength and better water resis-
tivity due to the lesser voidage between the EFB particles.

Apart from physical treatment, alkali treatment is also a common method to 
clean and modify the surface of natural fibres to promote enhanced fibre-polymer 
adhesion. Mercerization is a traditional alkali treatment based on sodium hydroxide 
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(NaOH, caustic soda), which improves the take up of dye in textile processing. 
Several studies have found that alkali treatments can improve the properties of natu-
ral fibres and the interfacial adhesion to polymers (Liu et al. 2004; Bachtiar et al. 
2008). In addition, acetylation is also a treatment of particular interest in natural 
fibres. In this treatment, acetic anhydrides substitute the cell wall hydroxyl groups 
of a natural fibre with acetyl groups, rendering the surface more hydrophobic and 
thus less susceptible to moisture uptake and biological attack and more compatible 
with polymer matrices (Tserki et  al. 2005). Isocyanates can be used as coupling 
agents to improve the bonding of natural fibres to polymers. For example, the 
strength and stiffness of wood-polypropylene (PP) composites can be increased by 
treating the fibres with polymethylene-polyphenyl-isocyanate (Wallace 2005). For 
example, lysine diisocyanate has been successfully used to improve the mechanical 
properties and water resistance of bamboo fibre-polylactide composites through 
enhanced fibre-matrix interfacial adhesion (Lee and Wang 2006).

There are a few epoxy resins on the market which contain a proportion of bio- 
based material. It is also possible to use bio-based products to improve the perfor-
mance of synthetic resins. For example, the impact strength of petroleum-based 
epoxies can be significantly improved by blending with epoxidised vegetable oils 
(Mohanty et al. 2005). However, if natural fibres were to be used in combination 
with plastic polymers, the resulting composites would have low tensile strength 
values and poor interfacial adhesion because of incompatibility between the kenaf 
fibres and plastics (Yussuf et  al. 2010; Nishino et  al. 2003; Akil et  al. 2011; 
Alayudeen et  al. 2015). In order to compensate for these disadvantages, various 
chemical treatments have been studied. Among the chemical modifications, acetyla-
tion is one of the most commonly used methods, where the –OH groups that are 
responsible for hydrophilic properties of lignocellulose are modified by hydropho-
bic acetyl groups (Hu et al. 2011). For example, acetylation can be used to control 
hygroscopic properties, dimensional stability, durability, and the physical properties 
of plant-based materials and composites. This chemical modification strategy is 
regarded as an inexpensive, simple method for lowering the surface energy charac-
teristics of natural fibres to make them more compatible with common polymers 
(Ismail et al. 2011; Ifuku et al. 2010). If kenaf fibres were made less hydrophilic, 
their compatibility with PLA would be improved, leading to an enhancement in 
adhesion, and thus also the strength of the resulting composites.

The flexural and tensile strengths of the kenaf–PLA composites were enhanced 
when the introduced acetyl constituted over 25% of the mass of fibres. With respect 
to the lower acetylation levels that were examined in this study, there was no 
improvement in the mechanical properties as compared with the untreated kenaf–
PLA composites. The detrimental surface smoothening of kenaf upon brief acetyla-
tion, as evidenced by morphology studies, was a possible explanation for such 
mechanical performance (Chung et al. 2018).

On the other hand, modifying the composites architecture through alignment of 
fibre orientation could also alter the mechanical properties of the green composite 
produced from natural resources. Aligned natural fibres can be combined with ther-
moplastic polymers in a number of ways. Woven or stitched fabrics can be 
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interleaved with thermoplastic sheets or films, often referred to as film stacking, 
then heated and consolidated in a press or by vacuum bagging (Arnold et al. 2007). 
Natural fibre-thermoplastic pultrusion is also possible (Van and Kiekens 2001), 
although the natural fibre materials must have sufficient strength to resist breaking 
during the process. Thermoplastic polymers are highly viscous so do not flow read-
ily and care must be taken during processing, as with all thermoplastic composites, 
to ensure good impregnation and consolidation. By using aligned natural fibres, the 
mechanical properties of these biocomposites are significantly higher than non- 
woven mat composites (Hoydonckx et al. 2009). Compatibilizers are often used to 
improve fibre-matrix bonding, such as maleicanhydride for PP.  In particular, the 
development of aligned, natural fibre fabrics suitable for composite reinforcement 
will provide significantly enhanced properties and will open the door to a range of 
semi-structural applications. Compatibilization is necessary to obtain a composite 
with tailored mechanical properties and good efficiency in the transferring of the 
stress from the matrix to the fibres.

7.8  Manufacturing Process of Green Composite Materials

A polymer is a material made by macromolecule, built of many repeated monomer 
subunits, which have a significant and broad role in human daily life. Either can be 
synthetic or natural polymer, the synthetic polymers are petroleum-based material 
which falls into four major divisions, namely thermosets, thermoplastic, elastomer, 
and synthetic fibre. Meanwhile, the natural fibre can be found from plant, wood, or 
even from animal protein. The monomer can chemically react with another mono-
mer with the same or different molecules that occurred naturally is called as natural 
polymer, where the derived or man-made polymers are known as a synthetic poly-
mer. The broad application of polymer nowadays in human daily life including for 
medication, nutrition, communication, transportation, irrigation, container, cloth-
ing, recording history, buildings, highways, and so on, made the polymer industry 
the rapidly developed and wider than the copper, steel, aluminium and some other 
industries (Namazi 2017).

Although the polymer has played a significant role in our daily life, there is no 
perfect material that currently found. As mentioned earlier, the polymer is created 
by the chemical reaction of a monomer with another monomer. This can be sup-
ported by applying the heat during the chemical reaction, so that the polymer chains 
can break up and combined with other polymer chains. However, too much heat 
could cause thermal degradation which later reduces the mechanical properties of 
the desired material. During production, heat can be intentionally applied (by the 
heat of mould, or extruder) or unintentionally applied (speed or revolution of 
extruder or mixer). The thermal degradation could occur when the strained or entan-
gled sections of the polymer chains to be free. The rearrangement of these freed 
macromolecules segments were changed from the previous arrangement polymer 
chains, thus affecting the crystallinity of the material. The variation of ordered 
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molecular chains or known as the degree of crystallinity is later affecting the 
mechanical properties of the polymer material (Costa et al. 2007; Madi 2013). In 
conclusion, the temperature selected for the production process is vital so that we 
can minimise the thermal degradation.

Various manufacturing methods can be used for green composite production, 
either the injection moulding, hand layup, or rapid prototyping. The selection of 
manufacturing process is depending on the type of polymer used. Injection mould-
ing is one of the manufacturing processes that involved with the using of polymer. 
According to Todd et al. (1994), the injection moulding commonly used for thermo-
plastic material, where the molten polymer is injected into the mould cavity at a 
certain temperature and speed. As can be observed in Fig. 7.6 below, the material in 
granule shape is fed into the barrel that containing the heater and forced out into the 
mould cavity by screw plunger. The molten polymer is left cooled inside the cavity 
that has been taken out. In green composite, the using injection moulding is not a 
new thing. Various researchers have reported the production of green composite by 
using this method. Montanes et al. (2019) studied the potential to use conventional 
injection moulding method for the green composite made by a biobased high den-
sity poly(ethylene) matrix and a high lignocellulosic filler from industrial thyme 
wastes. The modelling works were done with parallel with experimental validation. 
By using 100:0, 90:10, 80:20, 70:30, 60:40, and 50:50 HDPE:thyme wt.% ratio, the 
best formulation was found up to 20 wt.%, as can be found in Fig. 7.7. The process 
temperature and shear speed are the important parameters in this process. The 
higher temperature will provide lower viscosity, but it would induce thermal degra-
dation onto the filler and the matrix. Furthermore, as the thyme fibre wt.% increases, 
it requires higher pressure to absolutely fill the mould cavity, which later may dam-
age the pressure transmission. In overall, the green composites were successfully 
produced by using SLS method, with the optimum matrix to filler ratio not more 
than 20 wt.%. In addition, the simulation tools are useful in predicting and validat-
ing the rheological behaviour of high lignocellulosic content polymer systems.

In order to maintain the lower production costs at a high volume of the green 
composite, the hand layup method was commonly used which it requires the man-
ual laying down the individual layers or plies of reinforcement (natural fibre). The 
plies can be in the form of single unidirectional or woven, which involves the 

Fig. 7.6 The schematic 
diagram of typical 
injection moulding 
machine (Todd et al. 1994)
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manipulating each ply into shape by hand, and then firmly pressed with or without 
mould by ensuring there is no air pocket between plies (Elkington et  al. 2015). 
Normally, thermoset polymers were chosen as the matrix as it is a liquid resin which 
suitable for the hand layup method. One of the modifications in hand layup method 
is by using two or more reinforcement plies, called as a hybrid green composite. As 
reported by Yahaya et al. (2015), hybridisation of the two types of reinforcement 
could be one of the solutions on the natural polymer limitations. Combining two 
types of reinforcement could obtain the full advantage of the properties of the con-
stituents, and become an optimal, superior but economical step in improving green 
composites. In their research, the kenaf fibre was hybrid with Kevlar and pressed 
with epoxy resin. As expected, the hybridisation of kenaf fibre with Kevlar does 

Fig. 7.7 Comparison on 
the injected green 
composite with the 
variation of thyme fibre 
ratio (wt.%) (Montanes 
et al. 2019)
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improved the mechanical properties (tensile, flexural, and impact) of the green com-
posites. In addition, the hybrid with the Kevlar as the outer part (Kevlar/kenaf/
Kevlar) also produced better mechanical properties compared to (kenaf/Kevlar/
kenaf). The layering sequences are portrayed in Fig. 7.8 below.

The rapid prototyping or so-called 3D printing is one of advanced manufacturing 
which has been available in late 1980s by using layered method and using laser light 
for fusing the metal powder in solid prototypes (Bagaria et al. 2011). In addition, the 
rapid prototyping can be used to produce a product that meeting the requirements of 
the shape and precision, shortening the design and evaluation cycle of a new prod-
uct, and providing the actual and observable look of the model (Jiang et al. 2010). 
The application of rapid prototyping can be seen in automotive, aerospace, electron-
ics, medical, and green composite. Although the usage of rapid prototyping is a fast 
production, there are required studies towards the effectiveness on of using rapid 
prototyping for green composite production. This is because the natural polymers 
are vulnerable to oxidative degradation when exposed to the ultraviolet radiation 
and they were which later may lead to degradation of the mechanical properties. 
Due to that matter, Jiang et al. (2010) reported the production of green composite 
containing aspen wood flour by using selective laser sintering (SLS) method. Based 
on their study, the green composite can be manufactured by using the rapid proto-
typing method if supported by the presence of additive and coupling agent. The 
fibre treatment with sodium hydroxide (NaOH) solution also proved in improving 
the binding between matrix and reinforcement which later may provide better sur-
face roughness and mechanical properties (see Fig. 7.9). Figure 7.10 below shows 
the part that produced by using SLS method. In conclusion, the green composite can 
be produced either using conventional hand layup method, or via advanced rapid 
prototyping. The only matters are the production cost, the production volume, and 
type of materials used for the products.

Fig. 7.8 The illustration of the layering sequences of kenaf fibre and Kevlar (Yahaya et al. 2015)
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7.9  Conclusion

Green composites in overall have shown a rapid growth both in term of research and 
development, as well as industrial application. At the present moment, its applica-
tion is focused on low load bearing application, due to its lower mechanical proper-
ties as compared to synthetic composites and metals. However, as explained in the 
previous section within this chapter, many efforts have been carried out to improve 
the properties of the green composites.

With regards to that, many other opportunities, especially in research, are avail-
able to be pursued. Development on the new class of single fibre/matrix and hybrid 
composites with better material properties can be carried out by increasing the 
works to discover a new type of natural fibres from unique plant species and poly-
mer matrices, especially biopolymer matrix. The development of more alternative 
materials could support the goal of creating many fully biodegradable green com-
posites, which will be very beneficial in term of environmental friendly aspect. This 
will also help to reduce the current problem in managing plastic waste issue around 
the world.

Fig. 7.9 SEM images presenting the comparison of; (a) untreated and (b) treated aspen wood 
flour (Jiang et al. 2010)

Fig. 7.10 The part 
produced by SLS method 
(Jiang et al. 2010)
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Furthermore, research opportunity is also vastly opened in enhancing the mate-
rial properties of natural-based green composites by utilizing the advantages of 
advanced nanomaterials as the filler to formulate the material. It is shown that vari-
ous type of nanomaterials significantly improved the performance of the green com-
posites. Further works can be carried out to characterize the nanomaterials effect to 
as many as possible green composites, as well as to fully understand how the 
enhancement mechanism is obtained.

It is also briefly described in the previous section how the use of innovative prod-
uct development and processing method could address the material property limita-
tion in producing an end product with higher load bearing capability. This is also an 
exciting area to be explored by researchers as well as composite practitioners. 
Clever modification of the geometrical parameters of product could reduce the max-
imum stress generated when a load is applied, hence enabling the use of green 
composites as raw material to construct it without compromising the required struc-
tural performance. In addition, the use of advanced rapid manufacturing process 
such as additive manufacturing should also be incorporated more aggressively to 
develop a product from green composites. Among the works which could be carried 
out is enabling the use of fibres with higher aspect ratio, improving the fibre-matrix 
adhesion properties, as well as creating new filament material using various type of 
natural fibres and matrices.

In conclusion, the future is bright for green composites, especially made from 
natural resources to expand its presence in more demanding applications. It is 
expected based on the accumulating attention and positive progress made so far, 
green composites from natural resources will take over the domination of synthetic 
composites as a commercially viable solution in many applications.
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Chapter 8
Composite Materials for Wind Turbine 
Structure

Mizanur Rahman, Molla Rashied Hussein, Abu Salman Shaikat, 
and Rumana Tasnim

8.1  Introduction

Fast advancements in material technology have resulted in varieties of structure of 
wind turbines. In wind structures, blades are one of the most significant compo-
nents. Different shapes and dimensions of blades are used based on the strength of 
turbine. Previously, materials used in turbine blade design were limited to clothing, 
wood and sheet metal. However, in past few decades, composite materials have 
been used by all wind turbine manufacturing companies (Eker et al. 2005). In wind 
turbine structures, a vast range of materials is being used. Nevertheless, some 
aspects, namely weight, firmness, fatigue, mechanical component corrosion, break-
ing toughness, overall appearance etc. have impact on turbine materials. (Eker et al. 
2006) These factors have led towards using composite materials in wind turbine 
structures. This chapter presents a review on different choice of composite materials 
for wind turbine.

8.2  Wind Energy

Wind energy is a promising renewable energy source. It is a type of solar energy. 
Although a little segment of solar radiation is captured by the earth, it gives nearly 
all of earth’s energy requirements. It has been anticipated that the entire world 
receives nearly 1.8 × 1011 MW in which only 2% (i.e. 3.6 × 109 MW) is transformed 
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into wind energy and about 35% of wind energy is used within 1000 m of the earth 
(Tong 2009). Hence, the free wind power that has a possibility of converting into 
other forms of energy is nearly 1.26 × 109 MW (Nelson 2009). In this rate, wind 
energy can possibly fulfil almost majority of the energy requirements of the earth. 
Wind energy is a clean and eco-friendly energy source. Fossil fuels release harmful 
gases and nuclear power producing radioactive wastes. The ever-increasing use of 
wind energy will decrease the demands for fossil fuels which may finish within this 
century. Moreover, comparatively the wind power costs much lesser than that of 
solar power (El-Ali et  al. 2007).Over 240,000 wind turbines are currently being 
operated all over the world covering 4% of world’s total electricity.

8.3  Wind Generation

Wind is generated when earth’s surface is unevenly heated by the sun. Atmospheric 
pressure gradients make air movements which result in Wind. Wind flows from 
more pressured regions to lesser pressured regions. The more the atmospheric pres-
sure gradient increases, the wind speed gets higher and produce more wind power. 
Which means wind energy-converting machinery can absorb more wind power 
from the wind. Several factors make wind generation and movement complex, 
which include but not limited to inequality in solar heating, the Coriolis effect 
because of self-revolving Earth, and regional geographical circumstances.

8.4  Historical Development of Wind Turbine

At seventeenth century B.C, the Babylonian emperor Hammurabi used wind power 
for the first time for an irrigation project. Later in the first century AD, the very first 
wind driven wheel was used by Greek Engineer Heron of Alexandria to power a 
machine. The very old Tibet and China started using such wheel from the fourth 
century. In majority of Europe grain crushing mills became well-known within thir-
teenth century. French and English people approved of this technology and started 
using it within 1105 A.D. and 1191 A.D respectively. Figure 8.1 shows a picture of 
ancient wind mill.

Wind turbine based electricity generation embarked on its journey at nearly 
1900’s. In 1890, the very first wind driven electricity generation came into reality in 
Denmark. In 1931, the earliest utility-scale scheme was mounted in Russia. Later in 
1941, Palmer C. Putman designed and developed a noteworthy1.25 MW wind tur-
bine in large-scale which became known as Smith–Putnam wind turbine. The tur-
bine was connected to local electrical distribution system at Castleton, Vermont, 
US. The turbine remained the biggest wind turbine ever constructed until 1979. It 
ran for hours and continued generating electricity. However, the blades suddenly 
failed operating after continuously operating for 1100 hours (Fig. 8.2) (Carlin et al. 
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2003). Hence, appropriate selection of materials as a blade material for wind turbine 
has proven to be of utmost significance in the early history of wind turbine develop-
ment. Later on Johannes Juul designed the first successful wind turbine, namely 
Gedser wind turbine  (Fig. 8.3), using three different composite blades from steel 
spars, with Aluminium shells supported by wooden ribs. During 1956–1957 this 
was mounted at Gedser coast in Denmark. The 200 kW Gedser turbine contained 
three blades with 24 m rotor and operated smoothly for 11 years without having any 
maintenance. The first wind turbine having steel blades could not successfully oper-
ate for long. On the contrary, the second one having composite blades ran for a long 
time (The Wind Energy Pioneers 2000).Thus, a direct connection has been estab-
lished between smooth operation of wind turbine and use of appropriate composite 
materials as blade material. Ever since 1970s, wind turbines have been being made 
using composite blades (Brøndsted et al. 2005a).

During the past three decades, remarkable advancement in wind power has been 
happening all over the world. In 2009, the globally constructed wind generation 
capacity reached 37 GW annually, making the world total wind capacity to 158 GW 

Fig. 8.1 Ancient wind mill 
(Carlin et al. 2003)

Fig. 8.2 World’s first 
megawatt size wind turbine 
(Carlin et al. 2003)
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(Tong 2009). As one of the cleanest, and reliable renewable energy sources, wind 
power is anticipated to fulfill a major requirement on power generation in future 
decades. Figure 8.4 illustrates five continents’ share in the total installed wind power 
capacity from 2002 to 2012 progressively (Goudarzi and Zhu 2013; Solyali and 
Redfern 2009).

Modern advancement of wind-energy technology and applications is extensive. 
Over the past three decades, research and development has taken wind energy tech-
nology to a much expected level.

Fig. 8.3 Gedser wind 
turbine (The Wind Energy 
Pioneers 2000)

Fig. 8.4 Wind power capacity of 5 Continents’ shares from 2002 to 2012 (Goudarzi and Zhu 2013)
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8.5  Structure of Wind Turbine

Wind turbine utilizes wind energy and produces electricity. Wind turbine operates 
in a contrary manner of a fan. That means, a fan consumes electricity for producing 
wind, while wind turbine makes use of wind for producing electricity. The blades of 
a wind turbine are rotated by wind, which revolves a shaft, which sequentially turns 
a generator for producing electricity. Wind turbine transforms wind’s kinetic energy 
to mechanical energy. This transformed mechanical energy can be utilized for car-
rying out precise jobs, for example: refining grains or pumping water from the sur-
face below. Moreover, a generator can transform the aforementioned mechanical 
energy for producing electricity to power homes, enterprises, schools, universities 
and more to name. In the Fig. 8.5 shows the block diagram of different component 
of a wind turbine.

Wind energy helps to rotate the turbine blade that connects with rotor of the wind 
turbine. The rotor is connected with gearbox before it connected with generator. In 
the wind turbine, low speed shaft is used to connect rotor with gearbox and high 
speed shaft is used to connect gearbox with generator. A control system is used to 
control generation of electricity from wind turbine. Wind turbine power generation 
system can be off grid or on grid. The difference between off grid and on grid sys-
tem is mainly the connection of wind turbine with national grid system. Although 
different type of wind turbines are available in the market but the details of the 
structure of a wind turbine are same as shown in the Fig. 8.6:

Foundation The foundation is the connection between the wind turbine tower and 
the terrain underneath. It carries all the static and dynamic loads generating from the 
wind turbine.

Tower The tower construction not only bears the nacelle’s and the rotor blades’ 
weight, but also soaks the enormous static loads generated by the varying wind 
power. It is constructed from materials such as: tubular steel, concrete, or steel lat-
tice. It carries the foremost turbine structure. Since wind speed elevates as height 
increases, taller towers facilitate turbines to consume more wind energy and pro-
duce electricity more.

Nacelle The nacelle is situated at the top of the tower. It resides the entire machine 
set that a wind turbine needs to operate successfully. It comprises the gear box, 
shafts having low-speed and high-speed, generator, brake and controller. Some 
nacelles are so gigantic that even a helicopter can land on it in case of emergency.

Rotor

Low Speed Shaft

Gearbox Generator Grid

Controller
High Speed Shaft

Fig. 8.5 Block diagram of wind turbine power generation system
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Blades The majority of wind turbines consist of either two or three blades. Blades 
elevate and revolve whenever wind blows over them, making the rotor to rotate.

Rotor Blades and hub collectively make the structure of the rotor. The rotor blades 
absorb the wind power and transport the power to the rotor hub.

Anemometer Anemometer is a tool to measure the wind speed. It transmits data 
regarding wind speed to the controller. The electronic controller of a wind turbine 
utilizes the electronic signals from the anemometer for initiating the turbine.

Brake Brake is used to stop the rotor’s operation mechanically, or electrically, or 
even hydraulically in case of emergencies.

Controller Controller starts the machine when the wind speed is around 8 to 
16 miles per hour (mph). It stops the machine when the wind speed crosses more 
than 55 mph, because high wind can damage turbines.

Gear Box For achieving the potential as convincing alternative contributor of 
energy, wind turbine systems utilize highly efficient, dependable and robust 
 components. Amid the components, most essential are the gearboxes. Particularly, 
planetary gearboxes are especially significant. It attaches the low-speed shaft with 
the high-speed shaft. It amplifies the rotational speed from around 30 to 60 rotations 
per minute (rpm) to around 1000 to 1800 rpm as this is the required rotational speed 

Fig. 8.6 Structure of wind turbine (Guzzeta et al. 2007)
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for majority of generators to create electricity. The gear box is an expensive and 
overweight component of the wind turbine. For that reason, Engineers these days 
are looking at alternate options, such as: “direct-drive” generators, which operate at 
comparatively lower rotational speeds and do not need any gear box.

Generator The purpose of a generator in a wind turbine is to transform the 
mechanical energy into the electrical energy. Doubly-fed asynchronous generators 
are most commonly used in case of high power wind turbines.

High-Speed Shaft High-speed shaft connects to and drives the generator at around 
1000 to 1800 rpm for producing electricity.

Low-Speed Shaft Low-speed shaft is turned at around 30–60 rpm by the gear box.

Pitch Pitch is the component for pitching or turning rotor blades out of the wind 
for controlling the rotor speed. It also keeps the rotor from turning in the wind 
whenever wind speed is too high or too low for creating electricity.

Wind Direction Wind direction decides the design of a turbine. Upwind turbines 
face itself into the wind. On the other hand, downwind turbines face itself away 
from the wind.

Wind Vane Wind vane is the component for measuring wind direction and for 
communicating with the yaw drive for adjusting the turbine appropriately with 
respect to the wind.

Yaw Drive Yaw drive adjusts upwind turbines so that they keep themselves facing 
the wind whenever the wind direction alters. However, downwind turbines do not 
need a yaw drive, since the wind is manually blown to the rotor in an away manner.

Yaw Motor Yaw motor powers the yaw drive for adjusting upwind turbines.

8.6  Composite Materials

A composite material, also known as a composition material, commonly acknowl-
edged as composite in short, is a material comprises two or more composing materi-
als. These composing materials have distinct physical or chemical properties from 
each other. When they are mixed, they develop a diversified character material dis-
similar from themselves. However, unlike composites in mixtures and solid solu-
tions, each composing materials are isolated and discrete within the completed 
structure.
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8.7  Composite Materials for Wind Turbine Blades

Rotor blades are crafted from composite materials, mixing either fiber glass with 
polyester, or fiber glass with epoxy, even mixing wood with carbon at times. The 
most frequently used kinds of composite material in wind turbine manufacturing are 
glass fiber-reinforced plastics, commonly known as GRP in short. (Mishnaevsky 
et al. 2017)

8.7.1  Fibers

Glass and Carbon Fiber The toughness of composites is determined by the tough-
ness of fiber and its volume substance. Normally, e-glass fibers, that are borosilicate 
glass, which is called “electric glass” or “e-glass” for its resistance against high 
electricity, are utilized as a foremost reinforcement in the composites.

As the volume substance of fibers in UD composites elevates, the toughness, 
flexibility and compression strength grow correspondingly. However, high volume 
substance of fibers, specifically after crossing 65%, dry areas might arise which 
show lack of bondage between fibers. It also decreases the fatigue strength of the 
composites (Mishnaevsky et al. 2009a).

Usually, the glass and epoxy composites made for wind blades comprise up to 
75% weight per glass. Numerous cases regarding the development of fibers, which 
could be tougher than the typical E-glass fibers, have been studied. Glass fibers with 
altered composites (S-glass, R-glass and so on), Carbon Fibers, Basalt and Aramid 
fibers are known to be high strength fibers. S-glass, where S stands for “Strength”, 
is a high strength glass which was developed back in 1960s, exhibits 40% more 
ductile and flexural strengths. It shows 10% to 20% more compressive strength and 
flexural modulus contrasting with E-glass. The S-glass is also costlier than E-glass. 
S2 glass was developed in the year 1968 as a marketable variety of S-glass. S glass 
and S2 glass fibers contain identical composition, that is Magnesium Alumino- 
Silicate. However, the prime variances are in sizing, which means fiber coating, and 
certification process. The S2-glass is about 10 times expensive than E-glass.

Carbon Fibres Carbon fibers are regarded as a capable alternative to glass fibers. 
They display more toughness and lesser density than the glass fibers. It produces 
thinner, tougher and lightweight rotor blades for wind turbine. But their damage 
tolerance, compressive strength and eventual strain are comparatively low. Also, 
they are costlier than the E glass fibers (Grande 2008; Carbon Fiber vs. 
Fiberglass 2019).

Aramid and Basalt Fibers A remarkable alternative could be non-glass, high 
strength fibers, such as: Aramid(Aromatic Polyamide). Such fibers show great 
mechanical strength. Also, they are tough and less prone to damage. However, as 
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they possess low compressive strength, low bond to polymer resins, get moistur-
ized, and show degradation because of ultraviolet radiation. In recent works, the 
Basalt fibers were utilized in fusion with Carbon fibers. (Mengal et  al. 2014; 
Abashidze et al. 2015)

Hybrid Composites E-glass/carbon and E-glass/aramid are remarkable hybrid 
composites. The lengthiest wind turbine rotor blades of the world are manufactured 
using Carbon with glass hybrid composites. Many research works are being carried 
out based on strength of hybrid composites (Mishnaevsky et  al. 2014; Dai et  al. 
2014; Prabhakaran et al. 2013). Report shows that incorporating glass fibers and 
Carbon fiber composites improves their impact properties and ductile strain. Some 
researchers exhibited that the composite strength depends on the ratio of material 
mixtures(Mishnaevsky et al. 2014). Even though hybrid composites have a huge 
potential for designing wind turbine blades, advanced studies and research are 
required for making better composition of the materials.

Natural Fibre The benefits of natural fibers include Sisal, Flax, Hemp, Jute, are 
that they are less expensive, available all year long and environment friendly. The 
drawbacks are that they vary in quality, highly moisturized and thermally unstable 
in case of the raw fibers (Kalagi et al. 2016). Holmes et al. (Holmes et al. 2007; 
Holmes et al. 2009) examined a unique Bamboo-Poplar Epoxy Laminate for wind 
turbine blades, and showed that this material has strong and stiff, and can be utilized 
in wind blades rather using common composites. The more strength and durability 
of bamboo and its rapid growth and wide availability allow it to be a remarkable 
material for the wind energy applications. A fascinating alternative for developing 
countries is small turbines. They are producible on-site, and manufactured from 
natural composites, that is from local and available timber. Some researchers inves-
tigated the application of timbers for producing wind turbines. They showed that the 
turbines made with wooden blades could be a dependable and less expensive alter-
nate for the developing countries (Mishnaevsky et  al. 2011; Mishnaevsky 
et al. 2009b).

8.7.2  Matrix

Usually, matrices in wind turbine’s blade composites are made of thermosets (epox-
ies, polyesters and vinyl-esthers) or thermoplastics.

Thermosets 80% of the reinforced polymers are based on thermosets (Joncas 
2010). Thermosets offer lower viscosity. Previously, polyester resins were used for 
producing composite blades. However, since the large and extra-large wind turbines 
begin to be developed, polyester is replaced by epoxy resins. They are now mostly 
used as matrices for producing wind blade composites (Joncas 2010).Researchers 
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are working on further development of matrix materials which could be cured faster 
and at lesser temperatures.

Thermoplastics Thermoplastics could be a potential alternate of thermoset matri-
ces. A significant benefit of using thermoplastic composites is that they are recy-
clable. However, their drawbacks are the need for high processing temperatures, 
which consumes more energy and affect fiber properties probably. Also, it is quite 
difficult to produce large, which is more than 2 meters, and thick, which is more 
than 5 millimeters segment. Fatigue performance of thermoplastics is usually not 
satisfactory compared to thermosets, even coupled with carbon or glass fibers. 
However, thermoplastics are superior to thermosets in term of fracture toughness 
and inferior to thermosets in term of fatigue.

Nano-Engineered Polymers and Composites In some recent works, it was shown 
that adding nano-reinforcement in matrix could possibly enhance composites prop-
erties. Adding very small amount of nano-reinforcement, which could be either car-
bon nanotubes or nanoclay in the polymer matrix of composites, fiber sizing can 
raise the fatigue resistance, shear strength and fracture stiffness of the composites 
(Zhou et al. 2016; Ma and Zhang 2014). Some researchers designed and developed 
various wind turbine blades with secondary carbon nanoparticles reinforcement, 
namely, Vinyl-ester, Thermoplasts, Epoxy composites comprising CNTs. It was 
revealed from the research that incorporating small amount of Carbon Nanotubes 
(CNT) can boost the lifetime up to 15 times better (Loos et al. 2012).

Besides, Graphene was investigated as a secondary reinforcement for the nano- 
modification of wind turbine composites. Graphene reinforcement makes it possible 
to develop tougher and longer-lasting wind turbine blades (Yavari et al. 2010). It 
was theoretically approximated that adding 1% to 5% of Carbon Nanofibers, or 
CNF in short, to the interfaces of glass fiber reinforced epoxy composites for wind 
turbine blades used in 2 MW and 5 MW turbines improves ductile stress and modu-
lus, and reduces 20% weight in the blades, thus increases lifespan(Merugula et al. 
2010). Using nano-modified polymers as matrix improves property values intrinsi-
cally in areas like glass transition temperature and limits the processing or applying 
nano-modified polymers (Khare and Khare 2013). However, the implementation of 
nano-engineered wind turbines faces numerous practical and economic challenges 
(Loos and Schulte 2011).

8.8  Summary

For decreasing the dependence on fossil fuel, wind driven electricity generation 
should be enhanced in upcoming future. This can be obtained by installing more 
large and extra-large wind turbines. The most crucial parts of a wind turbine, namely 
rotor blades are made from composite materials. Wind turbine can perform better 
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when its blades can be made lightweight; fatigue resistant, damage tolerant and also 
designed with long-lasting and rigid composite materials. Thorough implementa-
tion of such materials on turbine blades will ensure a controlled wind turbine struc-
ture with smooth operation.
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Chapter 9
Electrochromic Smart Windows: 
An Energy-Efficient Technology

Xing Yan Tan, Hao Wang, and Tae Gyu Kim

9.1  Introduction

Sustainable and renewable energies have gain increased attention as people are 
more aware toward environment protection. While finding alternative energy to 
replace fossil fuels may be the ultimate solution to keep carbon footprint at mini-
mum, the existing solution available are yet to replace fossil fuel, which is far more 
cost efficient (Sims et al. 2003). But a different approach such as reducing energy 
consumption from our daily life can be taken instead to reduce emission of green-
house gases. One way to achieve this is through implementation of energy-efficient 
technologies such as “smart windows”. Smart window is one of the applications of 
electrochromic (EC) devices and it stand out to be the most striking and potentially 
most important application. This is because building with smart windows capable of 
varying throughput of visible light and solar energy; avoid overheating while 
achieve good indoor lighting conditions; reduce energy consumption for air condi-
tioning and lighting (Granqvist 1995; Gillaspie et al. 2010).

Statistical analysis shown that global population had bloom dramatically from 
just 2.5 billion in 1950 to about 7.9 billion in present year (2019). The number is 
forecasted to continue growth and level off at a magnitude of nearly eleven billion 
in around year 2100 (UNDESA 2019). Change in qualities of life is happening 
simultaneously with the explosion of population; countries that are under 
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developing have progressed in improving overall living standards of their citizens 
by providing various amenities. One of dire the consequences is, however, putting 
strain on the limited resources globally especially on energy, which is derived 
mainly from unsustainable resources – fossil fuels with ensuing injection of carbon 
dioxide into air. More carbon dioxides are released into the atmosphere when more 
energies are demanded; the cycle continues as population growth, causing global 
warming, sea level rising, and other chain reactions (Houghton et al. 1990).

From the total energy production, fossil fuels remained the dominant energy 
source since industrial era, albeit they are environmentally intensive and contribut-
ing to global warming. This situation is not expected to change soon without proper 
policy interventions and technological improvements. About 30 to 40% of world-
wide primary energy has been spent in buildings for heating, cooling, lighting, etc. 
(Huovila 2007). Huge potential for saving tremendous amount of energy in build-
ings sector, however, a detailed study conducted in USA states that a large fraction 
of the energy delivered to buildings is wasted because of inefficient building tech-
nologies (Richter et al. 2008). Energy savings must be made without reducing the 
standard of living, but by utilizing more efficient technologies to provide the same 
or better performance.

Windows are the weak links in the buildings’ energy system that frequently let in 
or let out too much energy, then temperature is balanced by energy guzzling of cool-
ing or heating. Windows are very important in both architecture design and connec-
tion to outdoor. Without eliminating or making the window apertures smaller, the 
solution to this conundrum is implementing an energy efficient window. Clearly an 
energy efficient window must harmonize with nature and make good use of what 
nature offers in term of light and energy. To further elaborate this, sunlight is an 
electromagnetic radiation mainly composed of visible and infrared spectrum. An 
energy efficient “smart window” is capable of providing daylight to the rooms while 
blocking near-infrared radiation from heating (Kim et al. 2015).

Near-infrared (NIR) radiation is accounted for about half of the solar energy that 
is incident upon a windows but does not contribute to daylighting within a building 
(Runnerstrom et al. 2014). Smart window can manipulate the amount of transmis-
sion of visible and NIR transmission separately so that to save energy from lighting 
and air conditioning of the buildings. Motivated by the potential for significant 
energy savings from reduced loads of lighting, cooling and heating, many researches 
have been conducted in EC smart windows that dynamically control sunlight enter-
ing a building (Deb 2008; Mortimer 2011). The focus on improved energy effi-
ciency and the development of advanced buildings drives the majority of current EC 
research.

In the modern society today, people are get used to the idea of building automa-
tion. Robot vacuum, dishwasher, washing machine and much more are already 
became part of our life. Traditionally, windows are fitted with curtains or blinds to 
shelter from sunlight (or heat) and provide privacy. The intuitive of energy-saving 
and automation lead to the development of smart window that can change from 
clear to dark and vice versa. To realize this, a phenomenon known as electrochro-
mism, where the colour, transparency or other optical property of a material changes 
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when voltage is applied, is integrated into the design of windows. In other words, 
electrochromism is the basis for operation of smart window that can block or 
unblock the sunlight with a push of a button.

Conventionally, EC smart windows are prepared by sputtering of transition metal 
oxide thin films as the active material (Mortimer 2011; Granqvist 2014). 
Unfortunately, conventional materials suffer significant drawbacks from material 
degradation associated with repeated ion intercalation, and adopt dark, distinct 
colours in their tinted states, simultaneously blocking both visible and NIR light 
(Granqvist 2014). For these reasons and also the cost of expenses, conventional 
electrochromic windows struggled to achieve widespread adoption (Gillaspie et al. 
2010). A newly developed and fundamentally different class of EC device based on 
plasmonic electrochromism is designed to overcome those limitations and ulti-
mately minimize the cost-performance ratio.

One of the unique features of plasmonic electrochromism that standout from 
conventional electrochromism is the ability to selectively control NIR absorption. 
Figure 9.1 shows the plasmonic EC nanocrystal smart window operates at different 
states; in ‘bright’ state, the smart window is transparent, allowing both NIR and vis-
ible rays to pass through freely; in ‘cool’ state, the smart window is transparent, 
allowing visible lights to pass through but blocking NIR rays, providing daylight to 
the room while keeping away from heat; in ‘dark’ state, the smart window is trans-
lucent that block both NIR and visible rays. Details of spectral selectivity will be 
further discussed in Sect. 9.4. Figure 9.2 below is the breakdown of various EC 
windows classes. EC performance is evaluated in terms of coloration efficiency, 
durability, and switching time, whereby performance of EC window depends on 
material structure and composition.

Fig. 9.1 Schematic 
diagram of solar radiation 
passes through smart 
windows at different states 
(Kim et al. 2015)
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9.2  Fundamentals of Electrochromic Device Operation 
and Preparation

Figure 9.3 presents a generic EC device coating with five superimposed layers – an 
active electrochromic electrode layer, an ion storage layer acts as counter electrode, 
an ion conductor layer separating the two electrodes, and two transparent conduct-
ing layers serve as electrical leads, on a single transparent substrate or positioned 
between 2 transparent substrates. This EC device structure is referred as thin film 
electrical battery whose charging state corresponds to a certain level of optical 
absorption and this is the most common geometry for EC devices (Niklasson and 
Granqvist 2007; Granqvist 2014). The working principles of EC devices are similar 
to electrochemical reaction in battery. Small ions such as protons (H+) or lithium 
ions (Li+) are often used as charge carrier in majority of EC devices because of good 
ion mobility.

During off or bleached state, the cations are residing in the electrolyte and the ion 
storage layer. When the device is switched on, electric field is generated in between 
cathode and anode due to potential difference in which driven the cations to migrate 
from ion storage layer (anode), through the electrolyte, into the electrochromic 
layer (cathode). Ions insertion and extraction occur during the charge transfer con-
tribute to the variability of the optical transmittance of EC film(s). This is because 
electrochromic materials are made up from transition metal oxides that consist of 
multiple oxidation states with different optical properties (Chernova et  al. 2009; 
Wang et al. 2010). Transparent conductor layers play an important role here in con-
ducting electricity through external circuit. Indium tin oxide (ITO) is well-known 
for its superior optical and electrical properties and is commonly used as transparent 
conductor.

Fig. 9.2 Classification of various electrochromic windows
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In previous section, we mentioned that EC device performance is evaluated from 
material structure and composition which in turn determined by coating technique. 
Thanks to the emergence of nanotechnology, conventional inorganic EC compounds 
in nanostructure form opens up possibilities of enhanced properties, such as 
improved switching times, higher colouration efficiency, and improved stability 
against electrochemical cycling (Runnerstrom et  al. 2014). There are numerous 
numbers of techniques to coat films of EC device. For example, traditional thin film 
preparation such as physical and chemical vapour deposition, a plethora of chemical 
methods (chemical bath deposition, sol-gel deposition, spin coating, Langmuir- 
Blodgett technique, etc.), electrochemical methods (plating, anodization) and oth-
ers, and sometimes employing nanoparticles as intermediate steps as well as 
templating. Sputtering from physical vapour deposition is suitable for the EC films 
preparation because sputtering process is well understood in manufacturing. Hence, 
suggest that sputtering will likely be the most practical production method for smart 
windows in foreseeable future (Gillaspie et al. 2010). This topic mainly surrounds 
EC devices based on conventional materials and nanostructured of it.

On the other hand, EC device shown in Fig. 9.1 utilizes plasmonic nanomaterials 
which enable it to absorb NIR light at same time allow visible light to pass through. 
Plasmonic nanoparticles that support localized surface plasmon resonances (LSPR) 
have been in academic pursuit over the past decade for signal transduction and effi-
ciency in both energy and space, as well as sensitive and specific, through miniatur-
ization to the nanoscale (Pastoriza-Santos et al. 2018). Plasmon resonance is the 
phenomenon of collective oscillations of charge carriers in solids. The excess charge 
carriers (impurity holes or electrons) in semiconductor plasmonic nanocrystals 
allow themselves as intense absorption bands in the NIR region of the spectrum. In 

Fig. 9.3 Generic five-layer EC device design. Arrows indicate the movement of ions in an applied 
electric field (Granqvist 2014)
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contrast to metal nanocrystal, the LSPR lies in the visible region of the spectrum 
and able to absorb light (Litvin et al. 2018). There are two general approaches for 
the preparation of nanoparticle: (1) colloidal chemistry and (2) epitaxial growth 
and/or nanoscale patterning through lithography-based technology (Drbohlavova 
et al. 2009).

9.2.1  Electrochromic Oxides

Perhaps EC films are the most important component inside an EC device. The 
unique ability to change colour and thus the transmittivity, enable the applications 
of EC device such as smart windows. All elements that show electrochromism with 
their respective oxides are transition metals. In principal, EC oxides can be catego-
rised into two kinds, one that referred as “cathodic” that colouring under ion inser-
tion, and the other referred as “anodic” that colouring under ion extraction. 
Figure 9.4 indicates the location of transition metals capable of forming oxides of 
these two particular categories, and interestingly, vanadium oxides are classified as 
intermediate or “hybrid” which are class of its own (Granqvist 1995). From Fig. 9.4, 
one can clearly distinguish oxides with cathodic or anodic colouration in transition 
metal region because electrochromism is closely related to the electronic structure 
of the oxides. Electrochromism can also be found in binary and ternary mixed oxide 
and in oxyfluorides. Also, transition metal hexacyanometallates are non-oxide with 
anodic electrochromism.

Cathodic colouration is found in oxides of Ti, Nb, Mo, Ta, and W, with tungsten 
oxide (WO3) being by far the most extensively studied one (Granqvist 2000). Take 
tungsten oxide (WO3) as example, upon ion injection, WO3 changes colour from a 
clear, transparent state to a dark blue, translucent state as tungsten ions are reduced 
(Granqvist 1995). Protons or cations in the electrolyte compensate the injected elec-
trons through insertion into WO3 octahedral sites, as shown in Eq. (9.1). The injected 

Fig. 9.4 Location of transition metal oxides in periodic table that are anodic (red) or cathodic 
(blue) colouration
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electrons occupy the previously empty d band, giving rise to new electronic transi-
tions. In crystalline WO3, the added electrons occupy delocalized states, whereas in 
amorphous WO3 electrons are localized at metal sites, resulting in polaronic absorp-
tion that can be described as an electronic charge-transfer transition between adja-
cent metal sites with different valency (Runnerstrom et al. 2014).

 
WO H e HWO

bleach coloured3 3
+ +  [ ]+  



 
(9.1)

Anodic colouration is found in oxides of Cr, Mn, Fe, Co, Ni, Rh, and Ir, with 
nickel oxide and iridium oxide being the ones investigated in most detail (Granqvist 
1995). Anodic colouration mechanism is in reverse manner compared to cathodic 
colouration. Take nickel oxide (NiO) as example, the electrochromic reaction can 
proceed via the exchange of H+ and OH− depending on the nature of the films as 
well on the electrolyte (Wen et al. 2014). The situation become more complicated 
when the films evolve during electrochemical cycling (Estrada et al. 1988; Ren et al. 
2013). The electrochromic effect in NiO involves several phases and is pointed at 
the general applicability of the Bode reaction scheme (Wen et al. 2014); specifically 
the reactions in alkali electrolyte associate with Ni(OH)2 and NiOOH as shown in 
Eq. (9.2) in a simplified manner (Avendaño et al. 2005; Avendaño et al. 2009).
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Both cathodic oxide and anodic oxide are usually employed in a typical smart 
window with two respective EC films; one can adjust the optical transmittance and 
achieve better colour neutrality than with one single EC film (Granqvist 2014). Take 
combination of tungsten oxide and nickel oxide as illustrated in Eqs. (9.1) and (9.2) 
for example, applying voltage in one direction between these two EC films will 
transport the ions from one to another makes both of these films coloured, while 
reversing the potential polarity makes both of the films bleached by return to their 
original properties. When there is no move of charges, the EC device shows mem-
ory effect by retaining the current state (coloured or bleached respectively). The 
terminology “rocking chair” has been used describe operation in smart windows as 
well as rechargeable battery applications (Goldner et al. 1993).
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Furthermore, performance of each individual EC materials and devices is mer-
ited by colouration efficiency (CE) given in Eq. (9.3) (Gillaspie et al. 2010; Thakur 
et al. 2012), where Q is the electronic charge injected into the EC material per unit 
area, Tbleached is the transmittance in the bleached state, and Tcoloured is the transmit-
tance in the coloured state. The CE therefore gives the change in optical density 
(OD) achieved by the injection of unit charge over unit area. In general, materials 
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with higher CEs will have better durability and faster switching times, since less 
charge is required to produce a given optical response (Gillaspie et al. 2010).

9.2.2  Ion Conductor

At the central of the EC device resides the ion conductor layer which is the key 
component for ions transportation between cathode and anode during EC reaction. 
To ensure proper operation of the device, the ion conductivity of electrolyte should 
be larger than 10−4 S/cm (Granqvist 1995). Other requirement of electrolyte is high 
thermal and UV stability on top of not cause any degradations toward EC layers 
(Marszalek et al. 2012). Ion conductor can be generalized into two – liquid and solid 
electrolyte. Figure 9.5 shows the schematic diagram EC devices with different type 
of electrolytes.

Transparent liquid electrolytes and ion-containing thin oxide films were used in 
early studies on EC and later the interest has switched toward polymer (solid) elec-
trolyte mainly following the development of electrical battery technology (Granqvist 
2014). Undoubtedly, the main advantages of liquid electrolyte are easy to synthe-
size, high ion conductivity (response time) and good stability (cycle life) (Girotto 
and Paoli 1999), which make it the popular candidate over the years when research-
ing EC device. Regardless, efforts in sealing to prevent the potential of leakage and 
evaporation are the biggest flaws of liquid electrolyte as ion conductor in applica-
tion like smart window. But the problems can be overcome by opting solid electro-
lyte, and it opens up the doors to all plastic and flexible EC devices too. Ionic charge 
transports as well as the diffusing species that enter the EC layers via electrolyte are 
the only major drawback in comparison to liquid electrolyte.

Fig. 9.5 The electrochromic device with (a) liquid and (b) solid electrolyte (Marszalek et al. 2012)
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9.2.3  Transparent Conductive Oxide

Transparent conductive oxides (TCO) are semiconductors such as tin doped indium 
oxide, In2O3: Sn (ITO), fluorine doped tin oxide, SnO2: F (FTO) and antimony 
doped tin oxide, SnO2: Sb (ATO). They are known with high optical transparency in 
the visible region, good electrical conductivity, and high infrared reflectivity 
(Chuang 2010). These characteristics are found particularly useful as transparent 
thin-film conductors in applications like flat panel displays and solar cells, transpar-
ent heaters, heat mirrors, optoelectronic devices, and smart windows.

TCO materials suitable for transparent conductor thin films should have a carrier 
concentration on the order of 1020–1021 cm−3 and band-gap energy above approxi-
mately 3  eV, that is, degenerated n-type or p-type semiconductors. Furthermore, 
TCO thin films that are in practical use as transparent conductors are polycrystalline 
or amorphous and exhibit a resistivity on the order of 10−3 Ω cm or less and an aver-
age transmittance above 80% in the visible range (Minami 2013). ITO is well- 
known in excellent optical and electrical properties. It is a highly degenerated n-type 
and wide band gap (e.g., 3.5–4.3 eV) semiconductor (Kim et al. 1999). Due to its 
relatively low electrical resistivity and high visible transmittance, this material has 
been used extensively as transparent conductors. ITO thin films can be obtained 
readily through various growth techniques including sputtering, evaporation, chem-
ical vapor deposition, and sol-gel (Chuang 2010).

TCO thin films on glass substrate are located at outermost layer of smart win-
dows as shown in Fig. 9.3. The excellent electrical and optical properties of TCO 
allow conduction of electricity between the transparent conductors without hinder 
transparency of a window. When voltage is applied to the transparent conductors, 
ions are transferred between the ion storage film and the EC film through the ion 
conductor layer at the centre. Depend on the voltage polarity, the electrons are then 
extracted from or injected into the transparent conductors that alter the optical 
absorption of the EC films. The original state can be easily restored by reversing the 
voltage.

9.3  Characterization of Electrochromic Materials

There are many different techniques to choose to deposit EC metal oxide thin films. 
EC thin films prepared by DC magnetron sputtering are specifically chosen in this 
work to elaborate various characterizations of EC materials. As mentioned earlier, 
sputtering is well understood in manufacturing. On top of that, sputtering has good 
reproducibility, good substrate adherence and the possibility of depositing many 
different types of materials with a variety of different compositions, layers, struc-
tures and stoichiometry. The general idea of sputtering is that a target (source) of 
certain raw material is bombarded by accelerating ions (typically Ar+) impart a high 
kinetic energy to the expelled source atoms. These atoms transit through the 
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discharge and condense onto the substrate, thus providing the film growth. Then, a 
series of analyses on thickness, morphology, optic, etc. to identify the microstruc-
ture and composition of deposited thin films.

9.3.1  Physical Characterization

9.3.1.1  Film Thickness by Profilometry

Deposited EC thin films from sputtering are usually measured by contact surface 
profilometry. The surface profilometer measures the thickness by moving a dia-
mond tip over the step between uncoated and coated sample areas. Multiple mea-
surements from different positions along the step are always taken and averaged.

9.3.1.2  Crystal Structure by X-Ray Diffraction

In a crystalline structure the atoms form regularly repeating atomic planes separated 
by a certain distance, d, which varies with the material. If d is shorter than the X-ray 
wavelength λ, the X-rays are diffracted by the uniform atomic planes and an inter-
ference pattern is seen, as described by Bragg’s law,

 mλ = 2dsin¸  (9.4)

Where m is an integer and θ is the diffraction angle, i.e. the angle between the inci-
dent X-ray beam and the atomic plane. A spectrum with constructive inferences is 
obtained from scanning the diffracted beam. The peak distribution is directly related 
to the atomic distances. Hence, information about structure, phase composition and 
orientation of planes can be obtained by comparing the spectra with the database 
from JCDPS-International Centre for Diffraction Data (ICDD).

Non-crystalline materials with no long-range order, i.e. amorphous materials, do 
not show any diffraction peaks and cannot be examined by XRD. Polycrystalline 
materials are composed of many different crystalline grains of varying size and 
orientation. The size of the grains determines whether they will be detected. 
Crystalline samples show very distinct narrow peaks whereas the peaks from poly-
crystalline samples are broader. The width of the peak depends on the size of the 
grains, and the grain size, D, can be calculated by Scherrer’s formula (Cullity and 
Stock 2001):

 
D

² cos¸
=

kλ

 
(9.5)

Where k is the shape factor, λ is the wavelength of X-ray, β is the full width at 
half maximum of the X-ray diffraction peak, and θ is the diffraction angle. Figure 9.6 
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shows an example of an XRD spectrum for polycrystalline NiO measured from 
Siemens D5000 diffractometer.

9.3.1.3  Surface and Cross-Sectional Morphology by Scanning 
Electron Microscopy

The scanning electron microscope (SEM) which uses electrons that are reflected or 
knocked off the near-surface region of a sample to create an image. Various signals 
are giving off when the electrons interact with the atoms on the surface of sample 
that contain information about the surface topography and composition of the sam-
ple. Figure 9.7 shows SEM image of a ~ 500 nm thick NiO film deposited on ITO- 
coated glass substrate. One can deduce that the film featured triangular morphology 

Fig. 9.6 XRD spectrum 
for polycrystalline 
NiO. The planes are 
assigned to the cubic phase 
of nickel (JCPDS-ICDD 
card number: 78–0429)

Fig. 9.7 SEM images of NiO thin film. (a) and (b) are top view at different magnifications, and 
(c) cross-sectional view of the film on an ITO-coated glass substrate (Wen et al. 2014)
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with linear extents of ≤40 nm as shown in panel (a) and (b). The cross-sectional 
image in panel (c) indicates a columnar nanostructure of the deposited NiO film.

9.3.2  Electrochemical and Optical Characterization

Cyclic voltammetry (CV) test and optical transmittance measurement are usually 
conducted together to evaluate the CE in Eq. (9.3). Figure 9.8 displays an example 
of cyclic voltammograms of NiO-based films in KOH electrolyte for the first 
15 cycles. Broad oxidation and reduction features are observed, which deduce that 
some minor evolution takes place during the initial cycles, but the properties are 
stabilized after a few cycles. Figure 9.9 presents in situ optical transmittance during 
the CV test as obtained in Fig. 9.8. Information obtained from these two graphical 
data enable the calculation of CE for this NiO films. The CE was evaluated and 
found to be 44±2 cm2/C at wavelength of 550 nm (Wen et al. 2014).

9.4  Spectral Selective Nano Structured Thin Films

Plasmonic electrochromism is the current approach to isolate visible and infrared 
radiations from solar spectrum via modulated LSPR. Research team led by Milliron 
is spearheading in this field with notable publications (Garcia et al. 2013; Llordés 

Fig. 9.8 Cyclic voltammograms for a ~ 500 nm thick NiO film in 1 M KOH; the voltage sweep 
rate was 10 mV/s and arrows indicate sweep direction (Wen et al. 2014)
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et al. 2013; Runnerstrom et al. 2014). Figure 9.10 schematically illustrates this con-
cept with two types of nanostructure designs of the EC thin films. As shown in 
Fig. 9.10 a, the nanocomposite electrolyte consists of polymer hosts and transparent 
conducting nanoparticles such as ITO, aluminium-doped zin oxide (AZO), and lan-
thanum hexaboride (LaB6) (Bayrak Pehlivan et al. 2012). Electrochemical changes 

Fig. 9.9 (a) Spectra transmittance of a ~ 500 nm thick NiO film in 1 M KOH. Inserted images 
refer to NiO in fully bleached and coloured states respectively, and (b) corresponding optical trans-
mittance modulation at wavelength of 550 nm (Wen et al. 2014)
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under different electrical potential, which alter the LSPR absorption level and in 
turn the electron density. This alteration enables modulation of solar infrared 
absorption with minor effects on the visible region. In Fig. 9.10 b, development of 
the electrode based on deposition of ITO nanocrystals on niobium oxide (NbOx) 
glass presents another approach (Llordés et al. 2013; Kim et al. 2015). Both ITO 
nanocrystals and NbOx glass matrix exhibit distinctly different spectral EC 
responses, therefore each may independently yield modulation in the NIR (ITO 
nanocrystals) and visible region (NbOx) (Llordés et al. 2013).

9.5  Other Implementation of Electrochromic Thin Films

In this work, we mainly talked about electrochromic oxides incorporate in smart 
windows and their sole purpose in filtering lights. However, researchers have come 
up with creative ideas by integrating electrochromism with other usability, such as 
energy storage (Yang et al. 2016). Moreover, the demand of bezel-less phone screen 
has pushed the smartphone manufacturers in developing new technology to hide the 
front cameras and sensors beneath the display, without compromising the display 
quality nor the camera capability (Byford 2019; Gartenberg 2019). Figure  9.11 
showcase the working principle of under-display camera technology by Xiaomi. 
Judging from the illustration, we can conclude that it is a variant of EC devices 
because of the cathode and anode layers. The cameras and sensors beneath the dis-
play stay hidden until the user activates the front-facing camera as shown in the 
demo (Porter 2019).

Nonetheless, it is important to note that other than electrochromism, alternative 
materials that exhibit photochromism or thermochromism can also be used to 

Fig. 9.10 (a) Structure of nanocomposite electrolyte with nanoparticles, and (b) ITO nanocrystal- 
NbOx film (deposited ion a conducting glass substrate) as the working electrode in an EC structure 
(J. (Jialiang) Wang and Shi 2017)
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fabricate smart windows. For example, perovskites are materials made of mix ele-
ments with a particular crystalline structure and they can be made into solar cells. 
By changing the perovskites’ elemental components, their optical properties such as 
transparency can be altered. Researchers have successfully created modified 
perovskite solar window that combine all these features (Wheeler et al. 2017; Lin 
et al. 2018). For example, a lead-based perovskite solar window that switched from 
transparent to opaque when the temperature hit 60 °C while converting solar energy 
to electricity at the same time (Wheeler et al. 2017).

9.6  Conclusion

Electrochromism is one of the “green” nanotechnologies which are of large current 
interest (Smith and Granqvist 2011). The potential of saving energy from building 
sector by replacing conventional glass windows with EC smart windows is unmea-
surable. This is the greatest importance for combating global warming as discussed 
in the beginning of this chapter. Smart windows also increased the aesthetics and 
comforts of modern buildings. Although tremendous research works have put into 
smart windows, the applicability is still far from large scale implementation. The 
major impediments for the installation of large-area EC windows remain fabrication 
cost and extended lifetime. One purposed solution is development of flexible EC 
devices that offer “retrofit installation” on existing glass windows to reduce overall 
cost. Finally, further researches on this field are necessary to realize this technology 
into every building and bring the concept of energy-efficient smart windows closer.

Fig. 9.11 (a) Normal display when front camera is inactive, and (b) Transparent display when 
front camera is active from “transparent display-in-a-display” for under-display camera technol-
ogy by Xiaomi Corp (Gartenberg 2019)
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XPS X-ray photoelectron spectroscopy
XRD X-ray diffraction

10.1  Introduction

In the upcoming era of nanotechnology, there is a need to engineer nanocomposites 
in order to overcome two major concerns to mankind. First is environmental pollu-
tion and the second is energy shortage. Due to global warming and energy crises, 
researchers are trying to find out green, viable and proficient energy- conversion 
techniques to replace unsustainable energy sources i.e. fossil fuels. So, there is 
urgent need to introduce green, feasible, novel, and sustainable energy resources. In 
this regard, engineering of nanomaterials is one of the most critical areas of research 
in recent decade.

g-C3N4 is a fascinating 2D layered polymeric indirect bandgap semiconductor 
having high thermal as well as physiochemical stability. It holds a unique electronic 
structure and abundance on earth. Besides all this, it is a non-toxic and metal-free 
synthetic polymer which works like a visible-light-driven (VLD) photocatalyst. 
Moreover, it consists of only non-metal constituents, such as carbon, nitrogen, and 
some content of hydrogen that are earth abundant. Notably, the g-C3N4 possesses 
multifarious applications i.e. photocatalytic hydrogen production, organic pollutant 
decontamination from water, sensing, bio-imaging and energy conversion etc. 
(Wang et  al. 2009, Gao et  al. 2015, Hou et  al. 2016). Figure  10.1 shows extra- 
ordinary characteristics and multifarious applications of g-C3N4.

10.1.1  Historical Backdrop and Structure of g-C3N4

History of C3N4 goes back to 1834 when scientist named Berzelius synthesized tri- 
s- triazine based linear polymer and was alluded to as “melon” by another scientist 
named Liebig (Wang et al. 2015b). For more than 1.5 century, scientific study on 
such material remained inactive up to 1989, when M. L. Cohen and A. Y. Liu pre-
dicted an ultra-hard covalent compound β-C3N4 having resemblance to β-Si3N4 
(Liebig 1834). Franklin was first to portray the closer insights into these structures 
and familiarize the concept of C3N4 “carbonic nitride” in 1922. He proclaimed that 
C3N4 may be attained like the ultimate product of deammoniation of the series of 
ammono-carbonic acids (Franklin 1922). Inspired from a theoretical prediction 
about ultra-hardness (more than diamond) property of this material, Liu and Cohen 
successfully prepared β-C3N4 by using pulsed laser ablation in 1993. Moreover, 
β-C3N4 presented marvelous hardness, improved Si and Ni substrate’s adhesion and 
great thermal stability (Liu and Cohen 1989). There exist many allotropic forms of 
C3N4 i.e. α-C3N4, β-C3N4, π-C3N4, pseudocubic C3N4, g-C3N4 having bandgaps of 
5.5, 4.85, 4.3, 4.13, and 2.7  eV respectively (Niu and Lu 1993, Semencha and 
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Blinov 2010). However, g-C3N4 is relatively more stable. The timeline development 
and history of carbon nitride is presented in Fig. 10.2.

The g-C3N4 exhibits yellow-colored polymers in powder form with exceptional 
physiochemical characteristics that can be prepared easily by thermal treatment of 
inexpensive feedstocks like melamine, thiourea, urea, cyanamide or dicyandiamide 
as shown in Fig. 10.3a (Dong et al. 2014, Kumar et al. 2014, Wang et al. 2015a, 
Mamba and Mishra 2016). Its electronic band structure and photocatalytic 

Fig. 10.1 Illustrating the noticeable properties and multifarious applications of g-C3N4

Fig. 10.2 Presenting the historical backdrop of graphitic carbon nitride (g-C3N4)
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degradation mechanism is shown in Fig. 10.3b. It is usually accepted that condensed 
tri-s- triazine (C6N7 in Fig. 10.3c) is the primary subunit in the g-C3N4 formation. 
This type of possible structure is energetically favorable and more stable than 
another suggested s-triazine unit (C3N3 in Fig. 10.3d). g-C3N4 is stable (thermally) 
in air up to 600  °C because of aromatic C-N heterocycles. Moreover, in acidic, 
alkali or organic solvents, g-C3N4 cannot be dissolved that makes it an auspicious 
chemically stable robust material.

10.2  Motivation Behind the Composites

Immediate electron-hole (e−-h+) pair recombination is generated by photon. Less 
ability to utilize visible spectrum of light effectively, large contact resistance, and 
low conductivity along with having small surface area of pure carbon nitride limits 
its photocatalytic efficiency. Because of the inimitable electronic structure with 
mild bandgap (2.7 eV), g-C3N4 is a promising nominee to make nanocomposites by 
combining with several functional materials in order to improve charge separation 
and to boost its performance.

Fig. 10.3 (a) Diagrammatic depiction of the preparation routes (thermal polymerization) of 
g-C3N4. The white, red, black, yellow and blue spheres represent H, O, C, S and N atoms, respec-
tively. Inset shows bulk g-C3N4 and (b) shows its charge transfer mechanism. (c) Illustrating the 
tri-s-triazine (heptazine) and (d) represents the triazine g-C3N4 structures. “(a) Reprinted with per-
mission from ref. (Ong et  al. 2016). Copyright 2016, American Chemical Society. (c and d) 
Reprinted with permission from ref. (Wang et  al. 2012). Copyright 2012, American Chemical 
Society”
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10.3  Types of Composites

10.3.1  Carbon/g-C3N4 Composites

There are two significant reasons to introduce carbon into g-C3N4 (CN) framework: 
first is enhancement in electrical conductivity (which is due to the presence of delo-
calized π-bonds in the carbons that greatly improves the transfer of electrons) and 
second is the absorption enhancement in visible light spectrum due to narrow 
bandgap.

Dong et al. (2012) used the first-principles DFT calculations to show that the 
conductivity of g-C3N4 boosted by substitution of bridging nitrogen atoms with 
carbon atoms. This was due to delocalized π-bonds (giant) formation between 
the replaced hexatomic rings and C- atoms. Moreover, enhancement in visible 
light absorption takes place by C-doping in C-self-doped g-C3N4 as band-gap 
narrows. Therefore, they also prepared C-self-doped g-C3N4 via pretreatment of 
melamine with absolute ethanol. Obtained C-self-doped g-C3N4 exhibited 
boosted electrical conductivity, enhanced surface area and improved visible light 
absorption. Consequently, it shows an improved photocatalytic behavior. The 
obtained results were in agreement with the theoretical calculations (Dong et al. 
2012). Ma et  al. (2014) have reported the synthesis of efficient catalysts (O2 
evolution). They synthesized it via carbon nanotubes and g-C3N4 nanosheets 
(g-C3N4 NS–CNT) to form porous composites. Because of high content of nitro-
gen gas and excellent transformation of charge and mass, the highest oxygen 
evolution reaction (OER) activity was observed by the porous three-dimensional 
nanostructure among non- metal catalysts. Moreover, their results showed that 
g-C3N4@NS–CNT material was more durable and efficient than noble-metal 
catalysts (Ma et al. 2014).

Ma et al. ( 2017) used chemical solution process to synthesize core-shell of car-
bon sphere with g-C3N4 owing to the dual (polymerization-depolymerization) nature 
of g-C3N4 (Fig. 10.4(a, b)). Smooth surface display of homogeneously distributed 
uniform carbon spheres is shown in Fig. 10.4(c). The uniform dispersion of carbon 
spheres in the g-C3N4 gel is displayed in Fig. 10.4(d). The core-shell of carbon@g-
C3N4 structure is achieved after calcinations of the carbon-protonated g-C3N4 
(Fig. 10.4(e,f)). The nanospheres having diameter of about 200 nm is displayed by 
TEM Fig. 10.4g. About 3 nm thick layer of g-C3N4 was distinguished from core-
shell structured carbon@g-C3N4 (Fig.  10.4h), which clearly verify the core-shell 
structures. The carbon@g-C3N4 is considered highly efficient metal-free VLD pho-
tocatalyst that can be used for large scale synthesis purpose. This material possesses 
expanded reachable surface area, boosted photocatalytic activity and improved 
charge separation (Ma et al. 2017).
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10.3.2  Metals/g-C3N4 Composites

To increase chemical productivity of g-C3N4, which is limited by fast e− and -h+ 
recombination, different expensive noble metals including Pt, Au, Pd, Ag or Rh 
have be used as co-catalyst. Typically, these co-catalysts prevent recombination of 

Fig. 10.4 Depolymerization-repolymerization mechanism for g-C3N4 (a), carbon@g-C3N4 prepa-
ration (b). Spheres of carbon, carbon spheres complexes and gel, core-shell based C@g-C3N4 
photocatalyst SEM images (c, d, e respectively), TEM images (f, g) and (h) HR-TEM Image of 
core-shell catalyst based on C@g-C3N4. “Reprinted with permission from ref. (Ma et al. 2017). 
Copyright 2017, American Chemical Society”
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charge by acting as electrons traps which results the enhanced photocatalytic effi-
ciency. However, their practical applications are restricted owing to their high cost.

Different methods such as photodeposition, reduction or impregnation methods 
are used to load Platinum (Pt) over g-C3N4 surface. e.g. Chen and co-workers used 
photo-deposition method in order to prepare g-C3N4 doped with Pt. They used 
H2PtCl4 and g-C3N4 as precursors (Chen et al. 2009). Zeng et al. (2005) have worked 
on the Pt catalyst preparation supported on C3N4 nanotubes via borohydride reduc-
tion method. Yu et al. (2014) successfully synthesized the Pt doped g-C3N4 nano-
composites, which showed the good performance for solar light photocatalysts for 
CO2 reduction. g-C3N4 was prepared by thiourea thermolysis at 550 °C, after that Pt 
was deposited on g-C3N4 to make these nanocomposites. The nanoparticles (NPs) of 
Pt behaved like an efficient co-catalyst that greatly affected the product generation 
selectivity. In this way, photoactivity of g-C3N4 was improved. Their work not only 
indicated the selectivity and photoactivity of g-C3N4 for reduction of CO2 due to 
incorporation of Pt NPs but also showed that CO2 changed easily into hydrocarbon 
solar fuels (precious) i.e., HCHO, CH3OH and CH4 at ambient temperature and 
pressure (Yu et al. 2014).

Zhang et al. ( 2014) adopted photo-deposition method in order to prepare Rh-g- 
C3N4. They prepared controlled size Rh nanoparticles (4–9 nm) by using a caping 
agent such as polyvinyl pyrrolidone (PVP). Their results indicated that as prepared 
composite was found active for water splitting (photocatalytic) under visible light 
(Zhang et al. 2014). (Navlani-García et al. 2018) stated the construction of Ru/C/g- 
C3N4 through the standard impregnation method. In Fig. 10.5, TEM micrographs 
and their respective histograms of as-prepared catalysts are shown. Their results 
indicated that resulting samples are endowed with excellent stabilization of Ru 
nanoparticles. So, as prepared photocatalysts showed excellent catalytic results in 
the dehydrogenation chemical reaction of ammonia borane (Navlani-García 
et al. 2018).

Samanta et al. (2014) used deposition-participation method in order to prepare 
Au–g-C3N4. They used HAuCl4, urea solution and g-C3N4 powder as precursors. 
Their results show that developed semiconductor material showed improved hydro-
gen production photocatalytic performance under visible light (Samanta et al. 2014).

Chang et al. (2014) adopted a simple citrate-reduction technique to synthesize 
Au–g-C3N4 nanocomposites. They used precursors like sodium citrate solution, 
g-C3N4 and HAuCl4 in their work. Their results showed that as-prepared nanocom-
posites are efficient nominee for photoelectro-oxidation of small organic molecules 
and formic acid, as they are carbon-monoxide (CO) poisoning free, increase the 
oxidation current, and lowers the potential of oxidation (Chang et al. 2014).

Chang et al. (2013) reported the synthesis of polymer based on mesoporous gra-
phitic carbon nitride modified with Pd (Pd/ mpg-C3N4). They got this polymer by 
strong magnetic stirring of the mixture of PdCl2 solution in equal amount of mpg- 
C3N4. Potassium boron hydride (KBH4) was added in the reaction mixture simulta-
neously. They have used the as-prepared polymer for the bisphenol A (BPA) 
decontamination. Moreover, it showed enhanced photocatalytic activity due to dop-
ing of Pd (Chang et al. 2013).
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Fig. 10.5 TEM micro-graphs with the relevant distribution histogram (NP size) of Ru/g-C3N4 (a), 
C(0.1) Ru/ g-C3N4 (b), C(0.5)Ru/ g-C3N4 (c), C(1.0)Ru/ g-C3N4 (d), C(2.0) Ru/ g-C3N4 (e) and 
C(4.0) Ru/ g-C3N4 (f). “Reprinted with permission from ref. (Navlani-García et al. 2018). Copyright 
2017, Elsevier”
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10.3.3  Metal Oxides/g-C3N4 Composites

This section focuses on coupling of different metal-oxides namely TiO2, ZnO, WO3, 
CuO, Fe2O3, MnO2, NiO, etc. with g-C3N4 to make nanocomposites. Before opening 
the discussion on metal oxide/g-C3N4 composites, we first introduce two main types 
of heterojunctions that are mostly possessed by g-C3N4-based nanocomposites: (1) 
Type II heterojunction and (2) Z-scheme heterojunction system. These two systems 
of heterojunction have shown exceptional results for a cornucopia of CO2 conver-
sion for energy-bearing fuels, water splitting to H2 and O2, bacteria disinfection and 
pollutant decontamination. Therefore, the engineering of heterostructured compos-
ites based on g-C3N4 at distinct nanoscales will indubitably enrich the VLD photo-
catalysts family in a more rational way.

In a typical heterojunction of type-II, conduction-band and valence-band are 
higher for semiconductor A (SC A) as compared to semiconductor B (SC B). This 
can be seen in Fig. 10.6(a). Consequently, under the light irradiation, the photogen-
erated e−‘s will flow from CB of SC ‘A’ towards CB of SC ‘B’ due to the alignment 
of band. In the meantime, the photogenerated h+‘s from the VB of SC ‘B’ moves to 
VB of SC ‘A’. Whereas, photogenerated e−‘s and h+‘s correspondingly a mass on SC 
‘B’ and SC ‘A’. So, e−‘s and h+‘s spatial separation can be achieved for increasing 
the photocatalytic activity with a photocatalyst having heterojunction of type-II. But 
there are some apparent issues that hamper the widespread application of photocata-
lysts with heterojunction of type-II. Such as, oxidation and reduction reactions in 
photocatalysts with heterojunction of type-II system, respectively, arise for SC ‘A’ 
with a low oxidation potential and SC ‘B’ with a low reduction potential. 

Fig. 10.6 Mechanism of charge migration and separation by two types of heterojunction systems; 
(a) Type-II and (b) Z-scheme (direct) constructed on two distinct semiconductors (SCs). “Reprinted 
with permission from ref. (Low et al. 2017). Copyright 2017, Elsevier”
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Consequently, there will be great reduction in redox ability of photocatalysts with 
heterojunction of type-II system. Furthermore, hole–hole or due to electron–elec-
tron electrostatic repulsion, it is hard for e−‘s in SC ‘A’ and h+‘s in SC ‘B’ to respec-
tively transfer to the electron-rich conduction band of SC ‘B’ and the hole-rich 
valence band of SC ‘A’. So, there is need to develop photocatalytic systems with 
novel heterostructure to overwhelmed these issues (Low et al. 2017).

Specifically, a Z-scheme (direct) photocatalyst’s structure is analogous to type-II 
heterojunction photocatalyst (Fig.  10.6). Nonetheless it has a slightly different 
charge-carrier transfer mechanism. In particular, the charge-carrier transfer path-
way of a typical direct Z-scheme is similar to the alphabet “Z” (Fig. 10.6b). During 
photocatalysis, photogenerated e−‘s in SC ‘B’, with minor reduction capacity, 
recombine with photogenerated h+‘s in SC ‘A’ with minor oxidation capacity 
(Fig. 10.6b). Hence, photogenerated e−‘s in SC ‘A’ having high reduction ability can 
be maintained with photogenerated h+‘s in SC ‘B’ having high oxidation capacity. 
Consequently, it is possible to optimize the redox capacity of the Z-scheme (direct) 
photocatalyst. Moreover, for the direct Z-scheme photocatalyst charge-carrier 
migration should be more feasible physically as-compared to that of the photocata-
lysts with type-II heterojunction system. It is due to e−-h+ electrostatic attraction 
that makes it more favorable to transfer photogenerated e−‘s from the conduction 
band (CB) of SC ‘B’ to the hole-rich (photogenerated) valence band (VB) of SC ‘A’ 
(Low et al. 2017).

Titania (TiO2) is abundantly occurring metal oxide with bandgap of 3.2 eV acts 
as a UV-active photocatalyst. Owing to its properties, it is the most appropriate 
choice to couple with g-C3N4. For instance, Zhou et al. (2012) documented the for-
mation of g-C3N4/TiO2 nanotube array heterojunction via a simple electrochemical 
process, presenting highly effective visible-light performance as compared to both 
TiO2 nanotube and bare g-C3N4 (Zhou et al. 2012).

In another report, Sridharan et al. ( 2013) presented the synthesis of g-C3N4/TiO2 
via a thermal transformation synthesis route. They used degradation of methylene 
blue and reduction of harmful Cr (VI) ions to assess the efficiency of the synthe-
sized heterostructure (Sridharan et al. 2013). Yu et al. (2013) stated the process of 
Z-scheme g-C3N4 /TiO2 heterostructure by means of one-step calcinations tech-
nique. For formaldehyde’s decomposition in air, the prepared material showed 
effective photocatalytic response. Mechanism proposed for charge transfer and 
separation for as-prepared composites is demonstrated in Fig. 10.7. For pure TiO2, 
the fast recombination of e−‘s and h+‘s limits the photocatalytic activity. The 
Z-scheme heterojunction structure is formed when surface of TiO2 nanoparticles is 
partially covered by nanoparticles of g-C3N4 with an optimal content (U100 sample) 
Fig. 10.7(a, b). Notably the g-C3N4 content should be carefully controlled. When the 
g-C3N4 content surpass a specific amount, the surface of TiO2 will be entirely shel-
tered by g-C3N4 (U200, U500 samples) as shown in Fig. 10.7c. Consequently, due 
to the shield effect of g-C3N4, the light intensity fall on the surface of TiO2 particles 
will reduces. So, the photocatalytic efficiency will reduce due to reduction in photo-
generated e−‘s and h+‘s. Moreover, photo-generated e−‘s may transfer to g-C3N4 
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surface, but h+‘s can’t transfer to the composite’s surface to interact with H2O, OH−, 
and HCHO. Hence, layer of g-C3N4 will act as recombination centre of photo-cre-
ated e−‘s and h+‘s. So, for the samples (U200 and U500), the photocatalytic activity 
rapidly decreases (Yu et al. 2013).

The calcination with in-situ micro-emulsification was used to prepare an innova-
tive nanocomposite of foamed titania-carbon nitride (FTCN) (Shakeel et al. 2018). 
Enhanced the absorption of visible light and reduction in electron-hole pair recom-
bination resulted because of its foamy structure. The extraordinary performance of 

FTCN, the as-synthesized material was further investigated to degrade two stable 
organic colors RhB and MB for small intervals compared to both foamed titanium 
(FT) and bare g-C3N4 (Shakeel et al. 2018).

Li et al. (2019a) used annealing process to synthesize g-C3N4@TiO2 nanostruc-
tures with morphology of the hollow sphere, high crystalline quality, elevated sur-
face area, and small grain size. They used TiO2 hollow sphere and melamine as 
precursors in order to synthesize nanoheterojunction. SEM images of pure TiO2 and 
different samples of g-C3N4@TiO2 nanostructures are shown in Fig. 10.8. The pre-
pared nanostructures showed efficient separation of charges and absorption of visi-
ble light which leads to enhanced photocatalytic water splitting activity (466.43 
μmolg−1 h−1) during H2 generation (Li et al. 2019a).

Besides TiO2, Zinc oxide is an alternative eminent MO having bandgap approxi-
mately 3.2 eV. It is an n-type inorganic semiconductor with low cost, high quantum 
efficiency, good oxidation potential, environmentally benign property and appre-
ciable photocatalytic activity as compared to TiO2 towards several pollutants. 
However, ZnO in pure form shows few deficiencies including poor ability to utilize 
visible light, photocorrosion and high recombination rates of charge carriers. To 
enhance its photocatalytic performance, it appears acceptable to hybridize ZnO 
with g-C3N4.

Fig. 10.7 Shows a separation of charges and migration in Z-scheme g-C3N4/TiO2 heterostructure 
using UV light. “Reprinted with permission from ref. (Yu et  al. 2013). Copyright 2013, Royal 
Society of Chemistry”

Fig. 10.8 (a, b, c, d) are SEM images of pure TiO2, GCNTO1, GCNTO2 and GCNTO3 respec-
tively. “Reprinted with permission from ref. (Li et al. 2019a). Copyright 2019, American Chemical 
Society”
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Under refluxing conditions, cone and dumbbell like shaped g-C3N4/ZnO was 
synthesized via facile wet-chemical approach (Fageria et al. 2015). FESEM images 
of as-synthesized heterostructures are shown in Fig. 10.9. They used degradation of 
phenol and MB to assess the photocatalytic capabilities of as-synthesized hetero-
structures. As compared to g-C3N4, boosted photocatalytic performance was shown 
by both heterostructures in degradation of phenol and MB. Both heterostructures 
took about 2.3  hours to degrade MB 99%. Dumbbell shaped g-C3N4/ZnO took 
2.5  hours and cone shaped g-C3N4/ZnO took about 2.8  hour to degrade phenol 
100%. Dumbbelled shape g-C3N4/ZnO showed higher photoactivity due to large 
surface area (45.35m2/g) as-compared to conic shape g-C3N4/ZnO (23.67  m2/g) 
(Fageria et al. 2015).

Yu et al. (2015) prepared g-C3N4@ZnO composite by one-step calcination tech-
nique. This direct Z-scheme heterostructure composite showed better photocatalytic 
performance for the reduction of CO2 as related to both its components. They pro-
posed that Z-scheme (direct) mechanism is responsible for boosted photoactivity 
performance. The difference between heterojunction of type-II and Z-scheme 
(direct) photocatalysts is shown in Fig. 10.10 (Yu et al. 2015).

Fig. 10.9 FESEM images (a and b) of dumbbelled-shape g-C3N4/ZnO at low resolution and at 
high-resolution respectively. (c and d) FESEM images of cone-shaped g-C3N4/ZnO at low and 
high resolution respectively. “Reprinted with permission from ref. (Fageria et al. 2015). Copyright 
2015, Royal Society of Chemistry”

Fig. 10.10 Illustrating the charge two different charge separation mechanisms. (a) is conventional 
heterojunction while (b) is Z-scheme mechanism. “Reprinted with permission from ref.(Yu et al. 
2015). Copyright 2015, Royal Society of Chemistry”
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Apart from UV-active titania (TiO2) and zinc oxide (ZnO), 2D tungsten trioxide 
(WO3) have attracted considerable interest because of its narrow bandgap 
(2.6–2.8 eV), resilience to photocorrosion and non-toxicity. Owing to these proper-
ties it is suitable material to use in solar applications. But its efficacy is  hindered 
because of prompt recombination rate of charge carriers due to its lower conduction 
band (CB) edge potential. So, as to improve its photocatalytic performance, it is 
recommended to make couple with another semiconductor material. In this regard, 
coupling it with g-C3N4 is most promising technique (Yan et  al. 2016, Chen 
et al. 2019).

WO3/g-C3N4 composite was firstly synthesized by a quite simple calcination 
technique (Huang et al. 2013). Using visible light, they evaluated the photocatalytic 
performance of these composites and obtained better results for degradation of MB 
dye as compared to pristine graphitic carbon nitride. The boosted performance was 
attributed to synergistic effect due to both components and the fabrication of type-II 
heterojunction. Migration of photo-generated e-, s from g-C3N4 to tungsten oxide 
(WO3) took place whereas the h+, s was transferred from tungsten oxide (WO3) to 

Fig. 10.11 (a) Suggested mechanism for the MB photodegradation on WO3/g-C3N4; (b) 
Photocatalytic efficiency of MB degradation by WO3; g-C3N4, blend and WO3/g-C3N4 composites. 
(c) Probable acetaldehyde decontamination mechanism using WO3/g-C3N4; (d) Shows graph of 
CO2 concentration variation caused by acetaldehyde degradation verses irradiation time under vis-
ible light in the presence of WO3, g-C3N4 and WO3/g-C3N4 composites. “(a and b) Reprinted with 
permission from ref.(Huang et al. 2013). Copyright 2013, Royal Society of Chemistry, (c and d) 
“Reprinted with permission from ref.(Katsumata et al. 2013). Copyright 2013, Elsevier”
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g-C3N4. The heterojunction of Type-II helped to minimize the rate of charge carri-
er’s recombination drastically as shown in Fig. 10.11 (a). Moreover, PL quenching 
by as-prepared composites was less than that of g-C3N4. MB degradation efficiency 
by various materials is shown in Fig. 10.11(b) (Huang et al. 2013).

Katsumata et al. (2013) documented the preparation of WO3/g-C3N4 photocata-
lysts using mechanical mixing technique via an agate mortar. These VLD photo-
catalysts were used in decontamination of organic gas pollutants i.e. acetaldehyde. 
Figure 10.11(c) displays both semiconductors WO3 and g-C3N4 have energy band-
gaps of 2.65 and 2.70 eV respectively. This implies they are active under visible 
spectrum of light to generate photo-induced charge carriers (e− and h+‘s). Valence 
band (VB) maximum and conduction band (CB) minimum corresponding to g-C3N4 
were 1.57 and − 1.13 eV, respectively. While for WO3 valence band maximum and 
conduction band minimum was 3.15 and 0.5  eV respectively. Subsequently CB 
potential 0.5 eV of WO3 is higher than −1.13 eV of g-C3N4, so photo-excited e−‘s 
directly transferred from conduction band of g-C3N4 to conduction band of WO3. 
Likewise, the VB edge +1.57 eV of g-C3N4 is lower than +3.15 eV of WO3. So, 
photo-created h+‘s transferred directly from WO3 VB to g-C3N4 VB. The relocation 
of e−‘s on one side of the junction and h+‘s on the other side significantly declines 
the recombination of e− and h+‘s. Consequently, the photocatalytic output of WO3/g-
C3N4 was boosted due to promising structure of heterojunction, large surface area 
and the favorable band-edge positions. When acetaldehyde degraded, it transform 
into CO2 (final product). In Fig. 10.11(d), the graph between change in CO2 concen-
tration caused by acetaldehyde degradation and irradiation time under visible light 
in the existence of as-synthesized samples has displayed (Katsumata et al. 2013).

Different binary composites of WO3/g-C3N4 were synthesized using an easy cal-
cination with one-step process and then systematically evaluated for physiochemi-
cal properties (Chang et al. 2019). TEM, HRTEM, and SEM images of as-prepared 
composites are presented in Fig. 10.12(a, b, c). Remarkably, the resulting compos-
ites displayed porous morphology along some tube-like structures. The formation 
of Z-heterojunction along with large specific surface area and enhanced absorption 

Fig. 10.12 Showing the TEM, HRTEM and SEM (along partial magnification inset) image of 
WO3/g-C3N4 composite (a, b & c respectively). “Reprinted with permission from ref.(Chang et al. 
2019). Copyright 2019, Elsevier”
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capacity of visible-light supported these composites to show strengthened photo- 
degradation activity towards MB and RhB (Chang et al. 2019).

Duan et al. (2018) reported CuO/g-C3N4 nanosheets synthesized by novel one- 
pot method. Ammonium nitrate based thermal condensation of copper nitrate and 
melamine leads to form CuO/g-C3N4 catalysts. Performance of as-prepared cata-
lysts was observed in the degradation of salicylic acid (SAL) under visible-light 
irradiation. Highest catalytic activity was shown by g-C3N4/CuO(1.0 wt%), more 
than 100% which is much greater than pure g-C3N4. The p-n heterojunctions formed 
between g-C3N4 and CuO caused the excellent separation of e−-h+ pairs (photogen-
erated) and hence visible light absorption was increased, which ultimately boosted 
photocatalytic properties. Moreover, exceptional stability was shown by CuO/g- 
C3N4 composites (Duan 2018). Liu et al. (2016) have synthesized g-C3N4/α-Fe2O3 
composites by pyrolysis of Prussian blue and melamine having the vast potential in 
sensors and energy storage applications. XRD patterns and TEM images of as-syn-
thesized samples have shown in Fig.  10.13 (a-d). SEM and AFM images of the 
prepared heterostructure composite have also shown in Fig. 10.13 (e, f). The as- 
prepared composite exhibited a large specific surface area, presented high specific 
capacitance with good cyclic stability in the supercapacitor and outstanding electro-
catalytic activity was shown. Moreover, for non-enzymatic detection of glucose 
(low detection limit), the composite based electrode was used extensively. Good 
anti-interference and stability performance was exhibited by as-prepared 

Fig. 10.13 (a) XRD Pattern of pristine g-C3N4 (x), α−Fe2O3 (y), the g-C3N4/α-Fe2O3 composites 
(z); the TEM images of g-C3N4 (b), the α − Fe2O3 (c), the g-C3N4/α-Fe2O3 heterostructure compos-
ites (d); the SEM and AFM images of the g-C3N4/α-Fe2O3 composites (e & f). Reprinted with 
permission from ref.(Liu et al. 2016). Copyright 2016, Elsevier”
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composites. Furthermore, its use in K-ion battery fabrication due to presence of K 
ions was also suggested (Liu et al. 2016).

Wang et al. (2017b) fabricated a novel 2D-2D heterojunction composite MnO2/
g-C3N4 for very first time in history. They reduced KMnO4 and MnSO4·H2O 
(adsorbed on the surface of g-C3N4) via simple in-situ redox reaction. Synthesized 
composite showed well matched structure (band) and large specific surface area, 
which caused the separation of photo induced charge carriers and light-harvesting 
ability was increased which imparted the excellent photocatalytic activity for the 
prepared composite to reduce CO2 (photo reduction) (Wang et  al. 2017b). Tang 
et al. (2018) used method of hydrothermal deposition along with subsequent calci-
nation route for fabrication of heterojunction composite NiO/g-C3N4. SEM images 
of g-C3N4, Pure NiO and NiO/g-C3N4 composite are shown in Fig. 10.14(a, b, c). 
As-prepared composite possessed excellent transfer of charge within the p-n junc-
tion and good band matching. Consequently, the as-prepared composites showed 
high specific surface area, good response towards visible light and enhanced photo-
generated e−-h+ pairs separation. Therefore, highly good photoreduction perfor-
mance for CO2 was observed by heterojunction composite (Tang et al. 2018).

10.4  Why Metal Oxides/g-C3N4 Composites?

Metals are refined form of ores, when they react with oxygen in the air. They pro-
duce respective metal oxides (MO). So, MO are indubitably ores and are basic in 
nature and neutralization takes place when they react with acids. Noble metals, 
however, are costly and can pollute the environment. The synthesis methods for 
attaining metal/g-C3N4 composites is also hard to regulate and can readily introduce 
impurities that can restrict their catalytic impact. Consequently, scientists should 
embrace inexpensive and environmentally benign materials to prepare g-C3N4 based 
composites in future studies. So, metal-oxides, in this regard are an exciting class of 
materials which display distinctive characteristics including mechanical stress tol-
erance, elevated optical transparency, outstanding carrier mobility etc. The syner-
gistic effect of both g-C3N4 and MO results in enhanced stability, visible light usage, 
separation and transfer of charges and more effective oxidizing species formation. 

Fig. 10.14 Presenting the SEM images of g-C3N4 (a), Pure NiO (b) and NiO/g-C3N4 composite 
(c). “Reprinted with permission from ref.(Tang et al. 2018). Copyright 2018, Elsevier”

F. K. Butt et al.
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Consequently, MO/g-C3N4 composites show boosted efficiency and overall 
performance.

10.5  Applications of g-C3N4

10.5.1  Batteries

In an electrochemical storage system, versatile batteries play a crucial role. 
Commonly, there are three types of batteries: rechargeable batteries, ultra-batteries, 
and flow batteries. The secondary battery is the other name of rechargeable battery 
because it has the ability to charge/discharge into a load and recharge repeatedly. 
Using distinct reversible electrochemical reactions, energy is accumulated and 
stored by these batteries. The features like a long lifetime and environmental friend-
liness make them promising candidate in large-scale applications. The large size 
and weight along with higher price are their few limitations. Ultra-battery is a hybrid 
device combining lead-acid battery technology with ultra-capacitor technology in 
one cell and a common electrolyte. So, it is another efficient alternative to store and 
transform intermittent energy. Flow batteries operate by moving a liquid solution 
across a membrane. Exchange of ions takes place on this membrane. With the help 
of the Nernst equation, their voltage can be determined. Fast response time and flex-
ible layout are favorable features of these batteries, whereas their energy densities 
are lower than rechargeable batteries (Guo et al. 2018).

In 1991, rechargeable lithium ion batteries (LIBs) were first marketed to the 
public sector and were then used globally in portable electronic devices and electric 
vehicles. LIBs have steadily turned out to highly significant energy storage devices 
because of their light weight, high energy density and long cycle life. The main 
components of LIBs including: a solid-state electrolyte, separator, a cathode, and an 
anode. Lithium ions (Li+) transfers from anode to cathode during charging and 
reverse movement during discharge take place in these batteries. There has been a 
lot of effort to optimize the materials of the electrode, particularly anodes.

The g-C3N4, being a 2D layered material has a great potential to use in LIBs as 
anode. However, low electrical conductivity, unstable SEI (solid electrolyte inter-
phase) formation during lithiation/de-lithiation processes along with the pulveriza-
tion and aggregation of electrodes are shortcomings still faced by it to store Li+. To 
overcome these shortcomings, metal-oxides are expected to integrate with g- C3N4 
to form composites (Veith et al. 2013).

Li et al. (2015) used productive low-temperature solution process to fabricate 
smart Zn2GeO4 /g-C3N4 composites. A synergistic effect was generated by the com-
bination of both active elements in as-prepared hybrids. In LIBs, these smart com-
posites act as anode material and showed improved electrochemical Li+ storage. 
These anode materials showed remarkable rate capability (950  mA  h  g−1 at 
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2000 mA g−1) and outstanding reversible capacity (1370 mA h g−1 at 200 mA g−1) 
after 140 cycles (Li et al. 2015).

Senthil et al. (2017) reported the preparation of Titania nanoparticles coated by 
N-rich carbon nanosheets (TCNS) through self-assembly approach along with heat 
treatment. As-synthesized material used as anode in advanced LIBs. By optimized 
CNS loading resulting nanocomposite displayed high rate capability, specific capac-
ity, and cycle stability. These capabilities credited to the combination of both pseu-
docapacitive and diffusion (intercalative) storages of TCNS core-shell playing at 
interfaces of NPs and over the nanosheet’s surface. For first and second cycles the 
charge/discharge voltage profiles at 0.1C rate (1C = 335 mA/g) in 1.0–3.0 V voltage 
window is showed in Fig.  10.15a. In order to obtain further information about 
charge storage, differential capacity was evaluated and plotted at a particular current 
density of 35 mA/g for the first and second discharge-charge cycles Fig. 10.15b. The 
wide peak resided between 2.55 and 2.05 V during the initial cycle is ascribed to the 
electrolyte’s surface reaction with CNS forming the solid electrolyte interphase 
layer. At 1.75 V another peak was noticed for the cathodic reaction caused by the 
insertion of lithium into the titania. A peak emerged in anodic scan at 1.98 V, which 

Fig. 10.15 (a, b, c, d) shows their charge-discharge sketches, differential capacity graph, cyclic 
voltammogram at 0.1 mV s−1 and 0.5–5 mV s−1 scan rates respectively. “Reprinted with permission 
from ref. (Senthil et al. 2017). Copyright 2017, Elsevier”

F. K. Butt et al.
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was almost same in the second cycle owing to Li+ de- insertion. In the potential win-
dow of 1.0–3.0 V, the voltammogram curves were conducted at 0.1 mV.s−1 scan rate 
(Fig. 10.15c). Storage mechanism and pseudocapacitive behavior of TCNS were 
further explained by using voltammogram curves recorded at distinct scanning rates 
0.5  mV.s−1- 5.0  mV.s−1 (Fig.  10.15d). Cyclic Voltammetry (CV) results showed 
slight variation in peak current revealing a high stability and recyclability of the 
electrode. Moreover, TCNS anode delivered a remarkable capacity of 303 mA h g−1 
over 125 cycles at current rate of 0.1C. It further shows an incredible rate capability 
(136 mA h g−1 after 500 cycles) at 5C (Senthil et al. 2017).

10.5.2  Supercapacitors

In recent decades, renewable energy demand of storage devices has gained much 
attention. Lithium Ion Batteries (LIBs) were successfully used for the renewable 
energy storage having elevated energy density. But, for the future generation hybrid 
vehicles, high power electronic devices and regenerative braking system energy 
storage devices should have large life cycle, low cost, high power density and high 
safety. Supercapacitors (SCs) are proposed candidates for the partial/complete 
replacement the LIBs. SCs have excellent cycle stability, safe charge storage mech-
anism, high power density, wide temperature range of performance and fast charg-
ing discharging (Periyat et al. 2018). The comparison between double layer capacitor 
and pseudo-capacitor is shown in Fig. 10.16 (Gulzar et al. 2016).

Recently, g-C3N4 has gained much consideration as an electrode material in 
EDLC due to its large surface area and good pore distribution. However, due to less 
chemical activity and very low conductivity of g-C3N4, its efficiency is not satisfac-
tory. For the purpose of enhancing the efficiency of this material as electrode in SCs, 

Fig. 10.16 Comparison of Double layer capacitor and Pseudo-Capacitor. “Reprinted with permis-
sion from ref. (Gulzar et al. 2016). Copyright 2016, Royal Society of Chemistry”
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attentions were paid towards fabrication of nano sized g-C3N4 and its composites 
with other compounds (Li et al. 2017). Metal oxides in pseudo-capacitors, upsurge 
the surface redox reactions and hence, specific capacitance was enhanced as elec-
trode material. Liu et al. (2016) have found by their work that by combining the 
g-C3N4 along with MO (metal oxides), new doors for its applications could be 
opened i.e. energy storage devices and electrochemical sensors.

Periyat et al. (2018) used one pot method as well as reduction method to synthe-
size the nanocomposites of g-C3N4/SnO2 and g-C3N4/MnO2. FESEM and TEM 
analysis was done to investigate the morphology of microstructures. MnO2 with 
flower like morphologies were uniformly distributed in the g-C3N4 matrix as pre-
sented in Fig. 10.17a. While growing MnO2 phase on g-C3N4 sheets MnO2 crystal-
lize in nanoflakes morphology. Self-assembly of molecules is experienced by these 
nanoflakes exhibiting high energy of surface for the formation of more stable MnO2 
nanoflowers on the g-C3N4 sheets. Concentric rings in selected area electron diffrac-
tion (SAED) pattern reveals the fact that MnO2 phases were observed in partially 
crystalline state and not in pure crystalline form as shown by XRD patterns. 
Precipitation of SnO2 was done over the g-C3N4 phase in spherical morphology and 
they are more crystalline as compared to the phase of MnO2 which can be observed 
in Fig. 10.17(b, d). TEM image of g-C3N4/SnO2 is shown in Fig. 10.17c. FESEM 
images shown in Fig. 10.17(e, f) respectively were used to determine the constituent 
phases interaction and morphology of surface in the composites (g-C3N4/MnO2 and 

Fig. 10.17 Illustrating the TEM images of (a) g-C3N4/MnO2 and (c) g-C3N4/SnO2, (e & f) FESEM 
and (b & d) SAED patterns of the composites g-C3N4/MnO2 and g-C3N4/SnO2 respectively. 
“Reprinted with permission from ref. (Periyat et  al. 2018). Copyright 2018, Royal Society of 
Chemistry”

F. K. Butt et al.
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g-C3N4/SnO2). Proper mixing of metal oxide nanostructure over g-C3N4 phase can 
be verified by using SEM images (Periyat et al. 2018).

The isotherms (Nitrogen adsorption-desorption) of different electrode samples 
were measured. The surface areas calculated from given isotherms were 70.2, 38.2 
and 32.8  m2g−1 for g-C3N4/MnO2, g-C3N4/SnO2 and g-C3N4 respectively. Due to 
large pore volume and increased surface area, g-C3N4 more efficiently interacts at 
large scale with the number of electrolytes for improving the electrochemical per-
formance than that of g-C3N4/SnO2. Fig. 10.18 (a, b, c) displays the CV curves at 5, 
10, 20, 30, 50 and 200 mV/s for g-C3N4, g-C3N4/SnO2, and g-C3N4/MnO2 electrodes 
based supercapacitors respectively. At 20 mV/s scan rate, the comparison of CV 
loops of distinct supercapacitors prepared from different electrode materials have 
been displayed in Figure 10.18d (Periyat et al. 2018).

Fig. 10.18 Different scan rates cyclic voltammograms of (a) g-C3N4 (b) g-C3N4/MnO2 (c) g-C3N4/
SnO2 (d) CV loops comparison of the various supercapacitor devices (scan rate of 20 mVs−1). 
“Reprinted with permission from ref. (Periyat et  al. 2018). Copyright 2018, Royal Society of 
Chemistry”
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10.5.3  Electrocatalysis

The concept of a catalyst is defined as a substance that can change the velocity of a 
certain chemical reaction without any chemical change in itself. For electrocataly-
sis, this definition can be extrapolated directly. An electrode material that remains 
unchanged during a Faradaic reaction is called electrocatalyst. These are generally 
heterogeneous catalysts, which implies that reaction occur on the catalyst surfaces. 
Also, on the electrocatalyst surfaces there are steps of adsoprtion/desoprtion. At low 
potential, an excellent electrocatalyst should display elevated current density.

An efficient and low-cost g-C3N4-LaNiO3 (CNL) composite was fabricated (Wu 
et al. 2016). For lithium-oxygen (Li-O2) batteries, as-prepared material acted as bi- 
functional electrocatalyst. In an alkaline electrolyte, CNL catalysts display enhanced 
electrocatalytic rate for both ORR and OER, as-compared to its individual compo-
nents. At a current density of 50 mA/g, the first charge and discharge profiles of 
10 wt.% CNL, LaNiO3 and XC-72 in the Li-air batteries were compared (Fig. 10.19a). 
Specifically, CNL displays the initial discharge capacity of 5500 mAh/g, superior to 

Fig. 10.19 (a) shows curve for first charge/discharge at 50 mA g−1 using air electrodes of LaNiO3 
XC-72 carbon and CNL 10%; (b, c, d) cells discharge/charge curve at 250 mA g−1 using air elec-
trodes of CNL 10%, LaNiO3 & XC-72 carbon respectively. “Reprinted with permission from ref. 
(Wu et al. 2016). Copyright 2016, Nature Publishing Group”

F. K. Butt et al.
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both XC-72 carbon (3600 mAh /g) and LaNiO3 (4600 mAh /g). It is also evident 
that the CNL catalyst discharge voltage plateau was ~2.8 V, greater than the XC-72 
carbon (~2.7 V) and LaNiO3 (~2.7 V). For CNL charge voltage plateau was ~4.0 V, 
lower than XC-72 carbon (~4.4 V) and LaNiO3 (~4.3 V). CNL’s lower voltages sug-
gest greater catalytic activity compared to XC-72 and LaNiO3. Additionally, as 
shown in (Fig. 10.19b), CNL catalyst displayed 65 cycles between 2.6 V to 4.7 V 
voltage window. While the XC-72 carbon and LaNiO3 catalyst output is only up to 
25 and 32 cycles respectively. Moreover, in Li-O2 batteries, CNL showed enhanced 
cycling stability, lower overpotential and round-trip efficiency. Their results recom-
mended that in Li-O2 batteries, CNL are favorable cathode catalyst (Wu et al. 2016).

Wang et al. (2017a) documented the synthesis of core-shell ZnO@g- C3N4 com-
posites via reflux method. Figure 10.20 (a, c) displays HRTEM and SEM images of 
as-prepared composites with 15% g-C3N4 loading. The composites showed excel-
lent performance as a photo-anode under visible light. Degradation of phenol was 
used to test PEC performance. At 1.5 V applied potential, PEC phenol degradation 
rate under visible light over pristine g-C3N4 and g-C3N4@ZnO photo- anodes is 
shown in Fig. 10.20b. Proposed mechanism for phenol degradation under visible 
light using photo-anode of 15% g-C3N4 @ ZnO and counter electrode of Pt is shown 
in Fig. 10.20d. Enhanced PEC phenol degradation was ascribed to electro- oxidation 
and distinct core-shell nanostructures (Wang et al. 2017a).

Fig. 10.20 (a and c) Illustrating the HRTEM and SEM images of ZnO@g-C3N4 composites. (b) 
Shows graph of PEC degradation rate of phenol and (d) schematic PEC mechanism of as-prepared 
composites. “Reprinted with permission from ref. (Wang et al. 2017a). Copyright 2017, Elsevier”
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10.5.4  Photocatalytic Hydrogen Generation

For the world, fossil fuels are considered most easy energy source but some issues 
like: air pollution and the emission of CO2, make it less efficient and it contributes 
to the global warming and change of climate. Nowadays, the demands of energy are 
increasing day by day and the utilization of fossil fuels rapidly increases. The 
resources of fossil fuels are limited and hence we can face the crisis of energy to 
greater extent in future if don’t find a substitute. Researchers think due to environ-
ment friendly nature, renewable source and abundance, fossil fuels can be replaced 
by solar energy in future to fulfill the needs for energy. It is observed that by utiliz-
ing the only 0.01% (one second) of the sunlight irradiation, energy usage of the 
world per year can be fulfilled (Fan et al. 2013, Gholipour et al. 2015). Yet, impor-
tant thing is the practical utilization of this energy. It is suggested that to use hydro-
gen for energy carriers can solve the above said troubles, besides this, air pollution 
can be minimized to greater extent. Furthermore, during the consumption of hydro-
gen there is no emission of CO2 (Chen et al. 2010, Gholipour et al. 2016).

In 1972, two scientists Honda and Fujishima discovered the splitting of water 
into its constituents like hydrogen and oxygen under UV light with help of TiO2 and 
Pt (Fujishima and Honda 1972). After this, researches have concluded that the pho-
tocatalysts can generate hydrogen from water with the help of daylight. However, 
most of the sunlight includes the visible light (400–700 nm). Hence, the efficient 
photocatalysts should be activated in this region (Shen et al. 2011). Figure 10.21 
 illustrates the mechanism of photocatalytic hydrogen production by g-C3N4/TiO2 
composites (Chai et al. 2012).

Fig. 10.21 Photocatalytic hydrogen generation mechanism. “Reprinted with permission from ref. 
(Chai et al. 2012). Copyright 2012, Royal Society of Chemistry”

F. K. Butt et al.
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Under visible light g-C3N4 is supposed to be the good photocatalyst (Zhao et al. 
2015). It is observed by Wang et al. (2009) that hydrogen under visible light can be 
generated using g-C3N4 along with the addition of sacrificial reagent and water. In 
their experiment Pt was used as a cocatalyst and triethanolamine served as an elec-
tron scavenger (Wang et al. 2009). Later, researchers found new methodologies in 
order to enhance the effectiveness through synthesis of the composites with other 
elements.

Gholipour et al. (2016) fabricated the nanocomposites of TiO2 and g-C3N4 for the 
enhancement of charge separation and particularly to increase the hydrogen produc-
tion. Melamine heated at 550 °C to obtain graphitic carbon nitride (g-C3N4). Chu 
et al., (2014) also reported the same procedure in 2014 (Chu et al. 2014). After this 
g-C3N4 nanosheets were fabricated via gas template (one step) as reported earlier 
(Lu et al. 2014). Titanate nanodisks (TNDs) were synthesized by solvothermal tech-
nique. These nanoparticles (35 nm) can be used on the surface of g-C3N4 nanosheets. 
So that, g-C3N4 nanosheets and TNDs charge separation become more effective due 
to high g-C3N4/TNDs interface and extensively tiny range (Zhu et al. 2015).

10.5.5  Gas Sensors

Gas sensors gained much attention for the sake of public safety, air conditioning 
systems, environmental monitoring and domestic security (Kolmakov et al. 2005). 
Metal oxides-based gas sensors (semiconductor) are suitable for sensor system 
because of their important properties such as modifiable sizes and structures, easy 
operation, electronic circuit’s simplified unification and being economical. Among 
all the metal oxides, hematite (α-Fe2O3) gained much attention for the gas-sensing 
applications because of its unique properties. It is naturally available, chemically 
stable, non-toxic and low priced. Due to stability issues in device, its effectiveness 
is restricted. α-Fe2O3 was combined with g-C3N4 to enhance the gas sensing effi-
ciency (Comini 2006, Zeng et al. 2015, Zhang et al. 2016).

Recently, α-Fe2O3/g-C3N4 composites had been prepared by Zeng et al. (2015). 
They refluxed (in boiling water) the mixture of FeCl3 solution and g-C3N4 suspen-
sion. The α-Fe2O3 NPs firmly hold the sheets of g-C3N4. During sensing of H2S, the 
composite was utilized as a cataluminescence (CTL). Strong cataluminescence 
sensing emission was seen in the oxidation reaction of H2S over the α-Fe2O3/g-C3N4 
heterostructure composites. CTL intensity for different concentrations of α-Fe2O3/
g-C3N4 has been illustrated in Fig. 10.22. The sintering of α-Fe2O3/g-C3N4 (0.05 g) 
was carried out and rod was inserted in quartz tube having length100 mm. They 
used air as carrier gas. Catalyst surface derived the H2S gas which was oxidized by 
oxygen (from air) at normal temperature. BPCL ultra-weak luminescence analyzer 
was used to measure the CTL emission. Reaction temperature was controlled by 
achieving the transforming voltage from rod. Flow meter controlled the air flow rate 
while the α-Fe2O3/g-C3N4 heterostructure composites were used to determine their 
catalytic performance with the help of CTL with varying contents giving air flow 
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(300  mL  min−1), corresponding cataluminescence intensity responding to 
4.38 μg mL− 1 of H2S, temperature 183 °C with 400 nm filter. Best sensitive CTL 
response was observed at loading of 5.97% of α-Fe2O3 (Zeng et al. 2015).

As compared to α-Fe2O3, CB of g-C3N4 is at lowest levels. Electron transporta-
tion across the interface is allowed efficiently. Besides this, electron carrying is also 
possible by g-C3N4 lamellar configuration. However, large number of reaction sites 
is offered by g-C3N4 as compared to other similar compounds. This is due to its high 
nitrogen content. Due to porous structure and the wide surface areas are delivered 
by α-Fe2O3/g-C3N4 nanocomposites. This enhances the charge transfer rate and 
greater number of molecules is transferred. Large lamellar structure and good per-
meability hence causes the rapid diffusion of gas towards the surface zone and inter-
nal zone. In this way, an efficient gas-sensing system can be developed by coupling 
of α-Fe2O3 with g-C3N4 (Mousavi et al. 2018).

Recently, Li et al. (2019b) presented the preparation of g-C3N4/ZnO (CNZ) hier-
archical structures via precipitation-calcination method. Controlled amount of 
g-C3N4 nanosheets were anchored on flower-like ZnO. They used as- prepared mate-
rials as methane (CH4) sensors. CH4 sensing mechanisms by ZnO and CNZ com-
posite is shown in Fig. 10.23 (a, b) and Fig. 10.23 (c, d) respectively. Figure 10.23(e) 
displays the preparation methodology of as-prepared materials schematically. Their 
results declared that the prepared CNZ based sensors are more efficient as-com-
pared to bare-ZnO sensors. They also predicted that the formation of n-n junction 
by decoration of ZnO with 2D g-C3N4 is a useful technique to boost the gas sensing 
capabilities of ZnO (Li et al. 2019b).

Fig. 10.22 CTL intensity for different concentrations of α-Fe2O3/g-C3N4. “Reprinted with permis-
sion from ref. (Zeng et al. 2015). Copyright 2015, Elsevier”

F. K. Butt et al.
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10.5.6  Biomedical Applications

Antibiotics are the most commonly prescribed drugs that enter the aquatic system 
easily. Antibiotics are non-biodegradable and their persistence causes huge threat to 
the quality of natural sources of water. To remove antibiotics from wastewater dif-
ferent physico-chemical techniques like photocatalysis, chemical oxidation coagu-
lation, aerobic biological and flocculation treatments have been used usually. 
Among all these techniques, photocatalysis shows outstanding possibility owing to 
successful usage of renewable sun light. Sudhaik et al. (2018) reported the prepara-
tion of magnetic photocatalyst GCN/NiFe2O4 for mineralization of oxytetracycline 
antibiotic under solar light. They used thermal condensation of urea to prepare GCN 
and then NiFe2O4 nanoparticles loaded over it to make the composite. The surface 
morphology of GCN and GCN/NiFe2O4 was analyzed by SEM images as-shown in 
Fig.  10.24(a-f). About 50–70  nm thick irregular and rough sheets of GCN were 
investigated by SEM images (Fig.  10.24(a-c)) and NiFe2O4 loading over GCN 
sheets was clearly seen in Fig. 10.24(d-f). Figure 10.24(g) shows A + P (adsorption 
+ photocatalysis) and A-P (equilibrium adsorption followed by photodegradation) 
process for OTC degradation. Using GCN/NiFe2O4, 94% degradation of OTC took 
place in 1 hour during A + P process while during A-P only 65% OTC degraded in 
65 min. It is clear that under solar light irradiation, the synergistic adsorption and 
photocatalytic process (A + P) showed boosted degradation of OTC. Moreover, hav-
ing greater surface area and efficient charge separation, the as- prepared composites 
showed excellent photocatalytic activity and recyclability of ten catalytic cycles 
(Sudhaik et al. 2018).

Gong et al. (2016) used the thermal processing of melamine (C3H6N6) and nickel 
chloride hexa-hydrate (NiCl2·6H2O) in order to prepare Nickel oxide (NiO) and 
nickel (Ni) co-doped g-C3N4 (NiO/Ni/GCN) nanocomposites. As compared to pure 
GCN, NiO/Ni/GCN composites displayed higher catalytic activity for the oxidation 
of octylphenol (OP). OP is a type of endocrine disruptors (EDs) and phenolic envi-
ronmental estrogens. EDs can interfere with the normal endocrine system and 

Fig. 10.23 Presenting CH4 sensing process by ZnO (a & b) and CNZ (c & d); (e) shows diagram 
for the preparation of ZnO and CNZ composites. “Reprinted with permission from ref. (Li et al. 
2019b). Copyright 2019, Nanomaterials”
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hormonal regulations, resulting in humans and animals’ health effects. It is of great 
importance to establish a rapid detection technique for OP to handle the level of this 
material in atmosphere because it can cause growth in human cancer cells and seri-
ously affect the reproductive ability. So, there have been many complex, expensive 
and time-consuming analytical methods to detect OP. On the other hand, as pre-
pared novel non-precious metal-polymer composites showed high selectivity and 
sensitivity for an OP electrochemical sensing (Gong et al. 2016).

Selvarajan et  al. (2018) used a one-pot method synthesized electrochemically 
active and structurally uniform g-C3N4/NiO nanocomposite for electrocatalytic oxi-
dation of quercetin (QR). QR a flavonoid of general existence in nature has been 
widely demonstrated in the literature due to its medicinal properties, especially the 
antioxidant capacity. To detect QR, capillary electrophoresis and high-performance 
liquid chromatography along with number of detection techniques like mass spec-
trometry, UV-spectrophotometry, electrochemical detection, UV photodiode array 
detection and chemiluminescence are used. As-mentioned techniques may deliver 
high assay selectivity, but also have certain disadvantages like consumption of 
reagent and time, operational complexity, high cost, etc. In this regard, nanocom-
posite (g-C3N4/NiO) modified glassy carbon electrode (GCE) based sensors pre-
pared by S. Selvarajan et al. displayed high stability, repeatability and reproducibility. 
CV results in Fig. 10.25a shows the electrochemical behavior of QR (5 μM) on 
different electrodes investigated at scanning rate of 50 mV/s. The synthesized bio-
sensor showed excellent electrochemical behavior due to synergistic effect. They 
also performed DPV to inspect the sensitivity of the prepared biosensor towards the 
detection of QR. Figure 10.25b indicates the DPV results of the prepared sensor for 
different concentrations of QR. They recorded DPV by sweeping the potential at 
amplitude of 0.05 V between −1.0 and 0.6 V, a step potential of 0.07 V, and at 
20 mV s−1 scan rate. Figure 10.25b shows the stable and well-defined oxidation 
peak of anodic current for QR. These results also showed that the prepared sensor 
presents outstanding electrocatalytic activity for QR sensing. The inset of Fig. 10.25b 

Fig. 10.24 SEM images of GCN (a-c) & (d-f) GCN/NiFe2O4. (g) OTC degradation under solar 
light by composites of GCN/NiFe2O4. “Reprinted with permission from ref. (Sudhaik et al. 2018).
Copyright 2018, Elsevier”
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shows that there is a linear relation between DPVs current and QR concentration 
(0.01 μM - 250 μM) and limit of detection is 0.002 μM. SEM image of the prepared 
composite has also shown in Fig. 10.25c. As-fabricated sensor was proposed for 
detection of QR in several real models like green tea, apple and honeysuckle 
(Selvarajan et al. 2018).

Two-dimensional (2D) nanocomposites (g-C3N4/CuO) were prepared via pyroly-
sis of cupric acetate and melamine monohydrate precursors. As-synthesized nano-
composites act as a facile sensor used for dopamine (DA) electrochemical detection. 
DA molecules are important neurotransmitter for human central nervous system and 
hormones system in human they take park in various physiological processes where 
they are primarily involved in hormonal release and behavioral responses. The dis-
ease of Parkinson is a distinctive neurodegenerative disorder related with deficient 
DA levels in the serum of the patient. When DA is excessive, abnormalities like 
schizophrenia, euphoria and energy metabolism failure are often observed. To diag-
nosis prognosis and treatment of common disease like neurodegenerative, accurate 
and real-time detection of DA is desired and necessary. For sensing of DA, good 
electrochemical activity was shown by g-C3N4/CuO nanocomposites because of 
narrower band-gap and higher conductivity than pure graphitic carbon nitride 
(g-C3N4). Ultra-High sensitivity of this sensor was due to the process of surface 
transfer of electron, as density functional theory (DFT) calculations have confirmed 
that oxidized DA quinone functions behave like excellent electron acceptor while 

Fig. 10.25 Using 0.1 M phosphate buffer saline (PBS) having pH = 6.4, (a) shows cyclic voltam-
metry (CV) of bare GCE, g-C3N4/GCE, NiO/GCE, and g-C3N4/NiO/GCE; (b) shows differential 
pulse voltammograms (DPV) for several QR concentrations; (c) shows SEM images of g-C3N4/
NiO/GCE. “Reprinted with permission from ref. (Selvarajan et  al. 2018). Copyright 2018, 
Elsevier”
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the 2D g-C3N4/CuO is observed as powerful electron donor. High selectivity was 
shown by sensor to DA over common biological (interfering) small molecules such 
as ascorbic acid, glucose and uric acid. This was due to lowest electron-injection- 
barrier b/w the 2-dimensional DA quinine and g-C3N4/CuO and also most positive 
electrostatic potential possessed by the DA quinine was the reason for this fact. 
Density functional theory (DFT) calculations also confirmed these reasons. They 
conducted a flow injection study with the detection of amperometer, an electro-
chemical method with greater current sensitivity, to examine the detection limit of 
DA using as-prepared g-C3N4/CuO modified g-C3N4/CuO/GCE sensor (Zou et al. 
2018). Figure 10.26(a) demonstrates amperometric responses to applied potential of 
0.28 V for consecutive injections of DA solution. The inset of Fig. 10.26(a) shows 
that even at a very low concentration (~ 2.0 × 10−7 mol /L), the performance of fab-
ricated sensor is satisfactory. In the case of DA concentration CDA varying from 
2.00 × 10−9 to 7.11 × 10−5 mol/L, the response of current on the sensor increased 
linearly with increasing CDA (Fig.  10.26(b)). Figure  10.26(c, d) shows that 

Fig. 10.26 Using Tris-HCl buffer solution (1.0 × 10−1 mol/L, pH = 7.2), (a) ampermetric responses 
shown by g-C3N4/CuO/GCE with DA successive addition from (2.0 × 10−9 mol/L - 2.0 × 10−5 mol/L); 
(b) At 0.28 V, Linear relationships between the DA concentrations and the oxidation peak currents; 
(c) At 100 mV/s (scan rate) CV by different electrodes in 1.0 × 10−5 mol/L DA; (d) g-C3N4/CuO/
GCE CV curves at different scan rates i.e. 40, 60, 80, 100, 120 & 140 mV/s (a-f), plots b/w the 
redox peak and scan rate has displayed by the inset. “Reprinted with permission from ref. (Zou 
et al. 2018). Copyright 2018, Elsevier”
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as- prepared sensor showed well-defined redox peaks as-compared to other elec-
trode materials. CV results clearly reveal the outstanding electrochemical perfor-
mance of as-prepared sensor. In short, prepared innovative material (sensor) offers 
an electrochemical sensing method (ultra-sensitive) to sense DA trace in biological 
samples (Zou et al. 2018).

10.6  Conclusion

In recent years, dedicated efforts for nanocomposites based on g-C3N4 caused plenty 
of database and knowledge for smart engineering, features characterization, and 
useful applications related to energy and the environment. In the field of g-C3N4- 
based nanocomposites, the massive breakthroughs have absolutely witnessed 
unique promising properties along with ameliorated performance of photocatalysis. 
There are three major far-reaching criteria accredited for the improvement of pho-
tocatalytic efficiency of g-C3N4-based heterostructure nanocomposites, including 
(1) hampering the rate of recombination for photo-induced charge carriers (charge 
separation and migration), (2) enhancing the absorption of the visible-light (har-
vesting of visible-light), and (3) increasing the number of reactant species adsorbed 
on the surface of photocatalyst (surface reaction and adsorption).

The studies in this area are still in preliminary phases, despite some promising 
outcomes reported so far but future advances are obviously needed. Still, the works 
are suffering as related to low effectiveness and low hybrid stability of nanocompos-
ites, that is far behind in context with the industrial needs. At this time, there are 
many problems that are required to be addressed in order to promise conversion of 
solar energy to fuel ahead of practical future commercial applications. Knowledge 
of efficient co-catalysts for water splitting and reduction of CO2, for instance, is still 
rare and more research is required to improve the reaction’s quantum efficiency.

This hotspot of booming research will offer an unlimited scope of opportunities 
and challenges in the future. We are assured that growing knowledge on fundamen-
tal features through more physical chemistry research escorted by the experimental 
results through mutual partnership between theory and experiment will results novel 
material science and technology findings in a positive way. This will undoubtedly 
continue to promote the growth of light harvesting nanocomposites based on g-C3N4 
in the post-hype age. Thus, due to developments in engineering and materials sci-
ence, the holdup of subjects related to energy and the environment can be addressed 
substantially. Subsequently, applications to convert solar energy will be improved 
with more real-world applications. As stated previously, joint initiatives from both 
sides, chemists (academia) and industrial technicians, are compulsory to provide the 
opportunities for practical use of g-C3N4-based nanostructures to give new ways to 
revolution in sustainable energy. Last but not the least, from collaboration of 
researchers of all the disciplines worldwide, encompassing physicists, chemists, 
and materials scientists on a single platform, it is greatly expected that the goals of 
achieving a cleaner environment and incapacitating the problem of depletion of 
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fossil fuel by producing alternative energy sources from green and environment 
friendly photocatalysis will be a reality along with sustainable future.
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Chapter 11
Application of Nanofiber-Based 
Composite: Progressive Health Impact

Norizah Abdul Rahman and Mohd Adib Tajuddin Ahmad

11.1  Nanofibers Composite

Nowadays, nanofiber-based composite has appeared as the one of the important 
advanced materials that attract the attention of many researchers. By definition, 
nanofibers are Fiber with diameter range of 100 nm or less (Nayak et al. 2011). The 
very small fiber diameter of the nanofibers produces very large surface area per unit 
of volume (nanofibers ratio can be as large as 103 times of microfibers) (Abdul 
Rahman et al. 2014), good flexibility in surface functionalities (Haghi and Zaikov 
2011) and superior surface properties that act as a platform for the binding sites to 
cell receptors (Huang et al. 2003). The fiber with micro-scale and macro-scale have 
been shown less effective for molecular and cellular applications compared to nano- 
scale fibers (Huang et al. 2003). These excellent properties of nanofibers make them 
to be broadly used in many medical applications such as drug delivery (Kanafi et al., 
2019), tissue engineering (Pompa-Monroy et al. 2018), cancer therapy (Qiu et al. 
2013; Wei et al. 2014), cell therapy (Wolfe et al. 2011) and regenerative medicine 
(Abrigo et al. 2015).

Nanofiber-based composite is a subset of nanocomposites. Nanocomposite is a 
material comprising more than one phases/components and at least one dimension 
of the structural phase in nanometric range (Sahay et al. 2012). In composite, the 
combination of two materials/phases is to produce a new material with desirable 
physical, chemical and/or biological property, which are significantly different from 
any of the constituent materials/phases. However, by comparison with conventional 
composites, the structure of nanocomposites affects their macroscopic properties 
and gives a great function. There are one or more discontinuous phase in composite 
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that is called reinforcement and one continuous phase known as matrix (Shaohua 
et al. 2018). The reinforcing material can be fabricated of nanocomposite in zero, 
one or two-dimensional form (Mai and Yu 2006), which is usually stronger than the 
other material/phase as the name implies. Numerous studies have been done using 
the nanofiber-based composite and the results showed the mechanical properties 
and thermal/chemical stability that have been improved after incorporating nanofi-
bers (Sahay et al. 2012; Paszkiewicz 2016; Komur et al. 2017; Pant et al. 2018; Park 
et al. 2019).

11.2  Classification of Nanofiber-Based Composite

Ramaligam and Ramakrishna (2017) classified nanofibers composite into three 
main categories according to matrix constituent, which are polymer matrix compos-
ites, ceramic matrix composites and metal matrix composites (Ramalingam and 
Ramakrishna 2017). The combination of a polymer matrix and a reinforcing matrix 
including carbon or glass is an example of polymer matrix composite (Ramalingam 
and Ramakrishna 2017). For instance, Xu et al. successfully synthesized PEO com-
posite nanofiber mats using cellulose nanocrystals (CNCs) and cellulose nanofibers 
(CNFs) as reinforcement nanofillers (Xu et al. 2014). Ceramic matrix composite is 
a combination of ceramic matrix phase and a reinforcing ceramic phase (Ramalingam 
and Ramakrishna 2017). For example, highly environmental-resistant SiC/SiC 
composite has been strenuously performed using allylhydridopolycarbosilane (Li 
et  al. 2012). The combination of metallic matrix phase with material other than 
metal such as ceramic or polymeric phase is known as the metal matrix composite 
(Ramalingam and Ramakrishna 2017). Biocompatible and antibacterial poly(ε- 
caprolactone)-nanosilver composite nanofibers scaffolds have been used for tissue 
engineering applications have a great potential in wound dressing applications 
(Sumitha et al. 2012).

11.3  Preparation Techniques

Nanofiber-based composite can be manufactured using various techniques such as 
electrospinning, template synthesis, self-assembly and phase separation. 
Electrospinning is considered as the most utilised method to produce polymer 
matrix composite nanofibers, possibly because it is a simple technique that can pro-
duce large-scale production of nanofibers, fast, can be applied to wide range of 
polymers besides the fiber diameter and pattern that are relatively easy to tune.
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11.3.1  Electrospinning

Electrospinning is one of the most widely used techniques for polymer fibers. 
Polymer fibers can be produced by electrospinning technique with small diameter 
(Kong and Ziegler 2014) and uniform size of morphology (Dadvar et  al. 2012). 
Nowadays, electrospinning technique has attracted much attention owing to its cost- 
effectiveness, appropriateness to a large variety of materials, goodness in control-
ling fiber morphology and its ability to be easily scaled. There are three important 
basic apparatus needed in electrospinning process, which are high voltage supply, 
collector and syringe pump (Fig. 11.1). To prepare polymer composite nanofibers, 
the polymer solution needs to be mixed with second materials until well dispersed. 
The metal needle fitted with syringe has to be filled with the solution on a syringe 
pump. The syringe pump slowly pumps out the solution; then, the needle is sub-
jected into a high voltage. When the high voltage applied, the surface tension is 
reduced and the polymer droplet at the tip of metal needle transforms into a pointed 
shape. Increase in voltage supply will generate the Taylor cone formation and a jet 
from the tip of needle. When the solvent is jet travelled to the collector and form 
nanofibers, it will evaporate on the same time. To avoid the jet from turn into drop-
lets (electrospraying), sufficient entanglement of polymer is required (Kong and 
Ziegler 2014).

Electrospinning is among the best techniques for nanofiber-based composite as it 
easily allows fabrication formation and can produce high yield of production 
(Ramalingam and Ramakrishna 2017). If the nanofiber-based composite involves 
paramagnetic, the magnetic nanoparticles will be directly mixed with polymer 
nanofibers. Surface treatment has been done in coating, salinization and grafting to 
avoid agglomeration to occur within matrices (Lee et al. 2015). For example, Fe3O4 
nanoparticles can be directly mixed with polyvinylidene (PVdF) solution in dimeth-
ylacetamide (DMAc) and then, this mixed solution undergoes electrospinning to 
fabricate PVdF/Magnetite composite nanofibers composite (Russell and Venugopal 

Fig. 11.1 Schematic diagram of electrospinning
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2014). Electrospun ceramic composite fiber of aluminium acetate/polymer mixtures 
have been performed using electrospinning technique where the polymer used acted 
as a carrier for electrospinning purposes and was completely removed after the fiber 
was annealed at 1200 °C (Tuttle et al. 2008).

In advance technology, coaxial electrospinning has been used to fabricate the 
core shell nanofiber structures for particular applications. A schematic representa-
tion of coaxial electrospinning set up is shown in Fig. 11.2. Coaxial electrospinning 
is the extension and modification of electrospinning to produce polymer nanofibers 
with excellent core-sheath or hollow structures (Qu et  al. 2013). The process of 
coaxial electrospinning and the electrospinning is almost the same; nevertheless, 
electrospinning process only use a single dispensing system to form a fiber on the 
collector, whereas two different dispensing methods are needed for coaxial electro-
spinning where the inner and outer fluids are fitted. This coaxial electrospinning 
technique is able to incorporate nonspinnable material into the phases of shell or 
core to turn into fiber form (Venugopal et al. 2010). In addition, the coaxial electro-
spinning can fabricate core-shell nanofiber (Ramalingam and Ramakrishna 2017). 
For instance, poly(ɛ-caprolactone) in a study has been dissolved in organic solvent 
2,2,2-trifluoroethanol acting as shell solution while fluorescein isothiocyanate- 
conjugated bovine serum albumin was dissolved in deionised water and poly(ethylene 
glycol) act as core solution. After that, these shells outside the tube and core solu-
tion inside the tube were combined in electrospinning spinneret. It was then found 
that the nanostructure core-sheath composite nanofibers have achieved the desire 
product (Zhang et  al. 2006) (Fig.  11.3). Nevertheless, electrospinning has some 
limitations including that it depends on high voltage power supply and low produc-
tion rate (Abdal-hay et al. 2012a).

Fig. 11.2 Schematic diagram of coaxial electrospinning apparatus
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11.3.2  Air Jet Spinning

Air jet spinning is the one of the new techniques that can produce nanofibers with 
low cost, safe and ultra fast production rate. This technique is developed to over-
come the problem from electrospinning technique. For air jet spinning technique, 
adjustment of the polymer concentration, distance between ground collector and the 
tip of nozzle are the factors controlling the diameter size of nanofibers. The air jet is 
invoked the surface tension of the polymer solution; thus, the solution of polymer is 
stretched into ultra thin fibers. At the same time, the solution vaporise from the 
product of nanofibers at the collector (Abdal-hay et al. 2012a). Polymer solution fed 
and pumped with air at high pressure is injected through an annular space around a 
small pipe. The ejection flow rate is controlled by needle. The polymer solution 
formed at the tip off the nozzle and the fast air jet stretch the polymer solution into 
nanofibers. The production of nanofibers takes place at the collector. The air jet 
spinning technique product is able to collect the nanofibers on solid or liquid collec-
tors, which is similar with electrospinning technique, thus giving benefits to 
researchers for perform specific chemical or physical reaction on nanofibers product 
(Abdal-hay et al. 2012a).

This technique is excellent for producing all types of nanofiber composite as it is 
cheap to conformably and rapidly coat high yield on variety components. Extreme 
velocity is distributed by pressurised gas to form nanofibers at nozzle outlet and 
done until all fibers are deposited onto a substrate (Abdal-hay et al. 2012b). For 
example, nanohydroxyapatite/poly(lactic acid) (nHA/PLA) prepared by air jet spin-
ning. Wet chemical precipitation method was used to synthesise the HA. Then, PLA 
solutions were dissolved in dichloromethane. Synthesized nHA was mixed with 
optimised PLA together to prepare suspension solution with continuous stirring fol-
lowed by sonification of the colloids. Two colloidal solutions were prepared by 
nHA and PLA. These solutions were then deposited using custom design air brush 
spraying device. The operation was run at an optimised air pressure. The morphol-
ogy was affected by variations of spraying distance. The samples were fabricated 

Fig. 11.3 Hollow 
composite nanofibers 
prepared by coaxial 
electrospinning technique
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and dried in vacuum. Hydroxyapatite/poly(lactic acid) hybrid nanocomposite mem-
brane was then formed (Abdal-hay et al. 2013).

11.3.3  Centrifugal Spinning

Centrifugal spinning technique is another method to produce nanofibers with 
numerous materials at low price and high speed. It is a simple and fast fabrication 
of nanofibers for many applications. The important components of centrifugal spin-
ning technique are rotating spinning head and nanofiber collecting system. At a high 
rotating speed, two liquid jets are generated by centrifugal force at the same time 
from the needles connected to the syringes. Nanofibers collecting system is used to 
collect nanofibers in different forms. In centrifugal spinning, rotating spinning head 
place for the spinning fluid, which is punctured with multiple nozzles around the 
sidewall. When critical value of rotating speed is reached, the surface tension is 
overcome by centrifugal force to flow out a liquid jet from the nozzle top of the 
spinning head. The air frictional force and centrifugal force elongate the jets and 
undergo a stretching process. The fabrication of nanofibers is formed and deposited 
on the collector. Other forces that could be involved in this centrifugal spinning is 
surface tension, gravitational force and rheological force. The most important thing 
about this centrifugal spinning is that the production rate is high and beneficial for 
industry (Zhang and Lu 2014).

Centrifugal spinning can be used to prepare metal, ceramic and other composite 
material nanofibers due to its low-cost, environmental friendly and high spinning 
efficiency (Zou et al. 2014). For example, recycled bottle-grade poly(ethylene tere-
phthalate), polystyrene and polypropylene were spun into fiber by melting using a 
centrifugal spinning technique. All recycled bottles were grinded and then each of 
ground were prepared. These polymers were added to orifice opening per spinneret. 
The heat was exposed to melt the polymer. The collector consisted of bars in circu-
lar pattern with some working distance. Fibers were formed by rotating the spin-
neret on the surface of collector and fully drew out the polymer from the spinneret 
(Zander et al. 2017).

11.3.4  Template Synthesis

Template synthesis is a simple technique and easy procedure that can fabricate the 
nanofibers in almost any laboratory. It is the requiring access to the devices of metal 
sputtering and electrochemical deposition (Ugo and Moretto 2007). In this method, 
hollow channels of porous ceramic or polymer templates are the places for produc-
ing nanofibers (Wu and Bein 1994). For the first step, the monomers are filled in the 
porous template. Then, the monomers in the hollow channels of the porous template 
produce the chemical or electrochemical polymer nanofibers. When the template is 
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removed by dissolving or etching, the separated nanofibers are obtained. Most of 
nanofibers of template synthesis produced have a hollow structure because the syn-
thesized polymer is prone to precipitate onto the inner surface of the hollow chan-
nels. The polymer solution can directly produce nanofibers and fed into hollow 
channel. The nanofibers are formed after the polymer solution is solidified, which 
removes the solvent. The diameter size of the nanofibers are larger compared to that 
of monomers preparation because polymer solution has high viscosity that will 
cause the hollow channel hard to be operated with small diameters. This technique 
can only produce a few micrometres long nanofibers. Membrane pore size is used 
to determine the diameter size of nanofibers (Zhang and Lu 2014). This technique 
is easy to utilise, which can adjust the particle size and morphology through tem-
plate materials and is widely used for ceramic nanofibers composite as it has soft 
and hard templates; hard template can be used to synthesis the ceramic while the 
soft template is used to explore the combinations of inorganic and organic and pro-
pose a broad synthetic way (Xie et al. 2016).

11.3.5  Self-Assembly

Self-assembly technique is the method that produces nanofibers by holding small 
molecules together where the molecules arrange themselves into a structures or pat-
terns using non-covalent forces such as hydrophobic forces, hydrogen bonding and 
electrostatic reaction (Beachley and Wen 2010). There are many mechanisms that 
can be employed to assemble nanofibers depending on the size of molecules. The 
most widely used mechanism on this technique is the formation of hydrogel that 
involves two interpenetrated phases, which are liquid phase and solid phase. Liquid 
phase usually uses water while solid phase is used in hydrogelator molecules to 
produce nanofibers (Yang and Xu 2007). Then, the liquid phase is removed from 
hydrogel and dried nanofibers are obtained. The disadvantage of this technique is 
that it is limited to small molecules that can self-assemble and arrange themselves 
under external stimulus. This technique also needs extremely long elaboration with 
low yield of production and cannot control fibers dimension (Li et al. 2007). For this 
technique, polymer nanofibers composite is widely utilised due to its clarity, high 
precision, cheap and high flexibility (Qi et al. 2018). Self-assemble technique can 
allow fast elaboration of nanocomposites that can integrated in sensors or films to 
modify microscopic properties. Firstly, silicon dioxide nanoparticles solution is dis-
solved in chloro-trimethyl-silane (CTS) and dried by solvent evaporation method 
known as salinization. Then, the nanoparticles bind on textiles where seven differ-
ent solutions were used to bind with cotton textiles (Lopez-Barbosa and Osma 2017).
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11.3.6  Phase Separation

The phase separation to produce nanofibers involves a few steps comprising poly-
mer dissolution, drying, gelation, phase separation and solvent removal (Ma and 
Zhang 1999). For this preparation, the polymer needs to be dissolved to form 
homogenous solution at room or high temperature. The solution is kept at the gela-
tion temperature until gel and phase separates are formed to form a nanofibrous 
matrix. The phases are separated because of the physical incompatibility. When the 
solvent is removed and the matrix is dried, the nanofibers are formed (Zhang and Lu 
2014). The properties of nanofibers depend on polymer concentration; if the poly-
mer concentration increase, the porosity of fibers decreases but with improved 
mechanical properties (Nune et al. 2017). Mechanical properties of nanofiber matrix 
can be changed by altering the concentration of the polymer (Ramakrishna et al. 
2005). The disadvantage of using this technique is that the continuous fibers can be 
produced with short size, but not all polymers can use this technique as it needs 
gelation capability that is limited to only certain polymers (Alghoraibi 2018). The 
advantages are their porosity, charge density, hydrophilicity and thermal stability 
that may be adjusted by placing nanoparticles with definite elements and compo-
nents on the surface or within the matrix of the polymer scaffold. The surface- 
located nanoparticles have excellent characteristics such as photocatalytic, 
adsorptive and antibacterial capabilities (Haase et al. 2017).

11.4  Application of Nanofiber-Based Composite 
in Biomedical Applications

Nowadays, nanofiber-based composite has been most widely used in biomedical 
applications including tissue engineering, drug delivery and gene delivery. The 
nanofiber composite offers many advantages and promising feature properties such 
as very high surface area per volume and designable flexibility in functionalisation 
of the fibers to form targeted product that can suit specific application.

11.4.1  Tissue Engineering

Biomimetic nanofiber scaffold mimicking with a great potential in the native extra-
cellular matrix provides a good way to rebuild functions or achieve favourable 
responses for tissue regeneration. Nanofibers are now being used as scaffolds for 
cell infiltration and tissue growth. Electrospun nanofibrous scaffolds give promising 
achievement in cell attachment, penetration and proliferation (Goyal et al. 2013). In 
the tissue engineering field, the right choice of biomaterial as a substrate is very 
important for producing excellent scaffolds of fibrous materials. Among natural 
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biomaterials, gelatine, collagen and chitosan are commonly used for skin regenera-
tion (Naves et al. 2017). There are many biomolecules that are involved in this field 
to improve fibers functional properties for biomedical application. Growth factor 
(GFs) are naturally occurring substances capable of binding cell surface receptors 
and directing cellular activities for a new tissue regeneration (Varkey et al. 2004). 
Localised delivery of exogenous GFs is effective for healing process and cellular 
components formation, thus making them as a promising aspect for tissue regenera-
tion (Chen et al. 2010a). Polymeric nanofiber scaffolds give appropriate microenvi-
ronment by action from extracellular matrix and growth factors promoting cell 
growth and tissue generation. For instance, hydroxyapatite/poly(lactic-co-glycolic) 
nanofibers scaffolds have been used in drug delivery system to promote osteoblast 
growth, proliferation and differentiation (Haider et al. 2014). Metallic nanofiber- 
based composites have been used to make it durable and has high antibacterial 
activity (Zahedi et al. 2009). Due to its excellent morphology, it can be used as ideal 
wound healing material, which involves large surface area that increases the effi-
ciency of antibacterial properties (Williams et al. 2012). The nanofiber composite is 
also utilised in bone tissue engineering. For example, in the study by Lui et al. (Liu 
et al. 2009), nanofibrous gelatine with diameter 150 nm over apatite composite was 
studied regarding its the biomimetic behaviour and compare it with that of com-
mercial gelatine foam.

11.4.2  Drug Delivery

The main aim for producing drug delivery is to develop efficient transport of drug 
molecules into the target tissues, cells or organs in the body for a certain period of 
time (Ramalingam and Ramakrishna 2017). It is dynamic and futuristic way for 
transporting the drugs in the medical therapy, which is not yet commercial until 
now. This drug delivery perhaps alter the desired properties and proper manner 
(Mohanty and Geetha 2017). Drug delivery system (DDS) has the potential to 
improve the existed drug (Webster 2006). The promising of therapeutic efficiency 
involves drug specificity, efficiency, tolerability and therapeutic index. The bench-
marks for promising drug delivery are slow delivery, controlled release and targeted 
delivery. To design an efficient DDS, some factors need to be considered in terms of 
targeting ability, duration delivery, mechanism, nature of drug carrier, administra-
tion route, bioavailability, biocompatibility and drug characteristics. The polymeric 
nanoparticles or nanofibers, hydrogels, micelles and microspheres have an excellent 
property for drug delivery system. The gains from using these materials are from 
their low toxicity, enhanced drug targeting, improved therapeutic adsorption rates 
and good self-defence against any degradation reaction in the body (Safari and 
Zarnegar 2014).

Electrospinning is widely used for producing drug-loaded nanofibers due to its 
low cost, ease of handling, high encapsulation efficiency, high loading capacity and 
concurrent delivery of diverse therapies (Zamani et  al. 2013). Usually, the drug 
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molecules are delivered to target position by polymer nanofiber composites as can-
didate vehicle. Recently, nanofibers composite based titanium, which is a drug 
loaded nanofiber, has been studied for cancer chemotherapy. The titanium by the 
name of titanocene and PLLA nanofibers were studied to determine the efficiency 
of release system. The result of PLLA/titanocene composite fibers showed the best 
controlled release system for cancer chemotherapy (Chen et  al. 2010b). In other 
study, Tran et al. (2015) demonstrated a controllable and switchable drug delivery 
of ibuprofen using poly(N-isopropylacryamide)(pNIPAM)/poly(ɛ-caprolactone)
(PCL) depending on temperature responsive composite nanofibers. The ibuprofen 
was fabricated with three different types of nanofibers known as PCL, pNIPAM and 
pNIPAM/PCL composite nanofibers using electrospinning technique. Each nanofi-
ber was tested on release rates at 22 °C and 34 °C. For PCL nanofibers, the ibupro-
fen was not affected with only 10% change in delivery rates while pNIPAM 
nanofibers were shown to quickly release the ibuprofen. Meanwhile, the pNIPAM/
PCL nanofibers showed the best release rates of ibuprofen with linear and con-
trolled release by 70% change in delivery at 22 °C and due to hydrophobicity of 
PCL and PNIPAM, this led to a lower release rates at 34  °C (Tran et  al. 2015). 
Multiple drug delivery can be designed using nanofiber composite (Zhao et  al. 
2015). For instance, poly(ethylene glycol)(PEG)/poly(L-lactic acid)(PLA) nanofi-
bers have been successfully loaded with two different drugs namely paclitaxel 
(PTX) and doxorubicin hydrochloride (DOX) for delivery system. The experiment 
was conducted to study their solubility properties and distribution in the nanofibers. 
The result showed DOX has a high release rate due to its high hydrophilicity that 
easily diffused into water, while PTX has low release rate due to its high hydropho-
bicity (Xu et  al. 2009). A multi-layered electrospun nanofiber mesh is the time- 
engineered dual release system that is very useful in preparation when drug is 
release at different time. The drug to polymer ratio of every single mesh is designed 
as multilayer meshes. The control of release rate and duration of release of the drugs 
is depending on fiber diameter size and thickness of meshes (Wang et al. 2019).

11.4.3  Gene Delivery

Nanofiber-based composites are promising materials for emerging carrier system to 
deliver genes to the target sites. Gene delivery technologies can improve the func-
tionalisation of the target. Appropriate carrier system, nontoxic, ability to overcome 
immune responses and ability to go through complicated reaction in the body to 
reach the target site are the important factor for gene delivery of clinically valuable 
cell types such as stem and cancer cells (Sung et al. 2003; Panyam and Labhasetwar 
2003). Viral and nonviral vectors are categorised as gene delivery vehicles. It has 
been revealed that direct view of viral based vectors in the human body can cause 
immune responses to become bad. Thus, several studies have been done to fix gene 
delivery with biomaterial system (Jang et al. 2007). The gene delivery response to 
the target tissue relies on the delivery mechanisms such as receptor mediated 
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endocytosis, delivery mode and nanofiber material properties including biodegrad-
ability and bioavailability (Xiang et al. 2011).

The electrospun nanofiber composites is used as spatial templates to make it 
efficient in altering the functions of native extracellular matrix (Sill and von Recum 
2008). Electrospinning and coaxial electrospinning are cost effective for producing 
nanofibers for gene delivery. Usually, nanofiber composites consist of ceramic or 
polymer. The genes also mix with polymer solution to embed themselves into nano-
fibers and immobilised into the target genes through nanofibers (Lakshmi Priya 
et  al. 2017). For example, the electrospun poly(L-lactic acid)/collagen nanofiber 
composite has been used for bone morphogenetic protein plasmid DNA delivery 
and the result showed that the bone was greatly formed (Zhao et al. 2016). The DNA 
was successfully embedded into porous composite structures to utilise the encoded 
growth factors, signalling molecules and other bioactive molecules (Lee et al. 2014).

11.5  Conclusions and Future Remarks

Nanofiber composites are a new class of nanomaterials that have gained attention 
due to its outstanding structural and tunable physical properties, which is usually 
superior compared to their individual parent materials. Significant progress has 
been made by researchers to produce new nanofiber composite. New materials, sys-
tems, processes, and formulations are being developed to solve problems and to 
create new potential application of the nanofiber composite. Nanofiber composites 
prepared of biocompatible and biodegradable materials show great potential in bio-
medical applications such as wound healing, tissue engineering, cancer therapy, 
stem cells, and drug delivery. Although nanofiber composites were used effectively 
for the biomedical field, the applicability of the fibers could be enhanced. Nanofiber 
composites are expected to give big impact in wide range of biomedical applica-
tions, with great challenges and expectations ahead.
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Chapter 12
Polymer Based Nanocomposite: Recent 
Trend in Safety Assessment in Biomedical 
Application

Rabiatul Basria S. M. N. Mydin, Nor Hazliana Harun, 
Ku Nur Izzati Ku Mohamad Faudzi, and Nur Afiqah Amalina Romli

12.1  Introduction

The breakthrough and rapid developments of nanotechnologies has become one of 
the significant technological advances in every sector especially in biomedical sec-
tors (Kim et al. 2018; Müller et al. 2017). Among these nanotechnologies, polymer- 
based nanocomposites (NCs) are the most famous one owing to the unique properties 
of nanomaterials. It can be defined as a mixture of two or more-phase materials 
forming solids where one or more dispersed phase is in nanoscale and a polymeric 
major phase (Müller et al. 2017). Polymer-based NCs could be synthesized with the 
combination of polymers and inorganic/organic nanoparticles which have obtained 
extensive research due of its distinctive physiochemical properties, outstanding 
mechanical strength and their high surface-to-volume ratio.
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Synthesizing safe polymer-based NCs that have favourable compatibility and 
bioactivity has been targeted in the design of polymer-based NCs. The demand for 
environmental preservation has led to the evolution of greener and biodegradable 
polymers. In order to resolve potential risks of polymer materials, to create environ-
mentally friendly products and sustaining ecological balance, biodegradable poly-
mer materials are essential requirement (Sun et al. 2018; Tibolla et al. 2019).

One of the current challenges faced by hospital communities and society in bio-
medical arena arise from the infections associated with medical device. Medical 
device can be placed into human bodies either temporarily (short-term period); con-
tact lenses, central venous catheters, mechanical heart valves, urinary catheters, or 
permanently; prosthetic hips and joints and intramedullary nails (Tran and Tran 
2012). The introduction of medical devices by surgery or implantation with poor 
sterilization and disinfection practices to patient exposes to a high risk of nosoco-
mial infections. This scenario also leads to the increment in mortality rates among 
immunocompromised patient.

In general, catheters will be inserted into a body cavity, blood vessel or duct to 
allow for the administration of liquids, medications, injection and urine drainage 
(Mandal 2019). Bacteremia causes by indwelling urethral catheter hold the highest 
rates of catheter urinary tract infections (80%) as compared to other types of noso-
comial infections (CDC 2015; Nicolle 2014; Tambyah and Oon 2012). Asymptomatic 
bacteriuria and symptomatic urinary tract infection are another common adverse 
effect associated with indwelling urinary catheter after be placed for several weeks 
(Nicolle 2014). The insertion of catheter bypasses normal host defences leads to the 
entry of gram-positive and gram-negative pathogens such as Staphylococcus aureus, 
Escherichia coli and Proteus mirabilis into the bladder or blood vessel (Fisher et al. 
2015; Tambyah 2004). Cases with bacterial contamination on implantable device 
such as prosthetic joint, ventricular assist devices, dental, orthopedic, pacemaker 
and vascular graft leading to device failure, chronic infection, increase patient post-
operative morbidity and mortality rates (Darouiche 2004; Guggenbichler et  al. 
2011). Surgical site infections (SSIs), other types of nosocomial infection, occurred 
for most of 500,000 cases in each year with the rate of 2.8 per 100 operations 
(Whitehouse et al. 2002). It is most commonly related with bacterial biofilm coloni-
zation. Major challenges in treating biofilm development on implant device cause 
delivery of high dose antibiotics, however, repetitive exposure can develop resis-
tance among organisms.

Thus, most researcher been urged to study alternative solution to prevent the cur-
rent mentioned problems. Recently, most studies demonstrate the biomedical appli-
cations of polymer NCs could improve our health systems or vice versa. Hence, 
valid standards and protocols for measurements of both aspects; compatibility and 
bioactivity should be followed accordingly to prevent the possible damages.
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12.2  Biocompatibility, Hemocompatibility 
and Bioactivity Assessment

The utilizing of the advantages and capabilities of those polymer -based NC in bio-
medical fields, relies heavily on three important aspects, which known as biocom-
patibility, hemocompatibility and bioactivity. The presented data in Tables 12.1, 
12.2 and 12.3 particularly outlined the parameters been investigated to study the 
interaction of blood components responses to polymer-based NCs and direct sur-
face reaction of polymer after being immersed in synthetic blood plasma. Whereas, 
Table 12.4 is summarized polymer-based NCs been synthesized to be used in bio-
medical fields in various purposes.

Table 12.1 Summary list of parameters under thrombosis, coagulation test and complement 
activation

Test group Assays parameter Instrument/Principle References

Complement 
system

C3a, C5a, Bb, C4d, C5b-9 ELISA Weber et al. 
(2018)

Coagulation and 
thrombosis

Factor XIIa, TAT, F1 + 2, free 
active thrombin, FPA, Apt

ELISA, Optical density, 
Viscoelasticity

Weber et al. 
(2018)

Thrombin 
generation (CAT 
assay)

Thrombin generation (TG) 
variables in the presence or 
absence of platelets:
lag-time
maximum thrombin 
concentration (Cmax)
time required to reach Cmax 
(Tmax)
endogenous thrombin 
potential (ETP)

Calibrated automated 
thrombogram (96-well 
plate fluorometer)

Tynngard 
et al. (2015)

Coagulation and 
fibrinolysis

Overall hemostasis potential 
(OHP) in plasma

– Antovic 
(2010)

Table 12.2 Summary list of parameters under hemolysis assay

Assays parameter
Blood 
categories Instrument / principle Ref

ASTM E2524-08-2013 Whole 
blood

Spectrophotometer 
(Absorbance 540 nm)

Dobrovolskaia 
et al. (2008)

ASTM F-756-00 Whole 
blood

Spectrophotometer 
(Absorbance 540 nm)

Dobrovolskaia 
et al. (2008)

Amount of cyanmethemoglobin 
in the supernatant

Whole 
blood

Spectrophotometer 
(Absorbance 540 nm)

Neun et al. (2018)

Serum hemolytic activity Serum Spectrophotometer 
(Absorbance 414 nm)

Pham et al. (2014)
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12.2.1  Biocompatibility Assay

One of the crucial features that must be measured in synthesizing polymer-based 
NCs for biomedical application is the biocompatibility reaction after being intro-
duced to the host living cells (Hule and Pochan 2007). It is a sine qua non condition 
specifically for polymer-based NCs use. Biocompatibilities in polymer-based NCs 
are critical aspects in the performances of medical devices which rely entirely on 
the interactions between living cells and its microenvironment. However, the poly-
mer-based NCs have to be considered as it serves as the active sites for cell adhesion 
and proliferation. Figure 12.1 provides an overview of biocompatibility definition 
and simplified different types of assays for this parameter.

Integrins are transmembrane protein that responsible for the interaction of cell 
adhesion to the biomaterial substrates and also involved in cell signalling, thereby 
controlling cellular behaviours such as shape, differentiation, motility and growth 
(Siebers et al. 2005). Understanding the mechanisms of cell responses to physico-
chemical and biological properties of biomaterial surfaces can enhance the develop-
ment of novel bio-NCs with desired biological properties (Hule and Pochan 2007).

Polymer-based NCs have been widely reported in scientific literature regarding 
their commercial applications in many technological sectors and biomedical fields 
due to its outstanding properties of biodegradable and biocompatible of cell 
responses (Müller et al. 2017). However, toxicity of nano-structured materials on 
biological environment caused biocompatible issues, later could leads to some 
health problems. Biocompatibility testing of polymer-based NCs can be tested 
using in vitro cell culture, cell viability and in vivo animal tests. Nonetheless, in 
vitro studies are used for evaluating bioactivity of medical devices which not stimu-
late the real and complex conditions existing within living organisms. Therefore, 
in vivo studies are an accurate and precise testing for tissue responses to medical 

Table 12.3 Summary list of parameters under bioactivity assay

Assays parameter Instrument / Principle References

Surface changes and 
apatite formation

X-ray diffraction
Field emission scanning 
electron microscope
Quartz crystal microbalance 
method

Drouet (2013); Gyori et al. (2017); 
Juraski et al. (2017); Yoshida and 
Hayakawa (2017)

Ion release Inductively coupled plasma 
mass spectrometry (ICP-MS)
Graphite furnace atomic 
absorption

Ho et al. (2018)

Chemical properties Fourier-transform infrared 
spectroscopy

Bollino et al. (2017)

Composition Energy-dispersive X-ray 
spectroscopy

Wang et al. (2013)

pH changes pH meter Xu et al. (2016)

Rabiatul Basria S. M. N. Mydin et al.
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devices. Biocompatibility problems are remaining challenges in the recent advances 
for polymeric NCs.

Therefore, the polymer-based NCs need to evaluate the overall safety of the 
material by performing three different biocompatibility tests which involved in vitro 
and in vivo studies such (i) in vitro cytotoxicity of the material, which follow stan-
dard cell culture procedures using both Hs680 (human tracheal fibroblast) and 
Saos-2 (human osteosarcoma), (ii) protein adsorption evaluation on the material 
surface to avoid body rejection towards material and (iii) test blood biocompatibil-
ity by comparing the haemoglobin concentration, red and white blood cell counts, 
and platelet count in the animal blood (Koo 2017).

An in vitro study conducted by Ziabka et al. (2018), the comparison between 
pure polymers (ABS-E and ABS-N) and polymers with composite materials (ABS- 
E, 0.5 Ag and ABS-N, 0.5 Ag) show polymers with composite materials possess 
good surface wettability (angle below 80°), compressible tensile strength and 
Young’s modulus and good biocompatibility. Polymers with composite materials 
have enhance and promote cell adhesion and proliferation after 7 days of the experi-
ment due to their influencing can modulate cell-material interaction thus, improving 
biocompatibility, e.g., osteoblast cell line. However, fibroblast lines cultured on the 
ABS-N group exhibit 9% increase in cytotoxicity after three days of cell culture 
while for the 7 days period, the cytotoxicity increased up to 14%. Based on cell 
morphology and viability, number of cells adhering to the polymers did not influ-
ence by the presence of silver nanoparticles.

An in vivo study performed by Ziabka et al. (2018), the implants made of the 
ABS and ABS modified with 0.1 Ag were used to investigate the implants biocom-
patibility on rats after 4, 12, 24 and 48 weeks of implantation. In this study, histo-
chemical analysis shows the presence of inflammation and acute inflammatory 
infiltration around both types of implants which led to immunological reactions 
such as a low number of mast cells and eosinophiles. The C reactive Protein tests 

Fig. 12.1 Biocompatibility testing for in vitro and in vivo studies for cell-material interaction
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(CRP) revealed no local inflammation and toxic effect happens as the composite 
materials were too small to cause a negative response in blood, consider that the 
concentration level of bioactive particles was safe. Furthermore, the implant insta-
bility may reason for the inflammation and irritation of muscle tissue caused by 
firmness and rigidness of the foreign body as well as the varied pattern of the 
implant.

12.2.2  Hemocompatibility Assay

Polymer-based NCs could have variety of components those possibly harmful or 
initiated body defense systems. It is very important to fulfill stringent safety- 
assessment requirement with respect to their capability causing harmful effect with 
blood element specifically known as hemocompatibility. Hemocompatibility testing 
may be defined as (Raghavendra et al. 2015);

hemocompatibility tests of in vivo examination evaluate the effects on blood and/or blood 
components by blood-contacting medical devices or materials. The five test categories indi-
cated from the ISO standards perspective for hemocompatibility evaluation are thrombosis, 
coagulation, platelets, hematology, and immunology (complement and leukocytes).

In this chapter, we had summarized list of tests and methods to create a standard 
platform for hemocompatibility assessment of polymer-based NCs before can be 
used in industries especially biomedical fields (Table 12.1). Good hemocompatibil-
ity was considered if the polymer-based NCs or their byproducts did not trigger any 
adverse effect such as inflammatory reaction, thrombogenicity response and blood 
components destruction once implanted. Currently, all biomedical devices have 
undergone hemocompatibility testing prior clinical application guided by 
International Standard Organization (ISO) 10,993 (Biological evaluation of medical 
devices) Part 4 (Selection of tests for interactions with blood).

In order to resolve the above issues, polymer-based NCs must be able to resist 
thrombosis and destruction from natural blood homeostasis mechanisms; procoagu-
lant and anticoagulant systems. Key elements of the biomaterial/polymer-based 
NCs surfaces -blood interaction consists of interaction with platelets, the vascular 
endothelium, the coagulation cascade, and the fibrinolytic system (Harter et  al. 
2015). In normal condition, platelet aggregation and formation of platelet plug to 
the site of injury were activated when substances in contact with endothelium. 
Further, it also activates antithrombogenic endothelium by introducing the deposi-
tion of insoluble fibrin to strengthen the blood clot (Gale 2011). Artificial surfaces 
of the medical devices, for example, cardiovascular and wound healing implants 
and catheters usually initiated thrombus formation. It is well-known cause of failure 
for blood-contact medical devices, which initiated by the three main coagulating 
factors namely as Factor XII (hageman factor), Factor XI, and high molecular 
weight kininogen (HK) (Colman 2006).

Morbidity and mortality rates due to the infections associated with medical 
devices are still increasing even though various strategies be adapted among staffs. 
Sterilization and disinfection practices prior, during and after any of treatment 
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procedures are having difficulties due to the lack of constancy among staffs. Thus, 
alternative by using NCs incorporated into polymer was studied in order to resolve 
the above-mentioned problems. Nowadays, polymers were widely used in medical 
fields purposely for drug delivery, patches, implants, tube/loop and others. Surface 
properties and characterization of polymer-based NCs such as chemistry, availabil-
ity of certain functional groups, domain structure, surface electrical charge, hydro-
philicity/hydrophobicity, linker molecules, interfacial adaptability, or surface 
roughness played an important role for the adherence of platelets and coagulation 
activation.

12.2.2.1  Thrombosis, Coagulation Test and Complement Activation

Blood-contacting medical devices as be explained earlier are prone to thrombosis 
issues. The interaction of blood components with artificial surfaces associated 
thrombosis initially through protein adsorption activation. Thus, induces platelet 
adhesion, activation and aggregation (Jaffer et al. 2015). Protein adsorptions also 
trigger the adherence of platelets, leukocytes and red blood cells to be attached on 
surfaces. This can be related with a decrease in platelet count number and genera-
tion of fibrin network. Fibrinogen, fibronectin and von Willebrand factor (vWF) had 
been adsorb to the surface to mediate platelet adhesion. The three types of glycopro-
teins are replaced with coagulation and clotting components such as factor XII 
(Hageman factor), high molecular weight kininogen (HK) and kallikrein (Gorbet 
and Sefton 2004). In addition, it also activated complement pathways thus amplifies 
protein monolayer formation on the surfaces and local inflammatory responses. 
Both leukocytes and red blood cells also could adhere to adsorbed fibrinogen via 
CD11b/CD18, respectively for neutrophils. Leukocyte adhesion was promoted by 
platelet adherence via an interaction between P-selectin on activated surface of the 
activated platelets and leukocyte P-selectin glycoprotein ligand-1. However, red 
cells adherence activates platelets and cause erythrocyte hemolysis under high shear 
conditions (Jaffer et al. 2015). In Table 12.1, test categories for thrombosis, coagu-
lation test and complement activation are summarized as followed (Weber et  al. 
2018; Tynngard et al. 2015; Antovic 2010);

12.2.2.2  Hemolysis Assay

One of the fundamental tests in determining the safety of blood-contacting medical 
materials is via evaluates red blood cells (RBCs) interaction (hemolytic potential) 
in vitro. Blood is a complex organ which comprising of 55% plasma, 44% red blood 
cells (RBC), and 1% leukocytes and platelets. RBC is bi-concave discoid cells filled 
with Hb and lack organelles (nucleus). Hemolysis refers to the RBCs destruction 
leading to the release of the iron-containing protein hemoglobin (Hb) into plasma, 
which lead to anemia, jaundice, hypertension, renal toxicity and other pathological 
condition (Rother et  al. 2005). Hb is a protein, consists of a prosthetic heme 
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molecule [Fe II coordinated to a tetrapyrole ring (protoporphyrin IX)] joined to 
globin chains (Schechter 2008; Schechter 2012). The primary function of Hb is to 
sustain the energy requirements of cells, maintains cellular haemostasis, capture 
and release of oxygen facilitated by heme (with Fe II) which also enables the 

Table 12.5 Summary on toxicity of biodegradable polymer-based nanoparticles

Polymer Nanoparticles Findings References

Poly(propylene 
fumarate)

Single-walled 
carbon nanotube

PPF/SWNTs nanocomposites were 
investigated for their in vitro 
cytotoxicity the unreacted components, 
the cross-linked networks, and the 
degradation products.
The results indicating their potential for 
in vivo bone replacement therapies

Shi et al. 
(2008)

Polyurethanes Montmorillonite The PCL ester bonds of the materials 
were degraded and produced the 
mobility of lower mass chains and the 
ability to form crystalline structure.
APRE-19 cells cultured with medium 
testing displayed viability proving their 
non-cytotoxic effect.
It is a possible candidate for 
ophthalmological applications

Da Silva 
et al. (2010)

Polyurethane Organophilic clay In vitro assays performed with 
osteoblastic cells displayed no 
cytotoxicity associated with the 
synthesized nanocomposite.
In vivo results after 29 days of implant 
proved that cells were able to penetrate 
through the porous structure to fully 
colonize the entire implant.
It can be potentially useful in tissue 
engineering

Coeli 
Moreira Dias 
et al. (2010)

Guar gum Silicon oxide It can be used for removal of toxic 
anionic RB 4and CR dyes from aqueous 
solution.
Hydrody-namic volume, higher surface 
area, uniform/ controlled growth of 
nanoscale silica fillers on g-GG matrix 
as well as multiple numbers of 
H-bonding sites of nanocomposites with 
dye molecules affects the major finding.
The application is for dye contaminated 
wastewater treatment

Pal et al. 
(2015)

Polyamidoamine 
(PAMAM)

Gold/dendrimer
nanocomposites

Modulating surface charge and 
composition were directly related with 
in vivo biodistribution characteristics 
and toxicology of the nanodevices.
It demonstrated characteristics of 
potential materials for imaging and 
treatment of cancer

Khan et al. 
(2005)

(continued)
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reversible binding of carbon monoxide (CO) and NO. The damaging role of Hb 
under stress can be caused by Hb auto-oxidation within the RBC, extracellular 
release of Hb (outside RBC) to act as ROS source in the vasculature and tissues, Hb 
scavenging of NO and heme release from Hb (Quaye 2015). As polymer (NC) does 
generate ROS in the presence of cells and membrane damage by oxidative stress, 
numerous studies investigated NC/RBC interaction which lead to hemolysis. 
Various in  vitro assays of sensitivity of the RBCs being applied to determined 
hemolytic properties (Table  12.2). Two existing practises known as Standard 
Practice for Assessment of Hemolytic Properties of Materials (ASTM F-756-00) 
and Standard Test Method for Analysis of Hemolytic Properties of Nanoparticles 
(ASTM E2524-08-2013) being used as standard in evaluating hemolytic properties 
in dilute human blood (Dobrovolskaia et al. 2008; ASTM 2000).

12.3  Bioactive Composite Materials in Biomedical Fields

Another importance aspect in evaluating artificial materials for biomedical use is by 
studying in vivo and in vitro methods in simulated body fluid (SBF) in order to 
evaluate their biocompatibility or bioactivity prior clinical settings. Moreover, these 
in vitro simulation methods can reduce the number of animals used and time effec-
tive. SBF is an organic-substance-free acellular solution and had similar ion concen-
trations but not exactly equal to human blood plasma, first reported by Kokubo et al. 
(1990). In this assay, the materials will be immersed in SBF solution for certain 
periods and been investigated for the ability of apatite formation on the surfaces. 
The apatite-forming ability (a hydroxylated form of calcium phosphate) of an 
implant in a physiological environment plays a vital role in cell response and bone 
integration, however dangerous for certain biomedical device, as example catheter 
tubing. According to Cox and Hukins (1989) and Stickler (2014), the crystalline 
biofilms coatings on catheters usually composed of two components known as 

Table 12.5 (continued)

Polymer Nanoparticles Findings References

Polylactic acid or 
polylactide 
(PLLA)
Cellulose

hydroxyapatite Chemical and mechanical properties, 
crystallinity and porosity of the 
nanocomposites with the variation of 
weight ratio of MCC/PLLA and HA/
PLLA were investigated
Suitable candidate for bone repair 
applications

Eftekhari 
et al. (2014)

Collagen hydroxyapatite The animal tests displayed no toxicity 
and osteoclastic resorption with good 
osteoconductivity.
It is proven that the resorption rate 
in vivo was decreased with no toxicity 
effects

Kikuchi 
et al. (2004)
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struvite (magnesium ammonium phosphate) and apatite. They usually develop 
large, coffin- shaped crystals and also appear as microcrystalline aggregations 
revealed by scanning electron microscopy. Accumulating crystalline deposits will 
block the flow of urine or blood through catheter inserted in patient’s body, thus 
cause serious consequences. It is very important to have a proper method to investi-
gate the biocompatibility and bioactivity in the aspect of surface behavior and 
hydroxyapatite formation ability. Ions release in the solution also important to 
ensure the materials does not release any component that could induce toxic or 
immune response. Here we tabulated the list of parameters being studied (Table 12.3).

12.4  The Toxicity of Biodegradable Polymer Based NCs

Biodegradable polymer can be defined as the materials which undergo decay and 
degradation process chemically and physically when encountered with microbes in 
aerobic and anaerobic processes (Abhilash and Thomas 2017). Biodegradable poly-
mers are divided into two classes; synthetic or natural polymers. The polymers 
manufactured by using non-renewable resources is classified as synthetic while 
polymers from renewable resources (biological resources) categorized as natural 
(Vroman and Tighzert 2009; Abhilash and Thomas 2017). It is an alternative 
approach to enhance the properties of polymer NCs by combining NCs together 
with the polymer.

Though nanotechnology of biodegradable polymer has gained great interest 
from public in many fields, there is an increasing concern regarding infinite toxico-
logical effects evaluation of nanoparticles but none of them come to a conclusive 
research findings associated with human, animal and environment (D and Rao 2011; 
Reidy et  al. 2013; Arvidsson et  al. 2013; Sanvicens and Marco 2008; Yah et  al. 
2012). One of the predominant concerns in biodegradable polymer-based NPs that 
have to be addressed is the toxic effect of nanomaterials on humans. Several factors 
including nanoparticles size, particle number, surface area, elemental composition, 
pH value, shape, surface coating, oxidation status, concentration, catalytic activity, 
bonded surface species, solubility, duration of their interaction with living matter, 
stability in biological system, degree of aggregation and degree of agglomeration 
may contribute to the effect of their toxicity (Mazumder et  al. 2019; Sukhanova 
et al. 2018; Artiaga et al. 2015).

A lot of additional studies and researchers are needed to be done as there is lim-
ited information available until now in order to achieve conclusive research findings 
regarding polymer NCs toxicity has been summarized in Table 12.5.
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12.5  Conclusion

The safety and environmental effects of polymer-based NCs have attracted wide 
attention as commercialisation of nanotechnologies grows in an extensive range of 
industries and markets especially in biomedical fields in the last few decades. 
Considering the biological effect and ecological risk of polymer-based NCs, this 
chapter reviewed three important aspects of safety assessment; compatibility, bioac-
tivity and biodegradation prior been applied into healthcare industries. Therefore, 
by following these guidelines could help to improve synthesis characterization for 
each polymer-based NCs and ensure minimalization of adverse effects towards 
human usage and environments.
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Chapter 13
Modern Approach of Hydroxyapatite 
Based Composite for Biomedical 
Applications

Che Azurahanim Che Abdullah, Eszarul Fahmi Esa, and Farinawati Yazid

13.1  Introduction

This chapter presents an overview related to the modern approach of hydroxyapatite 
(HA) based composite for biomedical applications. Composite refers to a heteroge-
neous combination made up of two or more materials having different composition, 
properties and morphology in order to produce new materials with specific physical, 
chemical and mechanical characteristics (Salernitano and Migliaresi 2003). Simply 
speaking, the composite contains at least two or more components known as matrix 
and reinforcement. Biocomposites, on the other hand, refers to the blends of different 
materials based on their biocompatibility for various applications. Different types of 
composites, already in use or currently investigated for various biomedical applica-
tions, are presented in this chapter. The focus will be on the types of HA based com-
posite, synthesis and fabrication approaches, characterization, various biomedical 
applications, the cell-material interactions and its bioactivity and biocompatibility. 
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HA based composite also known as bioceramics composite and been used for the 
past several years for various biomedical applications and recently its being used 
mainly in tissue engineering. Calcium phosphate or single-phase HA based compos-
ite have been widely used for the past thirty years. The advantages offer by the HA 
based composites consist of high compressive strength, comparative inertness 
towards body fluids, its attractive appearance, biodegradability, and high biocompat-
ibility led to the use of bioceramics composite in dental and orthopaedic related 
biomedical applications. The structure of this chapter is organized as follows. In 
Sect. 13.2, classifications of the HA based composite materials are described. This is 
followed by a description of the modern synthesis or fabrication and characterization 
approaches (Sects. 13.3 and 13.4). Section 13.5 deals with current applications of 
HA based composite in biomedical focusing on the ideal properties and cell-material 
interaction. Concluding remarks are offered in the last Sect. 13.6.

13.2  Classification of Hydroxyapatite (HA) 
Based Composites

HA based composite used mainly in biomedical applications can be classified into 
various classifications. Herein, the main four classification consist of metal/metal 
oxide matrix HA based composite, polymer matrix HA based composite, carbona-
ceous HA based composite, and the hybrid HA based composite (Fig.  13.1). In 
terms of polymer matrix, HA based composite can be further divided into natural 
and synthetic polymer.

Fig. 13.1 Classification of hydroxyapatite (HA) composites
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13.2.1  Metal Matrix Hydroxyapatite (HA) Based Composite

HA having component comparable to crystal structure of bone offers both bioactiv-
ity and compatibility. The major bottleneck related to the application of HA mainly 
due to their low fracture toughness and flexural strength. In order to enhance the 
mechanical properties of HA, metal and metal oxide such as magnesium, titanium 
dioxide, zirconia, alumina, and iron oxide usually incorporated in order to reinforce 
the prepared HA-based composites. The metal matrix HA based composite possess 
good tensile strength, high Young’s modulus, high strength and highly resistance to 
corrosion. For biomedical application, the HA composite should be biodegradable 
and non-toxic (Bommala et al. 2018). Table 13.1 listed several types of metal and 
metal oxide previously used in preparing HA based composite for various biomedi-
cal application.

13.2.2  Polymer Matrix Hydroxyapatite (HA) Based Composite

Reinforcement can be achieved by incorporating HA with either natural or synthetic 
polymer the prepared HA-based composites (Fig. 13.2). Polymers provide various 
properties as a matrix for bone tissue engineering applications. Natural polymer- 
based composites received more attention than synthetic polymer composites owing 
to the biocompatible and biodegradable properties offered by natural polymers. 
Other advantages included biological recognition, good attachment to cells and hav-
ing the ability to be degraded and resorbed by the body (Venugopal et al. 2010). 
Chitosan, chitin, collagen, gelatin and polylactic acid (PLA), hylauronic acid deriv-
atives, starch, fibrin gels, silk and lignocelluloses are among popular natural poly-
mer in preparing composites for medical application.

Table 13.1 Metal and metal oxide used in preparing HA based composite

Types of Metal or Metal 
Oxide Applications References

Titanium (Ti) / Titanium 
Dioxide (TiO2)

Implant Oleiwi et al. (2015); Lim et al. (2001)

Magnesium (Mg) / 
Magnesium Oxide 
(MgO)

Bone replacement Khanra et al. (2010)

Zinc (Zn) / Zinc Oxide 
(ZnO)

Bone implant, Antibacterial 
Biomaterial

Begam et al. (2017); Suparto and 
Kurniawan (2019)

Lanthanum (La) Bone replacement Yang et al. (2007)
Zirconia (Zr) / Zirconia 
dioxide (ZrO2)

Bone scaffold, Orthopaedic 
and Dental Prosthesis

An et al. (2012), Zhang et al. (2006), 
Matsumoto et al. (2011), Sung et al. 
(2007)

Iron Oxide (IO) Bone cancer therapy Sneha and Sundaram (2015)
Alumina (Al2O3) Bone scaffold Raj et al. (2018)
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Apart from biocompatible and biodegradable, antimicrobial and antioxidant 
properties of the prepared HA based composites widely expand their application in 
various fields ranging from food nutrition, biomedical engineering up to pharma-
ceutical. The composites also should mimic the behavior of the replaced tissue, 
providing an ideal when in contact with the tissue and capable to be degraded pro-
gressive as soon as the regeneration process ended. However, these naturally derived 
polymers have several drawbacks such as instability and immunogenicity from 
batch to batch. So, synthetic polymers with modifiable properties such as polyvinyl 
alcohol (PVA), polyurethane (PU), poly-d, l-lactic acid (PDLLA), polyethylene gly-
col (PEG), polydimethylsiloxane (PDMS), polyether ether ketone (PEEK) and ther-
moplastic polyvinylidene difluoride (PVDF) are among synthetic polymers usually 
used to create HA based composite as they offer exceptional applicability. The 
advantages offered by synthetic polymer consist of controlled mechanical proper-
ties, biodegradable, and reproducible for an extensive production.

13.2.3  Carbonaceous Hydroxyapatite (HA) Based Composite

Along with the excitement of nanoscience and the diverse applications of carbon- 
based nanomaterials, researchers worldwide started to utilise different carbona-
ceous materials to prepare nanocomposites either as a matrix material or as an 
additional reinforcing material. The carbonaceous materials reported to be bioactive 
for one or more purposes as it offers high competency for bone tissue engineering 

Fig. 13.2 Several examples of natural and synthetic polymer incorporated to produce HA-based 
polymer composites
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equipped with biocompatibility with native tissues and antibacterial activity. The 
incorporation of various carbonaceous materials with HA led to high biocompatibil-
ity and excellent structural properties of the prepared nanocomposite. The use of 
carbonaceous material such as glassy or pyrolytic carbon, fullerenes, carbon nano-
tubes (CNTs) graphene oxide (GO), carbon dots (CDs) and their derivatives and 
compositions are unique and innovative trend in creating HA based composites (see 
Fig. 13.3).

13.2.4  Hybrid Hydroxyapatite (HA) Based Composite

A major challenge in tissue engineering is the development of composite materials 
capable of promoting the desired cells and tissue behavior (Davis and Leach 2008). 
So, hybrid HA based composite biomaterials having the capability to synergize the 
beneficial properties of multiple materials into an outstanding matrix (Bencherif 
et  al. 2013). The hybrid HA prepared by combination of various other materials 
such as metal or metal oxides with either natural or synthetic polymers or carbona-
ceous materials. The hybrid composites offer tuneable properties and providing 
enhancement in cellular and tissue interaction tissue. There are numerous hybrid 
HA based composite materials (as listed in Fig. 13.4) in order to promote the forma-
tion of cell proliferation for tissue engineering applications.

Fig. 13.3 Carbonaceous 
HA based composites
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13.3  Modern Synthesis and Fabrication Approaches

Owing to the importance of HA based composites in various biomedical applica-
tions not limited to tissue regeneration and drug delivery applications. So, various 
techniques (see Fig. 13.5) have been reported for the preparation of HA based com-
posites (Haider et  al. 2017). Two important factors when choosing the synthesis 
approach are particle size and morphology of the final product of HA. To date, many 
findings correlated the HA synthesis techniques with the particle size, but very few 
articles reported the fabrication method and the morphology control of HA based 
composites.

The commonly used techniques for the preparation of HA based composite 
including biometrics, freeze thawing, electronspinning, electrospraying, chemical 
precipitation, hydrothermal, solid state synthesis at high temperatures, microwave 
irradiation, surfactant-assisted precipitation, wet chemical synthesis, powder metal-
lurgy, ultrasound cavitation, solvent casting, sol-gel method and green synthesis 

Fig. 13.4 Examples of hybrid HA based composite
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approach. Chemical precipitation, hydrothermal and sol–gel technique listed as the 
most frequently approach in the HA based nanocomposite fabrications. Table 13.2 
summarized several common methods and the developed HA based composites. 
Until now researchers still are investigating for the method to prepare composites of 
HA with the right stoichiometry and having both high crystallinity and aspect ratio. 
So far, only conventional wet mechano-chemical methods have been reported to 
have the ability to control the stoichiometry of the final product.

Fig. 13.5 Modern synthesis approaches in the fabrication of hydroxyapatite (HA) based 
composites
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Table 13.2 Several common methods and example of the developed hydroxyapatite (HA) based 
composites

Fabrication techniques of 
HA composites Composites References

Biomimetics Col/HA, CNF/HA, 
PCL/HA

Lickorish et al. (2004); Wu et al. (2013); 
Lebourg et al. (2010)

Freeze thaw PVA/HA, nHA@Fe2O3/
PVA

Su et al. (2017); Hou et al. (2013)

Electronspinning PLLA/MWNTs/HA, 
PLGA/HA, HA-PVP/
PEO

Mei et al. (2007); Lao et al. (2011); Zhou 
et al. (2014)

Chemical precipitation Nano-Al2O3 /HA Zhang et al. (2016)
Hydrothermal HA/Alumina and HA/

MgO, SHA/rGO, GO/
HA

Vijayalakshmi and Dhanasekaran (2017); 
Edwin et al. (2019); Rodríguez-González 
et al. (2018)

Microwave irradiation PVOH/CNT/HA, Ag@
Zn/HA, CS-HA

Lim (2018); Nedunchezhian et al. (2016); 
Sukhodub et al. (2018)

Sol-gel method ZrO2/Hap, TEOS/
PDMS/HA, AMWCNT/
HA

Bollino et al. (2017); Luo et al. (2015); Ji 
et al. (2015)

Solvent casting P3HB/HA, p-PLLA/HA Saadat et al. (2015); Dou et al. (2018)

Fig. 13.6 Various characterization methods to evaluate the hydroxyapatite (HA) based composites
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Table 13.3 Characterization methods and main findings of various HA based composites

X-Ray Diffraction 
Analysis (XRD)
-degree of crystallinity
-crystallite size

Metal or metal oxide HA
- Diffraction peak of HA appeared in the composite at 2θ = 31.5°,  
50° and 60° after samples dried at 100 °C (Bouiahya et al. 2019).
- Crystallinity of the composite decreases and the crystallite size 
getting smaller when content of alumina increases (Bouiahya et al. 
2019).
- The intensity of diffraction peak of HA in Fe-HA became lower due 
to ion exchange between Fe3+ and Ca2+ ion. The increment of Fe3+ led 
to the crystallinity decreased (Pai and Yen 2013).
- XRD peaks position for La-HA deviated slightly towards lower 
angle which may be due to distortion in crystal lattice following 
substitution of La in HA (Mathi et al. 2019)
Natural or synthetic polymer HA
- The addition of HA led to the reduction in terms of crystallinity 
degree of PCL as shown by the intensity peak of HA compared to 
PCL (Trakoolwannachai et al. 2019a, b).
- Two notable sharp peaks for PEG noticeable at 2θ = 19.1° and 23.2° 
and peaks for HA is 2θ = 25.9° and 31.7°. As the positions does not 
overlapped, this indicated that there are no chemical interaction 
between PEG and HA (Wang et al. 2017).
- HA peak in composite appeared at 2θ = 25.9° and growth took place 
at (002) crystal plane. The PPy diffraction peak disappear due to weak 
intensity and covered by the background of HA peaks (Huixia et al. 
2016)
Carbonaceous HA
- Addition of fMWCNT into the HA found to have effect on the width 
at half maximum of the peak. As the width increases, it indicates that 
the crystallinity index decreased meanwhile crystallite size increased 
(Barabás et al. 2015).
- XRD pattern of GO-HA consisted of HA peak at 2θ = 31.8° without 
any secondary phase. GO diffraction peak wasn’t detectable in 
composite probably due to low concentration of GO or less 
crystallographic order (Karimi et al. 2019).
- The XRD pattern obtained for HA/GO represented by the peaks at 
25.87°, 31.42°, 32.11°, 32.52°, 39.62° and 49.42° with crystal plane 
(002), (211), (112), (300), (202), (310), (222), (213) and (004) was 
matched with the (JCPDS: No. 09–0432). The formation of well 
crystallized hexagonal phase of HA grown on two dimensional GO 
sheet was confirmed (Ramadas et al. 2017)
Hybrid HA
- Typical peak for GO disappear besides crystallinity of HA and PLA 
decreased in PLA/HA/GO composites due to good dispersion of GO 
and HA in PLA matrix (Gong et al. 2017).
- Diffraction peaks at 38.2°, 44.3°, 64.5°, 77.3° corresponding to 
planes [1 1 1], [2 0 0], [2 2 0], [3 1 1] of fcc silver particles. The 
presence of peaks at 20° and 31.7° revealed the characteristic to the 
presence of crystalline chitosan and n-HA respectively (Saravanan 
et al. 2011).
- Diffraction peak of Cs in composite revealed the semi crystalline 
nature as the peak was broad at 10°–20° meanwhile n-HA and nZrO2 
exhibited crystalline nature which is composite scaffold also 
corroborated as crystalline phase due to imparted by n-HA and nZrO2 
(Balagangadharan et al. 2018).

(continued)
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Fourier Transform 
Infrared Spectroscopy 
(FTIR)
-functional group

Metal or metal oxide HA
- IR spectra for Al/HA displayed the stretching mode of PO4 at 1100, 
1050, 960 cm-1 and bending mode at 605 and 564 cm-1 (Bouiahya 
et al. 2019).
- The stretching bond of phosphate observed at wavenumber of 
962 cm-1 which indicate the formation of HA in composite (Valizadeh 
et al. 2014).
- IR analysis for HA/Fe3O4 displays vibration peak of phosphate at 
wavenumber 569 cm-1, 1044 cm-1, and 1047 cm-1 (Vahdat et al. 2019)
Natural or synthetic polymer HA
- FTIR spectra of HA/PCL composites showed strong P-O stretching 
peak in the wavenumber range 1000–1100 cm-1 (Trakoolwannachai 
et al. 2019a, b).
- N-H bending band for chitosan shift slightly due to hydrogen bond 
with HA and the P-O bending peak at wavenumber of 952 cm-1 
(Trakoolwannachai et al. 2019a, b).
- Specific bending vibration mode of PO4 at wavenumber of 567 and 
603 cm-1 while stretching mode vibration at wavenumber of 963, 1035 
and 1101 cm-1. Some peaks of HA and PPy in composite slightly shift 
due to interaction within composite (Huixia et al. 2016)
Carbonaceous H
- The peaks observed at 2920 and 2850 cm-1 attributed to ACH 
symmetric and asymmetric vibrations of GOs. The peak at 1642 cm-1 
corresponds to the stretching vibration mode of carbonyl group 
present in the graphene. The bending vibration of phosphate display  
at wavenumber of 629, 600 and 564 cm-1 (Prabhu et al. 2016).
- Phosphate absorption band at 610 cm-1, 1037 cm-1 and 1091 cm-1 
indicates the present of HA in composite and peak found at 1730 cm-1 
related to GO (Karimi et al. 2019).
- FTIR spectrum of HA/GO displayed bending vibration band of 
phosphate at 568 and 601 cm−1 meanwhile stretching vibration band 
were observed at 1099 and 1037 cm−1. The band of C=C and C=O 
stretching of GO were 1622 and 1722 cm-1 respectively (Ramadas 
et al. 2017)
Hybrid HA
- CsAgHA composite exhibited different modes of phosphate band at 
1035, 606, 517 cm-1. Peak at 1610 cm-1 corresponds well to NH2 
absorption band in CS. Characteristic peak of C=O is shifted to 
1635 cm-1 by the coordinative interaction between Ag ions and the 
NH2 groups of CS (Yan et al. 2015).
- Amine peak of CS displayed at wavenumber of 1656 cm-1. Peak at 
1634 cm-1, 1070 cm-1 and 572 cm-1 correspond to n-HA in composite. 
Zr-O stretching vibration mode can be observed at wavenumber of 
452 cm-1 and 416 cm-1 (Balagangadharan et al. 2018).
- PLA/HA/GO composite displayed characteristic band of C=C 
vibration at ca. 1617 cm-1 indicates that GO successfully introduced in 
composite. Besides, the appearance of peaks at 1041, 605 and 
566 cm-1 attributed to phosphate group of HA. Bands at 1184 cm-1 and 
871 cm-1 are due to vibration of C-O-C and C-COO respectively 
besides bands at 2998 cm-1 and 2947 cm-1 are assigned to C-H 
stretching of PLA (Gong et al. 2017)

Table 13.3 (continued)
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Scanning Electron 
microscopy (SEM)
-morphology
-particle size

Metal or metal oxide HA
- Surface of La/HA was densely pack and the granules size are very 
small as well as high agglomeration (Mathi et al. 2019).
- HA particle with elongated nanometric (irregular hexagonal) 
structure was agglomerated and contain silver nanoparticle in its 
interior (bright spot inside HA). The size of HA in range 100–150 nm 
long and 40–50 nm wide (Andrade et al. 2016)
- Have irregular and porous structure as well as fine and spherical 
particles for HA/Fe3O4 (Vahdat et al. 2019)
Natural or synthetic polymer HA
- Small, irregular-shaped HA distributed homogenously on the surface 
and within PCL matrix as well as agglomeration occur which enhance 
its osteoinductive property (Trakoolwannachai et al. 2019a, b).
- Scaffold composite showed interconnected pores and pore size 
within range 200–400 μm. Porosity slightly decreased when HA been 
incorporated with chitin due to interaction between polymer chains 
(Kumar et al. 2011).
- nHA/CG scaffolds have a porous structure with interconnected 
pores. Agglomerated nHA particles discernible mostly on the surface 
of pore wall (Li et al. 2011)
Carbonaceous HA
- GO-nHA particles found to be bigger and having porous structure. 
However, after fluoride treatment, the particles become smaller and 
the porosity reduced as fluoride ion started to occupy the composite 
(Prabhu et al. 2016).
- In GNs/HA, HA particles have a rod-like shaped with width around 
50 nm and length in range of 100–200 nm (Pang et al. 2014).
- C-HA in irregular shaped and rough surface was observed.  
Irregular surface may enhance the adsorption capacity. The plate- 
like nanocrystal might be the HA coating on the surface (Long  
et al. 2019)
Hybrid HA
- CS/n-HA/nAg scaffolds have rough surfaces and porous nature with 
size ca. 50–100 μm. Size of silver nanoparticles in range of 
80–120 nm which distributed in the scaffolds. nHA particles ranging 
from 80 to 120 nm (Saravanan et al. 2011).
- Cs/n-HA/nZrO2 scaffold have interconnected pores which uniformly 
spread with size in the range of 55–65 μm. Interconnected porous 
structure significant in serving as template structure for cell 
attachment. Bone extracellular matrix formation and provide space for 
neovascularisation. (Balagangadharan et al. 2018).
-  PLA/HA/GO scaffold have rough surface with some joints and 
protuberances on that surface which suggested that GO and HA were 
attached to the surface of PLA (Gong et al. 2017

(continued)

Table 13.3 (continued)
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Energy dispersive X-ray 
spectroscopy (EDX)
-element present
-Ca/P molar ratio

Metal or metal oxide HA
- From EDX analysis concluded that when Al3+ ion from aluminium 
element increase, the Ca/P molar ratio of Al/HA became lower 
(Bouiahya et al. 2019)
Natural or synthetic polymer HA
- Ca/P molar ratio of nHA/PDLLA composite was 1.62 which is 
non- stoichiometric, calcium deficient and close to apatite in bone. 
The apatite mineralisation in surface of NHA/PDLLA is similar to 
animal bone in main composition (Deng et al. 2008)
Carbonaceous HA
- Ca/P Molar ratio of Go-HA are about 1.7. This result suggested that 
GO has positive effect on the mineralisation of HA with Ca/P molar 
ratio close to the pure HA (1.67) (Fathyunes and Khalil-alla 2017)
Hybrid HA
- C, P, O, Ca and Au element are traced in the EDX spectrum for 
PLA/HA/GO composite which clearly indicate the present of GO and 
HA in composite. Meanwhile, Au element came from the gold plate 
used to test sample using SEM measurement. The molar ratio of Ca 
and P for that composite obtained from EDX measurement is 1.64 
which close to natural bone ratio (1.67) (Gong et al. 2017)

Thermogravimetric 
analysis (TGA)
-thermal stability

Metal or metal oxide HA
- TGA spectra of HA + GA displayed that 6.314% weight loss at 
62.69 °C attribute to the presence of water content and 10.76% of 
weight loss correspond to the phosphate group. Besides, the weight 
loss of 8.574% at 433.56 °C due to presence of CaOOH. TGA spectra 
of HA + GA almost similar to HA but different in residual percentage 
due to presence of Ag metal in residual besides pure CaO. (Bharti 
et al. 2016).
- TGA curve of Al2O3-BHA (alumina-bovine hydroxyapatite) display 
that at evaporation of solvent, adsorbed water and crystal water of 
boehmite phase (Al-OOH) occurred at ca. 150 °C and 450 °C. Then, 
transformation of boehmite to α-alumina which the only stable phase 
of alumina, can be observed at 500–1300 °C. Small amount of BHA 
converted into β-TCP at 1250–1300 °C (Yelten et al. 2012)
Natural or synthetic polymer HA
- PVAHA composite undergo continuous weight loss until 800 °C due 
to the degradation of PVA and dehydroxylation of HA. The weight 
loss due to water occurred up to 200 °C. Between 200 °C and 550 °C, 
the weight loss caused by degradation of PVA. 50% of PVA in HA 
has weight loss of 18.01% whereas 1% PVA in composite has weight 
loss of 7.05%. This finding indicated that the highest weight loss 
occurred on composite with highest percentage amount of PVA 
(Hussain et al. 2016).
- Incorporation of nHA slightly enhanced the thermal stability of 
α-chitin. The thermogram of composite showed initial drop at 100 °C 
due to moisture loss and then it got straightened which indicates that 
no phase change in composite structure (Kumar et al. 2011)

Table 13.3 (continued)

C. A. C. Abdullah et al.



311

Carbonaceous HA
- Two major weight loss when heating HA-CNT composite which 
takes place in air which is attributed to loss of amorphous carbon at 
300–400 °C and CNT that typically above 400 °C (Kosma et al. 
2013).
- TGA curve of fMWCNT-HA composites show that the weight loss 
of 9.2% at 80–140 °C owing to the elimination of adsorbed water 
from the surface and pores. At 142–250 °C weight loss of 7.27% due 
to decomposition of NH4NO3 which was the by-product from the 
synthesis reaction. The composite has good thermal stability 
according to TGA measurement because of combustion of fMWCNT 
took place at higher temperature (510–609 °C). The TGA curve of 
fMWCNT-HA was a multi-stage process as without the formation of 
stable intermediates (Barabás et al. 2015)
Hybrid HA
- PLA/HA/GO showed the capability of the composite to remain 
stable without weight loss up to 200 °C. Major weight loss was 
observed between 240 and 400 °C. Based on the results, when the 
weight percentage of GO in composite increases, the maximum 
temperature decomposition become lower. Thermal stability of PLA 
revealed the enhancement by the addition of GO and HA may be due 
to interaction between HA, GO and PLA via hydrogen bond and van 
der Waals force. (Gong et al. 2017)

Brunauer–Emmett–
Teller (BET)
-pPorosity
-specific surface area

Metal or metal oxide HA
- The composite acted as mesoporous material. BET analysis showed 
that only moderate increase on specific surface area when high Al 
introduced to the composite. For lower content of Al, the 
mesoporosity became more obvious as the enlargement of hysteresis 
loop seen so obvious. The introduction of aluminium oxide to 
composite has specific surface area in range of 145 to 206 m2 g−1, 
which clearly improve the specific surface area compared to pure HA 
(ca. 100m2g−1) (Bouiahya et al. 2019)
Natural or synthetic polymer HA
- BET surface area of PVAHA composite was 41.3–63.7 m2/g 
meanwhile for BET nitrogen adsorption/ desorption isotherms of 
composites showed type IV which a typical type for mesoporous 
material. (Hussain et al. 2016)
Carbonaceous HA
- BET nitrogen adsorption/desorption for GO-HA displayed type IV 
which similar to HA and having distinct hysteresis loop when P/P0 
over 0.5, which reveals the characteristic of mesoporous material 
(Fathyunes and Khalil-alla, 2017)
Hybrid HA
- BET analysis proved that there are mesopores in the GO/HA/CS 
based composite as from the nitrogen absorption/desorption, the 
composite has similar structure with that of Type IV isotherm with H3 
hysteresis. Based on BJH calculation, that composite consist of large 
BET surface area and the mesoporous structure distributed at 3.71 nm 
(Yılmaz et al. 2019)

Table 13.3 (continued)
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13.4  Characterization of HA Based Composites

Various characterization techniques have been used to characterize HA based com-
posites. The characterization techniques can be divided into spectroscopic and 
direct visualization as listed in the Fig. 13.6. Table 13.3 concluded main findings of 
various HA based composites using both characterization techniques.

13.5  Current Application of Hydroxyapatite (HA) 
Based Composites

Hydroxyapatite based composites have various biomedical applications especially 
in tissue engineering. Tissue engineering or regenerative medicine is a field that 
involves in promoting new tissues or organs to restore defect, lost or damaged tis-
sues and organs by engineered products. The current practice of using bone grafts 
for treating patients with bone defect resulted from trauma, pathology and congeni-
tal disease brings together a few disadvantages. The advancement of tissue engi-
neering has shed a new light for both clinicians and patients involved. The triad of 
tissue engineering requires stem cells, growth factors and scaffold-based compos-
ites. HA based composite is one of the preferred scaffolds due to its similar compo-
sition and structure with the natural human bone (Roffi et al. 2017).

13.5.1  Bone Regeneration

Bone disorders due to trauma, congenital deformity and malignancy are one of the 
pathological areas that require transplantation of bone graft. Bone graft can either 
be autograft, allograft, xenograft or bone substitutes. However, each graft pos-
sesses different drawbacks that hinder optimal outcome after the surgery. Since the 
last few decades, the advancement in regenerative medicine has gradually being 
investigated to overcome the limitation of usual practice, including the bone tissue 
regeneration area. Even though it is difficult to mimic nature, recent scientific and 
technological findings show promising results to provide an alternative option to 
the current management. Scaffold, one of the important components in tissue engi-
neering has received tremendous attention among researchers. The search for the 
right scaffold in bone tissue engineering since past few decades is still ongoing. 
The ideal scaffold for bone regeneration should have the following properties: bio-
compatible, bioresorbable, osteoconductive, osteoinductive and structurally simi-
lar to the native bone.
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13.5.2  Ideal Properties of Scaffolds

Bioceramic such as HA, bioactive glass, zirconia and β-tricalcium phosphate 
(β-TCP) are mostly used for hard tissue regeneration (Huang et al., 2018; Lukić 
et al., 2011). HA based scaffolds have been reported to have good biocompatibility 
and osteoconductivity; suitable for bone regeneration (Hao et al., 2017). Owing to 
similar chemical composition with native bones HA has become the most common 
bioceramic used in bone tissue engineering (Mondal et al. 2019; Yang et al. 2019). 
Scaffolds chosen should mimic the actual microenvironment to allow cells to inter-
act and behave at the optimum condition. Hence, scaffolds properties are essential 
in determining cellular response and fate (Loh and Choong 2013). There are few 
requirements for ideal scaffolds required in bone regeneration that include physical 
properties, biomaterial properties and mechanical properties (Tables 13.4 and 13.5).

Mechanical property of ideal scaffold in bone regeneration requires sufficient 
mechanical strength in order to maintain the cell integrity until formation of new 
bone. Newly bone regeneration should withstand loading to prevent shielding as 
compared to the surrounding native bone (Loh and Choong 2013).

Table 13.4 Physical properties of ideal HA based composite for scaffold in bone regeneration

Properties Characteristics

Porosity Pore size
Minimum 100 μm in diameter for successful diffusion of nutrients and 
oxygen (Bose et al. 2012).
More than 200 μm for better osteoconduction and up to 500 μm for 
vascularization (Khojasteh et al. 2016).
More than 500 μm might wash away the cells that previously seeded 
during in vivo application

Interconnectivity Important to enable proper diffusion of nutrients and metabolic waste into 
and from deeper part of scaffold for cell viability (Battistella et al. 2012).
Important for cell penetration and angiogenesis of cell/scaffold co-culture 
(Ghassemi et al. 2018)

Porosity Porous scaffolds will offer high surface area for scaffold-cell interaction; 
resulted in better cells infiltration and attachment (Loh & Choong 2013).
Dense scaffold has excellent mechanical property and less susceptible to 
breakage, but it has slow dissolution rate

Table 13.5 Biomaterial property of ideal scaffold in bone regeneration

Properties Characteristics

Biocompatibility Biocompatible to the cells and environment (Ghassemi et al. 2018)
Osteoconductivity Bone grows on a scaffold surface
Osteoinductive Enhance osteogenesis
Bioresorbability Ability to degrade in vivo, preferably at a controlled rate and eventually 

providing space for the new bone to grow
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13.6  Conclusion and Future Remarks

This chapter reviewed modern approach used in the fabrication of HA based com-
posite for various biomedical applications. Wide range of methods available for 
fabricating HA based composites have developed in the past few decades. Each of 
the fabrication methods has its own benefits and drawbacks. Factors need to be 
taken into consideration include the overall cost, easy and reliable procedures, the 
performance and characteristic of the end product. The HA composites prepared 
with either polymers, metals and metal oxide, carbonaceous and the hybrid mix-
tures have gain worldwide attention due to the outstanding biological properties on 
top of chemical resemblance to the bone tissues. It is important to consider the ideal 
properties of the biomaterial in designing the suitable HA based composite for bio-
medical applications. Future work will focus on the advancement and improvement 
in fabrication real bone like HA composites with improved mechanical, bioactivity, 
biocompatibility and osteoconductivity. The cell-material interaction, in vitro and 
in vivo studies will be the focus in the future.
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Chapter 14
Hybrid Composite for Orthopedic 
Applications

Yanny Marliana Baba Ismail and Yvonne Reinwald

14.1  Introduction

Various biomaterials have been explored for designing engineered bone tissue, 
ranging from natural to materials synthetic materials as well as the combination of 
the two employing numerous fabrication techniques. These materials are expected 
to resemble the chemical composition and architecture of the natural human bone as 
well as providing sufficient biomechanical properties to withstand load once 
implanted in the patient’s body. In order to mimic the complex bone structure, a 
novel engineered bone material could be designed by combining two or more mate-
rials, forming a hybrid composite material. Ideally, this hybrid composite material 
should be biocompatible, bioresorbable/ biodegradable over time, osteoinductive 
and osteoconductive. Furthermore, the hybrid composite material should enable the 
fabrication of 3D porous structures with sufficient porosity and interconnected 
pores to allow cell ingrowth, transport of nutrients and metabolic waste throughout 
and most importantly promoting vascularization. In order to fabricate a suitable 
hybrid composite for bone regeneration, one should firstly understand the natural 
bone formation and remodelling, bone-health problems, as well as limitations of 
current treatments and current approaches to accelerate bone remodelling. This 
chapter will provide an insight into these aaspects to enable the right selection of 
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materials for the fabrication of functional hybrid composite materials for bone 
regeneration.

14.2  Brief Insights into Bone Biology

Bone is a dynamic and highly vascularized tissue which undergoes remodelling 
throughout the lifetime of an individual (Salgado et  al. 2004; Stevens 2008a). 
Basically, bone tissue is comprised of two main components; (i) the inorganic min-
eralized phase, which forms 65–70% of the bone tissue and consists of carbonated 
hydroxyapatite (CHA), and (ii) non-mineralized organic phase, which forms 
30–35% of bone tissue and is predominantly collagen type I and other organic pro-
teins. The inorganic mineralized phase increases the stiffness and the compressive 
strength of the bone while, the tensile strength and flexibility of bone are provided 
by the organic non-mineralized phase (Viguet-Carrin et al. 2006; Balint and Cartmell 
2012). Each of the bone components plays an important role in allowing bone (1) to  
protect vital internal organs, (2) to support locomotion by providing support and site 
of muscle attachment, (3) to ensure that the skeleton has sufficient load-bearing 
capacity, (4) to promote the generation of red and white blood cells for oxygenation 
and immunological protection of other tissues and (5) to act as mineral reservoir for 
calcium, phosphate, and other important ions.

In adult skeleton, bone tissue can be divided into two architectural forms namely, 
the cortical also known as compact or dense bone (around 80% of total skeleton) 
and trabecular also called cancelleous or spongy bone (around 20% of total skele-
ton). Cortical bone is the denser bone, consisting of parallel cylindrical units with 
5–10% porosity. Cortical bone is primarily found in the shaft of long bones such as 
femur, tibia, fibula; and forms the outer shell around the cancellous bone at the end 
of joints and the vertebrae. In contrast, the cancellous bone acquires sponge-like 
honeycomb morphology, comprising of branching bars, plates, and rods of various 
sizes called trabeculae. The mechanical properties of cancellous bone are greatly 
dependent on its porosity and internal porous structure. Its porosity ranges from 50 
to 90%, making its ultimate compressive strength and modulus of elasticity 10 times 
inferior compared to cortical bone. Besides that, the pores also perform other physi-
ological functions and contain the marrow. Cancellous bone is normally found at 
the end of the long bones in vertebrate and in flat bones like the pelvis (Salgado 
et al. 2004; Stevens 2008a).

The formation, maintenance and resorption of bone tissue results from the inter-
action of bone cells, namely osteoblasts, osteocytes and osteoclasts. Osteoblasts are 
responsible for the production and mineralization of the bony matrix whereas, 
osteoclasts are responsible for bone resorption during remodelling, the repair of 
micro-damage and the adaptation to mechanical loading. Osteocytes are the most 
abundant cells in bone which are characterized by stellate shape and possess fewer 
organelles than the osteoblasts. Osteocytes reside in the lacunae within the mineral-
ized matrix and act as the mechanosensor cells of bone (Balint and Cartmell 2012; 

Y. M. Baba Ismail and Y. Reinwald



321

Kini and Nandeesh 2012). Bone development and repair are finely coordinated 
through the balance between bone matrix resorption and formation orchestrated by 
osteoclasts and osteoblasts, respectively. Together, they form multicellular units, 
present in the vicinity of the vascular spaces and bone surfaces, responsible for bone 
remodelling. Fundamentally, the bone remodelling process involves six stages, 
namely (1) quiescence, (2) activation, (3) resorption, (4) reversal, (5) formation and 
(6) mineralization (Kohli et al. 2018). The understanding of the physiological pro-
cess involved in bone remodelling is of critical importance with regards to the 
design and development of a biomaterial for it to completely reconstruct the dam-
aged tissue. The next section of this review will discuss the need of biomaterial 
intervention in accelerating bone remodelling followed by the sequence of events 
that take place upon biomaterial implantation.

14.3  Clinical Needs for Bone Regeneration

Bone loss or dysfunction due to disease, trauma or infection can dramatically alter 
one’s body equilibrium and quality of life (Salgado et al. 2004; Balint and Cartmell 
2012). It is considered as one of the major public health problems, which could 
result in huge socioeconomic implications. For younger people who generally have 
higher regenerative capacity, most fractures will possibly heal without the need of 
any intervention (Stevens 2008a). However, it is not the same scenario for elderly 
people. The growing elderly population is one of the major factors contributing to 
the increase in bone-related degenerative diseases such as osteoporosis, which is 
due to hormonal changes and oxidative stress related to aging. Proximal femur, 
proximal humerus or the vertebral body are the typical locations of such commuted 
fractures for these patients. The reconstruction of fractured bones remains a critical 
challenge in the field of orthopaedic surgery. According to the National Health 
Service’s (NHS) records, more than 300,000 people receive hospital treatment for 
fragility fractures every year as a result of osteoporosis in the United Kingdom, thus 
resulting in enormous economic burden for the NHS. For instance, hip fractures 
alone cost the UK an estimated £5 million per day- that is approximately £2 billion 
pounds per year.

In other parts of the world, particularly in Asia, the largest bone-related are due 
to the high rate of road accidents (Muhammad et al. 2012). For instance, in Malaysia 
alone, annually there are over 400,000 road accidents with approximately 7000 fatal 
cases and over 10,000 serious and minor injuries. In 2014, it was reported that 
Malaysian roads were considered the 17th most dangerous roads in the world with 
road accidents leading to serious trauma and fractures. In addition to trauma the loss 
or resection of bone due to tumour or infection can cause critical-size defects (CSD). 
Bone-health problems do not only restrict the physical movement of the patients but 
indirectly also affect the psychological condition and quality of life of an individual 
(Balint and Cartmell 2012).

Historically, bone defects are treated autografts or allografts. Transplanting 
autologous bone has been considered as gold standard in clinic as it integrates 
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reliably with the host bone and avoids immune- and disease- related complications 
(Athanasiou et al. 1996). Allografts, on the other hand, are bone donated from other 
patients. However, numerous drawbacks of this treatment have been reported such 
as short supply, high cost, and donor site morbidity as associated with the harvest 
and potential risk of disease transmission. The limitations associated with the use of 
autografts and allografts have driven the development of various engineered bone 
biomaterials. The use of these biomaterials could reduce the risk of disease trans-
mission, the number of surgical procedures, cost, pain and immunogenicity as well 
as eliminate the issue regarding the shortage of supply (Kohli et al. 2018; Fernandez 
de Grado et al. 2018). Various materials such as natural or synthetic biomaterials 
mostly based on calcium phosphates bioceramics, polymer-based substitutes and 
biological products such as growth factors have been developed for bone tissue 
engineering (BTE) applications. To date, no adequate bone substitute has been 
developed to meet the clinical needs; hence, bone-health problems remain unre-
solved. The search of new bone regeneration strategies is therefore a key priority 
fuelled by the debilitating pain associated with bone damage, particularly in manag-
ing large bone defects. For these particular defects, not only is the bone tissue dam-
aged, but the surrounding vascular network is often markedly disrupted as well, 
which can consequently affect the repair response of the tissue. Bone regeneration 
is a complex process as it involves not only bone cells, vascular network but also the 
surrounding immune responses. Developing porous synthetic materials such as 3D 
hybrid composite biomaterials, which can ultimately act as bone scaffolds exhibit-
ing bone like composition and architecture is crucial. These bone scaffolds are able 
to support faster bone regeneration and inclusion of functional vascular networks 
within their structure.

14.4  Approaches to Accelerate Bone Regeneration

With a long history of development, Calcium orthophosphates (CaPs) have been 
accepted as main inorganic components of hard tissues of vertebrates. The mineral 
phase of bone and teeth is a basic calcium phosphate, which is assimilated to syn-
thetic hydroxyapatite (HA) with a chemical formula of Ca10(PO4)6(OH)2. Besides its 
strong affinity for the mineral constituents of bones, HA also has good bioactivity, 
osteoconductivity, and biocompatibility with the human bone tissue. These proper-
ties provide a rationale for its use as bone substitute material in orthopaedic and 
dental applications. However, biological apatites differ from stoichiometric HA in 
several respects, including non-stoichiometry, small crystal dimensions and poor 
crystallinity (i.e. low degree of structural order) (Boanini et al. 2010; Malhotra and 
Habibovic 2016; Baba Ismail et al. 2017). Biological apatites are uniquely similar 
in that they all comprise carbonate (CO3) in varying amounts of 2–8 wt %, prefer-
entially substituting the PO4 site (B-type) compared with OH (A-type) ions in the 
apatite lattice. The composition of CO3 depends on bone age, site, sex, and health of 
the individual (Zhou et al. 2008; Landi et al. 2003).
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For the past few decades, much research has demonstrated that a variety of trace 
elements such as carbonate, magnesium, zinc, strontium, and cobalt can be incorpo-
rated into the HA lattice to improve its properties by producing a mineral composi-
tion more akin to that of mineral native bone tissue. Not only the chemical 
composition of the biomaterials plays a major role, but also the ability to encourage 
rapid osteogenesis coupled with angiogenesis. These processes are intricately linked 
and osteogenesis would not be possible without angiogenesis (Grellier et al. 2009; 
Bose et al. 2013). A common way to promote osteoinductivity and agiogenesis in 
CaPs scaffolds is by incorporating growth factors such as recombinant human bone 
morphogentic protein-2 (rhBMP-2), transforming growth factor (TGF-β), insulin 
growth factor (IGF), vascular endothelial growth factor (VEGF) and a variety of 
bisphosphates (BPs)(Hankenson et al. 2011; Portal-Núñez et al. 2012). However, 
recent concerns over their safety has lead to increased resistance of their use through 
the Food and Drug Administration (FDA). The major concerns have related to ecto-
pic or unwanted bone formation, which in certain situations can lead to very serious 
side effects (Boraiah et al. 2009; Luca et al. 2010). An alternative and potentially 
safer strategy has been the addition of multi- doping ions into the HA lattice as it has 
been reported that the addition of trace elements can lead to controlled resorbability, 
improve mechanical strength and positively influence the biological response (Bose 
et al. 2013; Bandyopadhyay et al. 2006). The roles of these trace elements and their 
mechanisms of action are summarized in Table 14.1.

14.5  Materials for Bone Scaffolds

Given the demanding clinical need, it is not surprising that the market for biomaterial- 
based orthopedic treatments is evolving at a rapid rate. While materials intended for 
the implantation in the classical approach were in the past designed to be bioinert, 
material scientists have now shifted toward the use of bioactive materials. These 
bioactive materials are supposed to integrate with the host and regenerate damaged. 
For BTE applications, these bioactive materials should preferably be osteoinduc-
tive, osteoconductive and osseointegrative. The terms osteoinductive, osteoconduc-
tive and osseointegrative are repeatedly used in many orthopaedic papers, but not 
always correctly defined. Thus, the suggested definitions of these terms are shown 
in Table 14.2.

The selection of the most appropriate material for the fabrication of a scaffold is 
very important, as its properties will influence the scaffold properties to a great 
extent. A number of materials such as metals, ceramics and polymers have been 
proposed but most metals and ceramics are non-biodegradable, which leaves the 
researcher’s choice to limited small number of ceramics and biodegradable 
polymers.

14 Hybrid Composite for Orthopedic Applications



324

14.5.1  Bioactive Ceramics

Bioactive ceramic materials have similar composition to the inorganic mineral 
phase of bone, and hence hydroxyapatite (HA) and tricalcium phosphate (TCP) are 
of clinical interest (Best et al. 2008; Stevens 2008b). The rationale of using these 
calcium phosphate (CaP) based materials stems from the fact that CaP is the major 
component of biological apatite and that it shows promises of biocompatibility, 
osteoconductivity and biodegradability.

Synthetic HA has been used as coatings on metallic implants, fillers in polymer 
matrices and scaffolds for maxillofacial reconstruction, treatment of bone defects, 
total joint replacement and revision surgery for the last 20–30 years (Best et  al. 
2008). However, previous studies have reported that pure HA shows negligible 

Table 14.1 Roles of trace elements and their mechanisms of action

Trace 
elements Role Mechanism of action

CO3
2− Major 

substituent in 
bone

The presence of B-carbonate in the apatite lattice causes a decrease 
in crystallinity and increase in solubility in both in vitro and in vivo 
tests (Landi et al. 2003; Murugan and Ramakrishna 2006). The 
higher the carbonate content, the higher the metabolic activity of the 
tissue (Landi et al. 2010)

Sr2+ Osteogenesis Strontium stimulates osteoblasts activity and simultaneously inhibits 
sthe activity and differentiation of osteoclast cells (Aina et al. 2012; 
Chandran et al. 2016)

Co2+ Angiogenesis Cobalt ions can induce hypoxia on the cellular level. Cells 
compensate for this hypoxic environment by expressing genes (such 
as VEGF) that promote neovascularization and angiogenesis (Pacary 
et al. 2006; Kim et al. 2006a). In large doses, CO2+ can also induce 
toxicity. Increased soluble CO2+ ion levels might cause serious 
adverse reactions to the surrounding tissues as well as systematic 
toxicity (Simonsen et al. 2012).

Zn2+ Osteogenesis Zinc ions have a positive effect on bone metabolism. In the cellular 
microenvironment, Zn2+ are thought to promote osteoblastic bone  
formation and inhibit osteoclastic bone resorption in vitro (Bose 
et al. 2013; Dasgupta et al. 2010)

Mg2+ Angiogenesis Magnesium induces nitric oxide production in endothelial cells 
which is essentially the same function as VEGF uses to induce 
angiogenesis (Cooke 2002; Maier et al. 2004)

Table 14.2 Definitions of osteoinductive, osteoconductive and osseointegrative

Terms Definitions

Osteoinductive Capable to stimulate the differentiation of progenitor cells towards 
osteoblastic lineage

Osteoconductive Permits bone growth on its surface and supports the ingrowth of 
surrounding bone

Osseointegrative Ability to integrate into surrounding bone which forms a direct contact 
between host bones and implant
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resorption even years after implantation. Besides, it was found that biological apa-
tites differ chemically from stoichiometric HA in that they contain a number of 
additional trace elements substituted into the HA lattice (Boanini et al. 2010; Gibson 
and Bonfield 2002; David et al. 2013).

Back in 1960s, Raquel LeGeros (1969) first started the work on the characteriza-
tion of carbonated HA (CHA) for biomedical application. Since then, synthetic 
CHA has been extensively studied, as carbonate is the most abundant substitution in 
bone mineral (2–8 wt%). Its amount depends on bone age, site, animal species and 
individual. Thus, biological apatite is more accurately described as carbonated HA 
rather than HA alone (Landi et al. 2003; Best et al. 2008; Merry et al. 1998; Tadic 
et al. 2002). There are three types of carbonate substitution; (i) the substitution of 
carbonate for hydroxyl ions (A-type), (ii) carbonate substitution for phosphate site 
(B-type) and (iii) both hydroxyl and phosphate groups substituted by carbonate 
(AB-type) (Landi et al. 2010; LeGeros et al. 1969; Shepherd et al 2012). Previous 
studies have shown that the presence of B-carbonate in the apatite lattice causes a 
decrease in crystallinity and increase in solubility in both in vitro and in vivo tests. 
The increase in solubility has considerably enhanced the bioactivity of CHA. This 
has been shown by greater bone apposition found around dense CHA compared to 
pure HA. Besides CHA, various other trace elements have been incorporated into 
the hydroxyapatite structure with the aim to either improve the osteogenesis (bone 
formation) or angiogenesis (vascular network formation). Among the trace ele-
ments that have been investigated and incorporated into the apatite structure are 
Sr2+, Co2+, Zn2+ and Mg2+. Their roles are described in Table 14.1.

For all the aforementioned reasons, the development of synthetic HA powders 
with fully complete and controlled levels of ionic substitutions into the HA lattice 
seem promising candidates for the fabrication of ideal bone scaffold materials. 
These materials have the potential to become the new “gold standard”, mimicking 
the composition of the natural human bone mineralized matrix (Sprio et al. 2008).

14.5.2  Biodegradable Polymers

There are two types of biodegradable polymers, i.e. natural and synthetic polymers 
(Chen et  al. 2002; Rezwan et  al. 2006). Natural polymers, such as collagen and 
hyaluronic acid are among the potential candidates for bone substitute materials 
which would provide essential biological guidance to cells, supporting cell attach-
ment and promoting chemotactic responses. Collagen is the major component of 
extracellular matrix (ECM) which is responsible for cellular adhesion and prolifera-
tion (Kim et al. 2010; Zhao et al. 2014). It occurs in many places throughout our 
body. For instance, it is found in bone (Type I), cartilage (Type II), blood vessel 
walls (Type III), cell basement membrane (Type IV) and cell surfaces (Type V). 
Collagen type I is a popular choice of material for the scaffold preparation for bone 
regeneration since it offers excellent biocompatibility, degrades easily and is 
resorbed by the body. It also promotes cell attachment, but its mechanical properties 
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however, are much lower than that of the native bone (Wahl and Czernuszka 2006; 
Jones et al. 2010).

On the other hand, hyaluronic acid is the major non-collagenous component 
present in the ECM and the synovial fluid (Zhao et al. 2014; Zhang et al. 2005). 
Therefore, hyaluronic acid and collagen, have been incorporated into 3D scaffolds 
for bone regeneration (Holtorf et al. 2005; Yu et al. 2012). Hyaluronic acid and col-
lagen type I have been used as coating materials for PLLA films to enhance cell-
material interaction. These coatings may improve the bioactivity of PLLA films, for 
potential BTE applications (Zhao et al. 2014).

The most often utilized biodegradable synthetic polymers for 3D scaffolds in 
BTE are saturated poly-α-hydroxyl esters such as poly (lactic acid) (PLA), poly 
(glycolic acid) (PLGA), as well as poly (lactic-co-glycolide) (PLGA) copolyers 
(Athanasiou et al. 1996; El-amin et al. 2003; Li et al. 2010). These polymers have 
been approved by the FDA for certain human clinical use, such as surgical sutures 
and some implantable devices (Chen et al. 2001). The chemical properties of these 
polymers allow hydrolytic degradation through de- esterfication. The degradation 
by-products can be removed by the body through natural metabolic pathways as 
lactic and glycolic acids. The degradtion rate, physical and mechanical propeties of 
these polymers can be easily tailored over a wide range by using various molecular 
weights and copolymers. However, these polymers undergo bulk erosion process, 
where a massive release of the acidic by-products could cause local inflammatory 
reactions in vivo. Consequently, this can cause the scaffold to fail prematurely. 
Another drawback of these synthetic polymers is related to their hydrophobicity and 
lack of physiological activity (Kim et al. 2006b). It has been shown that PLA does 
not provide a favorable surface for cell attachment and proliferation due to lack of 
specific cell recognition sites. Modification of the outermost part of the material is 
seen to be sufficient as to tailor their biocompatibility, while the bulk properties of 
the materials are maintained.

14.5.3  Composites

Composite or hybrid materials can be generated via the combination of functional 
polymers with inorganic nanostructured compounds. Inorganic-organic composites 
aiming to closely mirror the composite nature of real bone by combining the tough-
ness of a polymer phase with the compressive strength of a ceramic phase has been 
shown to improve both the degradation and mechanical properties of these hybrid 
scaffolds (Stevens 2008b). For instance, tissue-engineered HA-Collagen nanocom-
posite systems are developing rapidly and showing promise (Wahl and Czernuszka 
2006; Jones et al. 2010). Comparing ceramic scaffolds and ceramic composite scaf-
folds, it was shown that HA-Collagen composite have better osteoinductive capac-
ity compared to single HA or TCP.  Several approaches have been developed to 
create the inorganic-organic polymer composites including blending, sol-gel and 
emulsion polymerization. The main challenge in synthesizing composite materials 
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to recreate the organization of native organic and inorganic components at the 
nanoscale as found in vivo. However, mechanical properties of these composites is 
still low compared to the native bone (Stevens 2008b).

14.6  Engineered Scaffolds for Bone Tissue Engineering

In seeking to meet the current challenges of hard tissue augmentation through mim-
icking the native bone, clinically viable three-dimensional multi-functional scaf-
folds can be incorporated as matrices for the regeneration of new tissue. Scaffolds 
can be used either as permanent or temporary template to restore organ functional-
ity. To facilitate tissue repair, scaffolds should meet certain criteria, which might 
vary slightly between types of tissues. Nevertheless, the following properties have 
been identified as essential scaffold criteria for BTE applications:

 (a) Scaffolds should be biocompatible, which suggests that they should be well 
integrated in the host’s tissue without inducing any adverse response (Salgado 
et al. 2004; Rezwan et al. 2006). Scaffold should also be osteoconductive in 
order to guide the formation of new bone tissue along their surfaces 
(Leong et al. 2003).

 (b) Scaffolds should be biodegradable/ bioresorbable. The scaffold should allowed 
tissues/cells to adhere, proliferate, and differentiate to form healthy tissues and 
help tissue recovers to the original shape and strength. Subsequently, the scaf-
fold would then degrade while the tissue regenerates (Hutmacher 2000).

 (c) Scaffolds should be osteoinductive to promote bone tissue regeneration in large 
bone defects. Natural osteoinduction in combination with a biodegradable scaf-
fold may not be enough to facilitate bone healing (Albrektsson and 
Johansson 2001).

 (d) Surface properties both chemical and topographical of a scaffold are primarily 
important to regulate cell activities, such as for adhesion, differentiation, prolif-
eration and thus promote tissue growth (Oh et al. 2006).

 (e) Scaffolds should possess sufficient amount of porosity (40–90% depends on the 
nature of biomaterials used) to allow cell ingrowth as well as flow of nutrients 
and metabolic waste throughout the entire scaffold (Hutmacher 2000).

 (f) The pore size of a scaffold should be large enough to allow cell penetration. It 
is well recommended that for BTE application, the pore size should be in the 
range of 200–900 μm (Mikos and Temenoff 2000).

 (g) Scaffolds should demonstrate adequate mechanical strength so that they do not 
collapse during handling and during the patient’s daily activities. In vitro, the 
scaffolds should have sufficient strength to withstand the mechanical stimuli 
applied when cultured in dynamic 3D culture environments such as bioreators  
(Leong et al. 2003).
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 (h) Biomaterials should also be reproducible and processable into 3D scaffolds 
with various shapes and sizes (Leong et al. 2003; Hutmacher 2000). The fabri-
cation process should be controllable and cost-effective (Hutmacher et al. 2004).

 (i) As the scaffolds will be in direct contact with the biological environment, they 
should be easily sterilizable to prevent infection (Rezwan et al. 2006).

 (j) Suitable substrate stiffness is also important because it has been shown to affect 
cell responses including proliferation, differentiation, migration and apoptosis 
while cells are being attached to a scaffold. It has a huge influence on cell 
migration, proliferation and apoptosis (Pelham and Wang 1998; Wang et al. 2000).

14.7  Conclusion and Future Direction

Key requirements for engineering a functional hybrid composite for bone regenera-
tion are depending on the selection materials to be used, the appropriate ratio of 
inorganic and organic materials as well as the architectural design of the hybrid 
composite scaffolds. These influence the properties of the hybrid composite to a 
great extent. It is critically important to ensure the produced hybrid composite 
closely resembles the composition and architecture of natural human bone, and 
reaches a balance between mechanical and biological performance to assure suc-
cessful bone regeneration.
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Chapter 15
Polymer-Based Composite in Biomedical 
Applications

Rabiatul Basria S. M. N. Mydin, Ku Nur Izzati Ku Mohamad Faudzi, 
Nor Hazliana Harun, Wan Nuramiera Faznie Wan Eddis Effendy, 
Nur Afiqah Amalina Romli, and Amirah Mohd Gazzali

15.1  Introduction

Polymer-based composites with significant features and properties have attracted 
researchers worldwide owing to their numerous opportunities in processing, fabri-
cation, design, properties and bio application that can lead to the development of 
high performance and biocompatible materials. The discovery of advanced polymer- 
based composite plays a key role in the development of nanocomposites for bio-
medical applications. This chapter will briefly describe information about four main 
applications of polymer based nanocomposite in biomedical science field; 
healthcare- associated infection (HAIs), drug delivery, medical implants and bio-
medical applications.
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15.2  Healthcare-Associated Infection (HAIs)

Since few decades ago, the healthcare systems confronted spreading of pathogens 
that associated with healthcare-associated infections (HAIs) risk. This type of infec-
tion lead to public health challenge as endanger patient’s safety, extend length of 
hospital stay, increase treatment costs and high mortality and morbidity rates (Olar 
et al. 2010; Apisarnthanarak et al. 2017). It can be acquired in two possible ways 
commonly by a patient itself and also can be acquired from healthcare workers in a 
healthcare facility in which develop after 48  hours of admissions (WHO 2011; 
Ducel et al. 2002). Based on the survey done by Ling et al. (2015), they had esti-
mated about 25% of hospitalized HAIs patients and have been 2–20 times HAIs 
risk‘s infections higher than in developed countries among Asian-Pacific countries.

HAIs can be specifically classified into four main types of infections includes 
central line-associated bloodstream infections (CLABSIs), catheter-associated 
UTIs (CAUTI), ventilator-associated pneumonia (VAP) and surgical sites infections 
(SSIs) (Haque et al. 2018). There are wide range of microorganisms can be as caus-
ative organisms for HAIs (Table 15.1). This table summarized groups of microor-
ganisms responsible for each type of HAIs.

To date, various types of preventive actions had been outlined by government to 
overcome HAIs risks (WHO 2002; Fernando et al. 2017). Prevention of HAIs is the 
responsibility of all individuals includes patients itself, visitors and healthcare staffs 
which providing the services. Hospital environmental cleaning, disinfection and 
sterilization are the key components in controlling the transmission of HAIs patho-
gen to patients. Implementation of proper hand hygiene and proper personal protec-
tive equipment (PPE) also been fully optimized in every healthcare setting. However, 
the weakness lies in the consistency which is not easier to achieve the fully success 
of the series of measures (Li and Webster 2018). For instance, a dramatic increase 
in the emergence of antibiotic resistant bacterial strains had urged researchers to 
find alternative solution to reduce HAI’s risks at a faster pace (Li and Webster 2018).

15.3  Antimicrobial Polymer Composites 
with Metal-Oxide Nanoparticles

In the past decade, metal oxide nanoparticle (MNPs) had been considered as an 
outstanding antibacterial agent material. Two important elements; metal and oxygen 
were combined together with nanoparticles to form MNPs. Recently, MNPs played 
a significant role in the novel as antibacterial agents. Synthesized MNPs had been 
identified to have capability in inactivated and killing wide variety of microorgan-
isms includes gram-positive, gram-negative and fungi (See in Table 15.2) (Kadiyala 
et al. 2018; Wang et al. 2017). In addition, polymer also showed antibacterial prop-
erties and have been reviewed in several publications (Alvarez-Paino et al. 2017; 
Huang et  al. 2016; Santos et  al. 2016). It has a great advantage as it exhibit 
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Table 15.1 Causative microorganisms responsible for HAIs

Group of 
pathogens List of pathogens Types of HAIs Reference

Gram- 
positive

Staphylococcus aureus CLABSI,SSI, 
VAP

Haddadin and Regunath 
(2017); Li et al. (2017); 
Alexiou et al. (2017); Adwan 
et al. (2016); Chi et al. 
(2012)

Coagulase-negative staphylococci CLABSI, SSI Haddadin and Regunath 
(2017); Li et al. (2017); See 
et al. (2016); Alexiou et al. 
(2017)

Enterococci (Enterococcus 
faecium)

CLABSI, 
CAUTI, SSI

Haddadin and Regunath 
(2017); Li et al. (2017); 
Nicolle (2014); Alexiou et al. 
(2017)

Gram- 
negative

Klebsiella pneumoniae CLABSI, 
CAUTI, SSI, 
VAP

Haddadin and Regunath. 
(2017); Li et al. (2017); 
Nicolle (2014); Adwan et al. 
(2016); Chi et al. (2012)

Enterobacter CLABSI, SSI Haddadin and Regunath 
(2017); Li et al. (2017); 
Adwan et al. (2016)

Pseudomonas aeruginosa CLABSI, 
CAUTI, VAP

Haddadin and Regunath 
(2017); Li et al. (2017); Cole 
et al. (2014); Adwan et al. 
(2016); Chi et al. (2012)

Escherichia coli CLABSI, 
CAUTI, SSI

Haddadin and Regunath 
(2017); Li et al. (2017); 
Nicolle (2014); Cortese et al. 
(2018); Alexiou et al. (2017); 
Adwan et al. (2016)

Acinetobacter baumanii CLABSI, VAP Haddadin and Regunath 
(2017); Li et al. (2017); Chi 
et al. (2012)

Proteus mirabilis CLABSI, 
CAUTI, SSI

Haddadin and Regunath 
(2017); Li et al. (2017); 
Nicolle (2014); Cortese et al. 
(2018); Adwan et al. (2016)

Serratia marcescens CLABSI, VAP Haddadin and Regunath 
(2017); Li et al. (2017); Chi 
et al. (2012)

Stenotrophomonas maltophilia VAP Chi et al. (2012)
Citrobacter spp. CLABSI, SSI Haddadin and Regunath 

(2017); Li et al. (2017); 
Adwan et al. (2016)

Achromobacter spp. CLABSI Haddadin and Regunath. 
(2017); Li et al. (2017)

(continued)
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long-term antibacterial activity as compared with antibiotics, nonvolatile, stable, 
less toxic and most importantly does not permeate into skin of living organisms 
(Alvarez-Paino et al. 2017). Both polymers and MNPs had highly desirable charac-
teristics such as have a high surface area-to-volume ratio, stiff, tough, high resis-
tance to corrosion, lack of conductivity and less expensive make it suitable to be 
applied in biomedical fields. MNPs fillers are known as excellent candidate to be 
embed into polymers owning their ability to generate reactive oxygen species 
(ROS), metallic ions and electrostatic close interaction that could alter or destroy 
the bacterial cell membrane by itself, thus lead to the cell death (Raghunath and 
Perumal 2017).

15.4  Diverse Polymer-Based Composite for Medical Devices

Across the medical industry, various biomedical implants and devices have been 
explored and continuously invented for diverse used in human body by towards 
achieving the main goal which able to improve the quality and preventing of human 
lives (Teo et al. 2016). The placement and positions of this implants and devices in 
human body has a different set of criteria in terms of functionality, design and mate-
rials use which needs to be fulfil before approved by U.S.  Food and Drug 
Administration (FDA). FDA stated that a medical device is “an instrument, appara-
tus, implement, machine, contrivance, implant, in vitro reagent or other similar or 
related article which is used in the diagnosis, cure, mitigation, treatment or preven-
tion of a disease, or intended to affect the structure of any function of the body 
which does not achieve its primary intended purpose through chemical action within 
or on the body” (U.S.  Food and Drug Administration 2018). On forward, these 
applications are expected to growth in demand due to its stabilizing capabilities 
within the biological environment and improving functionality of human 
body system.

Advanced polymeric biomaterial with nanocomposite may contribute to the suc-
cessful of medical implants operation in the various aspects such as in medical dis-
posable materials, prosthetic materials, dental materials, implants, dressings, 
polymeric drug delivery systems, tissue engineering products, metal and ceramics 
substituent (Rebelo et al. 2017). Figure 15.1 demonstrate the potential of advanced 

Table 15.1 (continued)

Group of 
pathogens List of pathogens Types of HAIs Reference

Stenotrophomonas maltophilia CLABSI Haddadin and Regunath 
(2017); Li et al. (2017)

Fungi Candida species (Candida 
albicans, Candida glabrata, 
Candida krusei, Candida 
parapsilosis, Candida tropicalis)

CLABSI, 
CAUTI, SSI

Haddadin and Regunath 
(2017); Li et al. (2017); 
Nicolle (2014);
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polymeric biomaterial with nanocomposite applications in the medical aspects. 
These polymeric implants mimic to biological tissue which preferable to stay in the 
body to serve their function and responsibility thus, they faded without the need of 
a second surgical intervention (Maitz 2015). In this chapter we are focusing on bio-
polymers which are commonly used in medical fields for biomedical applications.

15.5  General Guidelines for Polymeric Biomaterial

The polymeric biomaterial for implant or medical device must be followed in order 
to avoid any undesirable experience of side effect in the human body or severe com-
plication lead to death (Table 15.3).

Advanced Polymeric 
Biomaterial with 
Nanocomposite 
Applications in 
Medical Field

• Vascular catheter
• Urinary catheters & 

ureteral stents
• Wound dressings

Orthopedic implants

• Vascular stents
• Vascular grafts
• Polymeric heart 

valves

Vascular & 
cardiovascular 

intervention

General surgical 
implants

• Vascular stents
• Vascular grafts
• Polymeric heart 

valves

• Joint prostheses
• Osteosynthesis material
• Bone cements
• Scaffolds for ligament 

& tendon repair

Temporary in vivo 
application

Ophthalmology

• Contact lenses
• Ocular lenses
• Glaucoma dranage 

implants

Fig. 15.1 Potential applications of synthetic polymers in clinical applications

Table 15.3 Criteria for polymeric biomaterials as implants

Properties Description

Compatibility Non-carcinogenesis, non-pyrogenicity, non-toxicity, 
non-allergic

Sterilizability Autoclave, dry heating, ethylene oxide gas, and 
radiation

Physical properties Strength, elasticity,and durability
Manufacturability Machining, molding, extruding, and fiber forming
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15.6  General Types of Synthetic Polymers in Medical 
Implants Applications

On the medical line, biodegradable polymeric biomaterials also have been widely 
used for drug delivery and tissue engineering applications especially for dental or 
craniofacial implantation. Besides biocompatibility, the critical aspects in these 
applications are to prevent any immunologic response and modulates rate of bio-
degradation (Tamariz and Rios-Ramrez 2013). Importantly, the diversity of poly-
meric biomaterials must meet the specific biodegradable characteristics in order to 
regulate drug release, to develop resorbable devices and to enhance cell integration. 
Table 15.4 illustrate the utilization of biodegradable polymers in medical implants 
which make body to accept these materials as non-foreign substances (no rejection) 
in the biological system.

15.7  Polymer for Drug Delivery

Drug delivery is defined as a method or process to safely administer a pharmaceuti-
cal active compound into the body, in order to achieve the desired therapeutic effects 
(Tiwari et al. 2012). This concept was first described by Paul Ehrilich in the early 
twentieth century, who proposed the ‘magic bullet’ theory, in which defined as 
‘compounds which would have specific attraction to disease-causing microorgan-
ism by seeking them out and destroying them whilst avoiding other organisms and 
having minimal undesired/harmful effects on the patient’ (Josefsen and Boyle 
2012).This theory was further expanded through extensive research works which 
gave rise to the different drug delivery materials and methods available today.

Drug delivery system starts from administration of drug into the body until 
excretion of drug from the body. The presence of side effects after administration of 
drug can caused from the direct interaction of drug like inflammation and swelling 
or after effect of the drug such as nausea, headaches, heart burn and faint (Babu 
et al. 2017; NIBIB 2016). Administration of drug through swallowing mostly caused 
damage of the drug by immunology reaction against foreign substances. Most effec-
tive route of administration of the treatment is intravenous in which the medicine 
will directly achieve the blood vessel thus will not be eliminated or destroy by 
immune system. One of the interventions to overcome hurdle in drug delivery is by 
adding polymer to applied drug (Liechty et al. 2012).

Polymer uses in drug delivery had attract attention due to bioactive properties in 
which other than to improve drug administration, the polymer also has antimicro-
bial, able to promote adhesion of the cell and biodegradable (Sallem et al. 2017). 
Synthetic and natural type of polymer is exhibited variety in the function regarding 
mechanical properties, biocompatibility and shape. Generally, the natural polymer 
has better compatibility in cellular level compare to synthetic however synthetic 
ones has better mechanical strength for medical devices design (Boni et al. 2018). 
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Uses of polymer in drug delivery is to control the drug release from the substrate by 
interaction of hydrophobic and hydrophilic material such as acrylic polymer 
(Liechty et al. 2012; Babu et al. 2017) Research by Aw et al. (2011); Werengowska- 
Ciećwierz et al. (2014) and Wang et al. (2017) on drug delivery with polymer coat-
ing showed that presence of polymer can prolong the release of drug hence suitable 
for long term treatment without repeated administration (Min et  al. 2019; Wang 
et al. 2017). Drug delivery had been widely studied due to rejection of drug, accu-
mulation of the drug in plasma and side effect of high concentration of the drug 
delivered especially to the neighboring cell (Babu et al. 2017).

Table 15.4 Applications of polymers as implants (Teo et al. 2016)

Synthetic Polymer Application Field

Polyethylene
Polytetrafluoroethylene
Polyamide

Epidural catheters Anesthesiology

Polypropylene
Polyethylene
Polytetrafluoroethylene
Polyamide
Polyethyleneterephthalate
Polydimethylsiloxane
Polyhydroxyalkanoates

Pacemaker
Implantable cardioverter/defobrillaotr
Left ventricular assist device
Mechanical heart valves
Artificial blood vessels
Catheters

Cardiovascular

Polymethylmethacrylate Dentures
Dental implants

Dental

Polypropylene
Polyethyleneterephthalate
Polytetrafluoroethylene
Silicone
Polydimethylsiloxane

Synthetic blood vessels
Breast implants
Cheek, jaw and chin implants
Lip implant
Titanium surgical implants
Hip implant

General and plastic 
surgery

Polyethylene
Polytetrafluoroethylene
Polyamide

Central venous access device
Peripherally inserted central catheter

Hematology and 
pathology

Silicone
Polyurethane
Polypropylene

Intrauterine Device (IUD)
Intravaginal rings
Etonogestrel-releasing contraceptive 
implant
Urogynecologic surgical mesh implants
Fetal micro-pacemaker

Obstetric and 
gynecologic

Polymethylmetacrylate
Polyethylene
Polytetrafluoroethylene
Polyamide

Dexamethasone Intravitreal implant
Retinal prosthesis
Artificial intraocular lens
Glaucoma valve
Fluocinolone Opthalmic Implnt
Orbital implant
Catheters

Ophthalmic

Polyethylene
Polyether ether ketone
Polyhydroxyalkanoates

Orthopaedic implants Orthopaedic
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Chitosan, PLGA, hyaluronic acid, calcium phosphate and hydroxyapatite (HA) 
are the most frequently studied biopolymer in drug release due to high biocompat-
ibility at cellular stage (Min et al. 2019; Mohan et al. 2016; Misra 2014; Liechty 
et al. 2012). Most importantly, these polymers also exhibited other characteristic 
hemocompatibility, excellent biodegradability and ability to response to the changes 
of the body system due to pH, temperature and presence ultrasonic wave which are 
helpful in ensuring the effectiveness of the treatment (Bi et al. 2017). In addition, 
these polymers could also accommodate various drugs such as chemotherapeutic 
drug; paclitaxel (Babu et  al. 2017), antibiotics; amoxicillin and ciprofloxacin 
(Venkatasubbu et al. 2018) and protein; bone morphogenetic protein-2 (Min et al. 
2019) without causing any damage or changing the drug. Table 15.5 below listed the 
characteristic, and the recent findings for each of the aforementioned polymer in 
drug delivery.

15.8  Polymer-Based Composite in Biomedical Field

Significant interest towards polymer matrix based nanocomposites has aroused and 
attracted wide attention due to their excellent potential in diverse areas especially in 
biomedical applications like diagnostic magnetic resonance imaging (MRI), ther-
mal therapy, artificial blood vessels, biosensors, cancer therapy, antimicrobial 
agents, wound dressing and drug delivery (Boccaccini et  al. 2010; Sarkar et  al. 
2012). Numerous opportunities in processing, fabrication, design, properties and 
bio application can lead to the development of high performance and biocompatible 
materials. The modification and combination of both polymer nanocomposites can 
produce desirable and enhance properties of the materials. Despite the benefits of 
polymer nanocomposites such as low cost, ease manufacturing, superior mechani-
cal properties, structural and thermal stabilities, good electrical conductivity and 
corrosion resistance, polymer nanocomposites also has some limitations including 
inadequate stability, non-uniform distribution, high viscosity and formation agglom-
eration (Tanahashi 2010; Puggal et al. 2016; Zare and Shabani 2016; Müller et al. 
2017; Zagho et  al. 2018; ‘Fundamentals of Nanomaterials and Polymer 
Nanocomposites 2019; Huang et al. 2019). Ongoing research studies have done to 
investigate, synthesize and analyse their properties to maximize the potential for 
future used. Varieties of polymer nanoparticles in biomedical fields are summarized 
in Table 15.6.

15.9  Summary and Future Advancement

This book chapter discussed potential of Polymer-based Composite in healthcare 
setting, drug delivery, medical devices and other biomedical field. Development 
polymer-based composite have been extensively used for biomedical applications 
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due to its great characteristics which award an excellent impact in various medical 
employment. Interfacing between bio-based polymers and composite especially 
nanocomposite have shown better performance and achievement in various field. 
The future outcomes for bio-based polymers in biomedical industry are expected to 
receive wide attention as it becomes global emphasis in healthcare industry. Up 

Table 15.5 Common use polymer in drug delivery with special characteristics and current stages 
of the polymer

Polymer Special characteristic/s Important research finding Reference

Chitosan Natural polymer from 
shellfish and crustacean.
Biodegradable, non- 
cytotoxic, exhibits 
antifungal, antitumor and 
antibacterial properties.
Can be tailored for certain 
function and shape such 
as beads, membranes, gel, 
scaffold and sponges

(i) Chitosan hydrogel had been 
recognized to exhibit cell 
adhesion and promote cell 
survival besides promoting 
neurite outgrowth in neural 
tissue engineering.
(ii) Chitosan has shown a good 
potential in regenerative 
medicine for central nervous 
system and peripheral nervous 
system.
(iii) In vitro study of chitosan 
with other polymers such as 
PVA, PCL and PLGA showed 
successful proliferation of the 
studied cell line

Min et al. 
(2019); Boni 
et al. (2018)

Poly lactic 
co-glycolic acid 
(PLGA)

Has tunable mechanical 
properties, biodegradable 
and also has a variable 
dissolution time

(i) Most common polymer used 
in drug delivery applications 
study.
(ii) FDA approves the use of 
PLGA in drug formulation and 
medical devices

Srivastava 
et al. (2015); 
Misra (2014)

Hyaluronic acid 
(HA)

Exhibit mucoadhesive 
ability.
It does not stimulate 
immunology response.
Has ability to identify 
overexpression of 
receptors on tumor cells

(i) In vitro study of HA showed 
the ability of this polymer to 
control the release of a model 
drug (α- chymotrypsin) up to 
28 days.
(ii) Another study showed the 
erythropoietin (EPO), was 
slowly released into the blood 
in the duration of one week

Huang and 
Huang (2018); 
Vimalson 
et al. (2016)

Calcium 
phosphate (CaP)

Promote better bone 
osseointegration by 
interacting with rhbFGF 
and rhIGF-1

The study is still under 
investigation and has partly 
conventional opinion

Meng et al. 
(2016)

Hydroxyapatite Has ability to circulate in 
wet environment
Has antibacterial 
characteristic by 
damaging the cell 
membrane of the bacteria

(i) Long term prognosis is still 
controversial.
Not susceptible to degradation 
or dissolution under long term 
loading

Pan et al. 
(2018)
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until now, researches on natural and synthetic polymers are still on going in order to 
invent advance functionality for medical usage. Ultimately, research advances in the 
past few decades have led researchers to break through the challenges in biomedi-
cal field.

Table 15.6 Summary applications of polymer nanoparticles in biomedical fields

Applications Types of Polymer Types of composite References

Drug delivery Polycaprolactone (PCL) Hydroxyapatite Kim et al. (2004)
Chitosan Graphene oxide Rana et al. (2011)
Chitosan Rectorite Wang et al. (2007)
Poly(N- 
isopropylacrylamide)

Graphene Pan et al. (2011)

Chitosan Calcium phosphate Zhang and Zhang 
(2002)

Chitosan Graphene oxide Bao et al. (2011)
Artificial blood 
vessels

Poly(ethylene 
terephthalate)

Hydroxyapatite Furuzono et al. 
(2006)

Polyurethane Gelatin Detta et al. (2010)
Polycaprolactone Gelatin Jiang et al. (2017)

Biosensors Polytetrafluoroethylene 
(PTFE) / Teflon

Carbon nanotube Wang and Musameh 
(2003)

Nafion Silicate Kim and Lee (2003)
Polyaniline Carbon nanotube tin 

oxide
Dhand et al. (2008)

Cancer therapy Polylactic acid or 
polylactide (PLA)

Magnetite (Fe3O4) Hu et al. (2006)

Polyaniline Magnetite (Fe3O4) Zhao et al. (2006)
Collagen Gold Xing et al. (2016)

Magnetic 
resonance imaging 
(MRI)

Chitosan Iron oxide Yuk et al. (2011)

Poly (lactide-co-glycolide) Cellulose Nkansah et al. 
(2011)

Polyethylenimine Iron oxide Masotti et al. (2009)
Antimicrobial 
agents

Polypropylene Silver composites Radheshkumar and 
Münstedt (2006)

Polypropylene Copper metal or 
copper oxide 
nanoparticles

Delgado et al. 
(2011)

Wound dressing Polyester Cellulose Liu et al. (2012)
Chitosan Zinc oxide Sudheesh Kumar 

et al. (2012)
Chitin Nanosilver composite Madhumathi et al. 

(2010)
Thermal therapy Polyethylene glycol Iron oxide Wydra et al. (2013)

Epoxy Graphite Yu et al. (2007)

15 Polymer-Based Composite in Biomedical Applications



346

Acknowledgement The authors would like to acknowledge the Ministry of Education (MOE) 
Malaysia for funding this work under Transdisciplinary Research Grant Scheme (TRGS) grant no. 
6769003 and Research in Undergraduate Institutions (RUI) grant 2019/2020.

References

Adwan G, Abu Hasan N, Sabra I, Sabra D, Al-butmah S, Odeh S et al (2016) Detection of bacte-
rial pathogens in surgical site infections and their antibiotic sensitivity profile. Int J Med Res 
Health Sci 5(5):75–82. https://doi.org/10.1007/s12663-013-0575-7

Alexiou K, Drikos I, Terzopoulou M, Sikalias N, Ioannidis A, Economou N (2017) A prospective 
randomised trial of isolated pathogens of surgical site infections (SSI). Annals of medicine and 
surgery 21:25–29. https://doi.org/10.1016/j.amsu.2017.07.045

Álvarez-Paino M, Muñoz-Bonilla A, Fernández-García M (2017) Antimicrobial polymers in the 
nano-world. Nano 7(2):48. https://doi.org/10.3390/nano7020048

Aw MS, Gulati K, Losic D (2011) Controlling drug release from titania nanotube arrays using 
polymer nanocarriers and biopolymer coating. J Biomater Nanobiotechnol 2(05):477. https://
doi.org/10.4236/jbnb.2011.225058

Babu A, Amreddy N, Muralidharan R, Pathuri G, Gali H, Chen A, Zhao YD, Munshi A, Ramesh 
R (2017) Chemodrug delivery using integrin-targeted PLGA-chitosan nanoparticle for lung 
cancer therapy. Sci Rep 7(1):14674. https://doi.org/10.1038/s41598-017-15012-5

Bao H, Pan Y, Ping Y, Sahoo NG, Wu T, Li L, Li J, Gan LH (2011) Chitosan-functionalized gra-
phene oxide as a nanocarrier for drug and gene delivery. Small 7(11):1569–1578. https://doi.
org/10.1002/smll.201100191

Bi S, Bao Z, Bai X, Hu S, Cheng X, Chen X (2017) Tough chitosan hydrogel based on purified 
regeneration and alkaline solvent as biomaterials for tissue engineering applications. Int J Biol 
Macromol 104:224–231. https://doi.org/10.1016/j.ijbiomac.2017.06.017

Boni R, Ali A, Shavandi A, Clarkson AN (2018) Current and novel polymeric biomaterials for 
neural tissue engineering. J Biomed Sci 25(1):90. https://doi.org/10.1186/s12929-018-0491-8

Capelezzo AP, Mohr LC, Godoy JS, Bellei AS, Silva LL, Martins MAPM et al (2018) Addition 
of zinc oxide nanoparticles in biodegradable polymer and evaluation of its antimicrobial 
 activity. In: Materials science forum, vol 930. Trans Tech Publications, pp 230–235. https://
doi.org/10.4028/www.scientific.net/MSF.930.230

Chi SY, Kim TO, Park CW, Yu JY, Lee B, Lee HS et al (2012) Bacterial pathogens of ventila-
tor associated pneumonia in a tertiary referral hospital. Tuberculosis and respiratory diseases 
73(1):32–37. https://doi.org/10.4046/trd.2012.73.1.32

Cole SJ, Records AR, Orr MW, Linden SB, Lee VT (2014) Catheter-associated urinary tract infec-
tion by Pseudomonas aeruginosa is mediated by exopolysaccharide-independent biofilms. 
Infect Immun 82(5):2048–2058. https://doi.org/10.1128/IAI.01652-14

Cortese YJ, Wagner VE, Tierney M, Devine D, Fogarty A (2018) Review of catheter-associated  
urinary tract infections and in  vitro urinary tract models. Journal of healthcare engineer-
ing:2018. https://doi.org/10.1155/2018/2986742

Delgado K, Quijada R, Palma R, Palza H (2011) Polypropylene with embedded copper metal 
or copper oxide nanoparticles as a novel plastic antimicrobial agent. Lett Appl Microbiol 
53(1):50–54. https://doi.org/10.1111/j.1472-765X.2011.03069.x

Detta N, Errico C, Dinucci D, Puppi D, Clarke DA, Reilly GC, Chiellini F (2010) Novel elec-
trospun polyurethane/gelatin composite meshes for vascular grafts. J Mater Sci Mater Med 
21(5):1761–1769. https://doi.org/10.1007/s10856-010-4006-8

Dhand C, Arya SK, Datta M, Malhotra BD (2008) Polyaniline–carbon nanotube composite film for 
cholesterol biosensor. Anal Biochem 383(2):194–199. https://doi.org/10.1016/j.ab.2008.08.039

Rabiatul Basria S. M. N. Mydin et al.

https://doi.org/10.1007/s12663-013-0575-7
https://doi.org/10.1016/j.amsu.2017.07.045
https://doi.org/10.3390/nano7020048
https://doi.org/10.4236/jbnb.2011.225058
https://doi.org/10.4236/jbnb.2011.225058
https://doi.org/10.1038/s41598-017-15012-5
https://doi.org/10.1002/smll.201100191
https://doi.org/10.1002/smll.201100191
https://doi.org/10.1016/j.ijbiomac.2017.06.017
https://doi.org/10.1186/s12929-018-0491-8
https://doi.org/10.4028/www.scientific.net/MSF.930.230
https://doi.org/10.4028/www.scientific.net/MSF.930.230
https://doi.org/10.4046/trd.2012.73.1.32
https://doi.org/10.1128/IAI.01652-14
https://doi.org/10.1155/2018/2986742
https://doi.org/10.1111/j.1472-765X.2011.03069.x
https://doi.org/10.1007/s10856-010-4006-8
https://doi.org/10.1016/j.ab.2008.08.039


347

Ducel G, Fabry J, Nicolle L (2002) Prevention of hospital acquired infections: a practical guide. 
Prevention of hospital acquired infections: a practical guide., (Ed. 2). https://doi.org/10.1016/
S0377-1237(04)80079-0

Fernando SA, Gray TJ, Gottlieb T (2017) Healthcare-acquired infections: prevention strategies. 
Intern Med J 47(12):1341–1351. https://doi.org/10.1111/imj.13642

Furuzono T, Masuda M, Okada M, Yasuda S, Kadono H, Tanaka R, Miyatake K (2006) Increase 
in cell adhesiveness on a poly (ethylene terephthalate) fabric by sintered hydroxyapatite nano-
crystal coating in the development of an artificial blood vessel. ASAIO J 52(3):315–320. 
https://doi.org/10.1097/01.mat.0000214860.08820.f9

Gurianov Y, Nakonechny F, Albo Y, Nisnevitch M (2019) Antibacterial composites of cuprous 
oxide nanoparticles and polyethylene. Int J Mol Sci 20(2):439. https://doi.org/10.3390/
ijms20020439

Haddadin Y, Regunath H (2017) Central line associated blood stream infections (CLABSI). In: In 
StatPearls [internet]. Publishing, StatPearls

Haque M, Sartelli M, McKimm J, Bakar MA (2018) Health care-associated infections–an over-
view. Infect Drug Resist 11:2321. https://doi.org/10.2147/IDR.S177247

Hemalatha T, Akilandeswari S (2016) Effect of poly ethylene glycol on CuO nanoparticles and its 
antibacterial application. International Letters of Chemistry, Physics and Astronomy 63:111. 
https://doi.org/10.18052/www.scipress.com/ILCPA.63.111

Hu FX, Neoh KG, Kang ET (2006) Synthesis and in vitro anti-cancer evaluation of tamoxifen- 
loaded magnetite/PLLA composite nanoparticles. Biomaterials 27(33):5725–5733. https://doi.
org/10.1016/j.biomaterials.2006.07.014

Huang G, Huang H (2018) Application of hyaluronic acid as carriers in drug delivery. Drug Deliv 
25(1):766–772. https://doi.org/10.1080/10717544.2018.1450910

Huang KS, Yang CH, Huang SL, Chen CY, Lu YY, Lin YS (2016) Recent advances in antimicro-
bial polymers: a mini-review. Int J Mol Sci 17(9):1578. https://doi.org/10.3390/ijms17091578

Huang Y, Kormakov S, He X, Gao X, Zheng X, Liu Y, Sun J, Wu D (2019) Conductive polymer 
composites from renewable resources: an overview of preparation, properties, and applications. 
Polymers 11(2):187. https://doi.org/10.3390/polym11020187

Jiang YC, Jiang L, Huang A, Wang XF, Li Q, Turng LS (2017) Electrospun polycaprolactone/
gelatin composites with enhanced cell–matrix interactions as blood vessel endothelial layer 
scaffolds. Mater Sci Eng C 71:901–908. https://doi.org/10.1016/j.msec.2016.10.083

Josefsen LB, Boyle RW (2012) Unique diagnostic and therapeutic roles of porphyrins and phthalo-
cyanines in photodynamic therapy, imaging and theranostics. Theranostics 2(9):916

Boccaccini AR, Erol M, Stark WJ, Mohn D, Hong Z, Mano JF (2010) Polymer/bioactive glass 
nanocomposites for biomedical applications: a review. Compos Sci Technol 70(13):1764–1776. 
https://doi.org/10.1016/j.compscitech.2010.06.002

Kadiyala U, Kotov NA, VanEpps JS (2018) Antibacterial metal oxide nanoparticles: chal-
lenges in interpreting the literature. Curr Pharm Des 24(8):896–903. https://doi.org/10.217
4/1381612824666180219130659

Kim HW, Knowles JC, Kim HE (2004) Hydroxyapatite/poly (ε-caprolactone) composite coatings 
on hydroxyapatite porous bone scaffold for drug delivery. Biomaterials 25(7–8):1279–1287. 
https://doi.org/10.1016/j.biomaterials.2003.07.003

Kim MA, Lee WY (2003) Amperometric phenol biosensor based on sol–gel silicate/Nafion com-
posite film. Anal Chim Acta 479(2):143–150. https://doi.org/10.1016/S0003-2670(02)01538-6

Li B, Webster TJ (2018) Bacteria antibiotic resistance: new challenges and opportunities for 
implant-associated orthopedic infections. J Orthop Res 36(1):22–32. https://doi.org/10.1002/
jor.23656

Li Y, Tian J, Yang C, Hsiao B (2018) Nanocomposite film containing fibrous cellulose scaffold 
and Ag/TiO2 nanoparticles and its antibacterial activity. Polymers 10(10):1052. https://doi.
org/10.3390/polym10101052

15 Polymer-Based Composite in Biomedical Applications

https://doi.org/10.1016/S0377-1237(04)80079-0
https://doi.org/10.1016/S0377-1237(04)80079-0
https://doi.org/10.1111/imj.13642
https://doi.org/10.1097/01.mat.0000214860.08820.f9
https://doi.org/10.3390/ijms20020439
https://doi.org/10.3390/ijms20020439
https://doi.org/10.2147/IDR.S177247
https://doi.org/10.18052/www.scipress.com/ILCPA.63.111
https://doi.org/10.1016/j.biomaterials.2006.07.014
https://doi.org/10.1016/j.biomaterials.2006.07.014
https://doi.org/10.1080/10717544.2018.1450910
https://doi.org/10.3390/ijms17091578
https://doi.org/10.3390/polym11020187
https://doi.org/10.1016/j.msec.2016.10.083
https://doi.org/10.1016/j.compscitech.2010.06.002
https://doi.org/10.2174/1381612824666180219130659
https://doi.org/10.2174/1381612824666180219130659
https://doi.org/10.1016/j.biomaterials.2003.07.003
https://doi.org/10.1016/S0003-2670(02)01538-6
https://doi.org/10.1002/jor.23656
https://doi.org/10.1002/jor.23656
https://doi.org/10.3390/polym10101052
https://doi.org/10.3390/polym10101052


348

Liu X, Lin T, Gao Y, Xu Z, Huang C, Yao G, Jiang L, Tang Y, Wang X (2012) Antimicrobial elec-
trospun nanofibers of cellulose acetate and polyester urethane composite for wound dressing. J 
Biomed Mater Res B Appl Biomater 100(6):1556–1565. https://doi.org/10.1002/jbm.b.32724

Madhumathi K, Kumar PS, Abhilash S, Sreeja V, Tamura H, Manzoor K, Nair SV, Jayakumar R 
(2010) Development of novel chitin/nanosilver composite scaffolds for wound dressing appli-
cations. J Mater Sci Mater Med 21(2):807–813. https://doi.org/10.1007/s10856-009-3877-z

Maitz MF (2015) Applications of synthetic polymers in clinical medicine. Biosurface and 
Biotribology 1(3):161–176. https://doi.org/10.1016/j.bsbt.2015.08.002

Masotti A, Pitta A, Ortaggi G, Corti M, Innocenti C, Lascialfari A, Marinone M, Marzola P, 
Daducci A, Sbarbati A, Micotti E (2009) Synthesis and characterization of polyethylenimine- 
based iron oxide composites as novel contrast agents for MRI. MAGMA 22(2):77–87. https://
doi.org/10.1007/s10334-008-0147-x

Meng HW, Chien EY, Chien HH (2016) Dental implant bioactive surface modifications and their 
effects on osseointegration: a review. Biomarker research 4(1):24. https://doi.org/10.1186/
s40364-016-0078-z

Meshram JV, Koli VB, Kumbhar SG, Borde LC, Phadatare MR, Pawar SH (2018) Structural, spec-
troscopic and anti-microbial inspection of PEG capped ZnO nanoparticles for biomedical appli-
cations. Materials Research Express 5(4):045016. https://doi.org/10.1088/2053-1591/aab917

Min Q, Yu X, Liu J, Wu J, Wan Y (2019) Chitosan-based hydrogels embedded with hyaluronic acid 
complex nanoparticles for controlled delivery of bone morphogenetic Protein-2. Pharmaceutics 
11(5):214. https://doi.org/10.3390/pharmaceutics11050214

Misra, A. 2014. Applications of polymers in drug delivery. Smithers Rapra
Mohan L, Anandan C, Rajendran N (2016) Drug release characteristics of quercetin-loaded TiO2 

nanotubes coated with chitosan. Int J Biol Macromol 93:1633–1638. https://doi.org/10.1016/j.
ijbiomac.2016.04.034

Mohsen RM, Morsi SM, Selim MM, Ghoneim AM, El-Sherif HM (2019) Electrical, thermal, mor-
phological, and antibacterial studies of synthesized polyaniline/zinc oxide nanocomposites. 
Polym Bull 76(1):1–21. https://doi.org/10.1007/s00289-018-2348-4

Müller K, Bugnicourt E, Latorre M, Jorda M, Echegoyen Sanz Y, Lagaron J, Miesbauer O, 
Bianchin A, Hankin S, Bölz U, Pérez G (2017) Review on the processing and properties of 
polymer nanocomposites and nanocoatings and their applications in the packaging, automotive 
and solar energy fields. Nano 7(4):74. https://doi.org/10.3390/nano7040074

Nehra P, Chauhan RP, Garg N, Verma K (2018) Antibacterial and antifungal activity of chito-
san coated iron oxide nanoparticles. Br J Biomed Sci 75(1):13–18. https://doi.org/10.108
0/09674845.2017.1347362

Nicolle LE (2014) Catheter associated urinary tract infections. Antimicrob Resist Infect Control 
3(1):23. https://doi.org/10.1186/2047-2994-3-23

Nkansah MK, Thakral D, Shapiro EM (2011) Magnetic poly (lactide-co-glycolide) and cellu-
lose particles for MRI-based cell tracking. Magn Reson Med 65(6):1776–1785. https://doi.
org/10.1002/mrm.22765

Pan C, Zhou Z, Yu X (2018) Coatings as the useful drug delivery system for the preven-
tion of implant-related infections. J Orthop Surg Res 13(1):220. https://doi.org/10.1186/
s13018-018-0930-y

Pan Y, Bao H, Sahoo NG, Wu T, Li L (2011) Water-soluble poly (N-isopropylacrylamide) 
–graphene sheets synthesized via click chemistry for drug delivery. Adv Funct Mater 
21(14):2754–2763. https://doi.org/10.1002/adfm.201100078

Puggal S, Dhall N, Singh N, Litt MS (2016) A review on polymer nanocomposites: synthesis, 
characterization and mechanical properties. Ind J Sci Technol 9:1–6. https://doi.org/10.17485/
ijst/2016/v9i4/81100

Olar R, Badea M, Marinescu D, Chifiriuc CM, Bleotu C, Grecu MN, Iorgulescu EE, Bucur M, 
Lazar V, Finaru A (2010) Prospects for new antimicrobials based on N, N-dimethylbiguanide 
complexes as effective agents on both planktonic and adhered microbial strains. Eur J Med 
Chem:2868–2875. https://doi.org/10.1016/j.ejmech.2010.03.009

Rabiatul Basria S. M. N. Mydin et al.

https://doi.org/10.1002/jbm.b.32724
https://doi.org/10.1007/s10856-009-3877-z
https://doi.org/10.1016/j.bsbt.2015.08.002
https://doi.org/10.1007/s10334-008-0147-x
https://doi.org/10.1007/s10334-008-0147-x
https://doi.org/10.1186/s40364-016-0078-z
https://doi.org/10.1186/s40364-016-0078-z
https://doi.org/10.1088/2053-1591/aab917
https://doi.org/10.3390/pharmaceutics11050214
https://doi.org/10.1016/j.ijbiomac.2016.04.034
https://doi.org/10.1016/j.ijbiomac.2016.04.034
https://doi.org/10.1007/s00289-018-2348-4
https://doi.org/10.3390/nano7040074
https://doi.org/10.1080/09674845.2017.1347362
https://doi.org/10.1080/09674845.2017.1347362
https://doi.org/10.1186/2047-2994-3-23
https://doi.org/10.1002/mrm.22765
https://doi.org/10.1002/mrm.22765
https://doi.org/10.1186/s13018-018-0930-y
https://doi.org/10.1186/s13018-018-0930-y
https://doi.org/10.1002/adfm.201100078
https://doi.org/10.17485/ijst/2016/v9i4/81100
https://doi.org/10.17485/ijst/2016/v9i4/81100
https://doi.org/10.1016/j.ejmech.2010.03.009


349

Radheshkumar C, Münstedt H (2006) Antimicrobial polymers from polypropylene/silver 
composites—Ag+ release measured by anode stripping voltammetry. React Funct Polym 
66(7):780–788. https://doi.org/10.1016/j.reactfunctpolym.2005.11.005

Raghunath A, Perumal E (2017) Metal oxide nanoparticles as antimicrobial agents: a prom-
ise for the future. Int J Antimicrob Agents 49(2):137–152. https://doi.org/10.1016/j.
ijantimicag.2016.11.011

Rana VK, Choi MC, Kong JY, Kim GY, Kim MJ, Kim SH, Mishra S, Singh RP, Ha CS (2011) 
Synthesis and drug-delivery behavior of chitosan-functionalized graphene oxide hybrid 
nanosheets. Macromol Mater Eng 296(2):131–140. https://doi.org/10.1002/mame.201000307

Saharudin K, Sreekantan S, Basiron N, Khor Y, Harun N, Mydin SMN et al (2018) Bacteriostatic 
activity of LLDPE Nanocomposite embedded with sol–gel synthesized TiO2/ZnO coupled 
oxides at various ratios. Polymers 10(8):878. https://doi.org/10.3390/polym10080878

Sallem F, Boudon J, Heintz O, Séverin I, Megriche A, Millot N (2017) Synthesis and character-
ization of chitosan-coated titanate nanotubes: towards a new safe nanocarrier. Dalton Trans 
46(44):15386–15398. https://doi.org/10.1039/c7dt03029k

Santos M, Fonseca A, Mendonça P, Branco R, Serra A, Morais P, Coelho J (2016) Recent devel-
opments in antimicrobial polymers: a review. Materials 9(7):599. https://doi.org/10.3390/
ma9070599

See I, Freifeld AG, Magill SS (2016) Causative organisms and associated antimicrobial resistance 
in healthcare-associated, central line–associated bloodstream infections from oncology set-
tings, 2009–2012. Clin Infect Dis 62(10):1203–1209. https://doi.org/10.1093/cid/ciw113

Srivastava A, Yadav T, Sharma S, Nayak A, Kumari A, Mishra N (2015) Polymers in drug delivery. 
JBM 4:69–84. https://doi.org/10.4236/jbm.2016.41009

Sudheesh Kumar PT, Lakshmanan VK, Anilkumar TV, Ramya C, Reshmi P, Unnikrishnan AG, 
Nair SV, Jayakumar R (2012) Flexible and microporous chitosan hydrogel/nano ZnO compos-
ite bandages for wound dressing: in vitro and in vivo evaluation. ACS Appl Mater Interfaces 
4(5):2618–2629. https://doi.org/10.1021/am300292v

Teo AJT, Mishra A, Park I, Kim YJ, Park WT, Yoon YJ (2016) Polymeric biomaterials for medical 
implants and devices. ACS Biomaterials Science and Engineering 2(4):454–472. https://doi.
org/10.1021/acsbiomaterials.5b00429

Tiwari G, Tiwari R, Sriwastawa B, Bhati L, Pandey S, Pandey P, Bannerjee SK (2012) 
Drug delivery systems: An updated review. Int J Pharm Investig 2(1):2. https://doi.
org/10.4103/2230-973X.96920

U.S.  Food and Drug Administration (2018). Is the product a medical device? Retrieved on 
June 17th, 2019 from https://www.fda.gov/medical-devices/classify-your-medical-device/
product-medical-device

Vimalson, D.C., Parimalakrishnan, S., Jeganathan, N.S. & Anbazhagan, S. (2016). Techniques to 
enhance solubility of hydrophobic drugs: an overview. Asian Journal of Pharmaceutics. Suppl 
10 (2) page 67–75. doi:https://doi.org/10.22377/ajp.v10i2.625

Wang J, Musameh M (2003) Carbon nanotube/teflon composite electrochemical sensors and bio-
sensors. Anal Chem 75(9):2075–2079. https://doi.org/10.1021/ac030007

Wang T, Weng Z, Liu X, Yeung KW, Pan H, Wu S (2017b) Controlled release and biocompat-
ibility of polymer/titania nanotube array system on titanium implants. Bioactive materials 
2(1):44–50. https://doi.org/10.1016/j.bioactmat.2017.02.001

Wang X, Du Y, Luo J, Lin B, Kennedy JF (2007) Chitosan/organic rectorite nanocomposite films: 
structure, characteristic and drug delivery behaviour. Carbohydr Polym 69(1):41–49. https://
doi.org/10.1016/j.carbpol.2006.08.025

Werengowska-Ciećwierz K, Wiśniewski M, Terzyk AP, Gurtowska N, Olkowska J, Kloskowski 
T, Drewa TA, Kiełkowska U, Drużyński S (2014) Nanotube-mediated efficiency of cisplatin 
anticancer therapy. Carbon 70:46–58. https://doi.org/10.1016/j.carbon.2013.12.060

Wydra RJ, Kruse AM, Bae Y, Anderson KW, Hilt JZ (2013) Synthesis and characterization of 
PEG-iron oxide core-shell composite nanoparticles for thermal therapy. Mater Sci Eng C 
33(8):4660–4666. https://doi.org/10.1016/j.msec.2013.07.019

15 Polymer-Based Composite in Biomedical Applications

https://doi.org/10.1016/j.reactfunctpolym.2005.11.005
https://doi.org/10.1016/j.ijantimicag.2016.11.011
https://doi.org/10.1016/j.ijantimicag.2016.11.011
https://doi.org/10.1002/mame.201000307
https://doi.org/10.3390/polym10080878
https://doi.org/10.1039/c7dt03029k
https://doi.org/10.3390/ma9070599
https://doi.org/10.3390/ma9070599
https://doi.org/10.1093/cid/ciw113
https://doi.org/10.4236/jbm.2016.41009
https://doi.org/10.1021/am300292v
https://doi.org/10.1021/acsbiomaterials.5b00429
https://doi.org/10.1021/acsbiomaterials.5b00429
https://doi.org/10.4103/2230-973X.96920
https://doi.org/10.4103/2230-973X.96920
https://www.fda.gov/medical-devices/classify-your-medical-device/product-medical-device
https://www.fda.gov/medical-devices/classify-your-medical-device/product-medical-device
https://doi.org/10.22377/ajp.v10i2.625
https://doi.org/10.1021/ac030007
https://doi.org/10.1016/j.bioactmat.2017.02.001
https://doi.org/10.1016/j.carbpol.2006.08.025
https://doi.org/10.1016/j.carbpol.2006.08.025
https://doi.org/10.1016/j.carbon.2013.12.060
https://doi.org/10.1016/j.msec.2013.07.019


350

Xing R, Liu K, Jiao T, Zhang N, Ma K, Zhang R, Zou Q, Ma G, Yan X (2016) An injectable self- 
assembling collagen–gold hybrid hydrogel for combinatorial antitumor photothermal/photody-
namic therapy. Adv Mater 28(19):3669–3676. https://doi.org/10.1002/adma.201600284

Yu A, Ramesh P, Itkis ME, Bekyarova E, Haddon RC (2007) Graphite nanoplatelet− epoxy com-
posite thermal interface materials. J Phys Chem C 111(21):7565–7569. https://doi.org/10.1021/
jp071761s

Yuk SH, Oh KS, Cho SH, Lee BS, Kim SY, Kwak BK, Kim K, Kwon IC (2011) Glycol chi-
tosan/heparin immobilized iron oxide nanoparticles with a tumor-targeting characteristic for 
magnetic resonance imaging. Biomacromolecules 12(6):2335–2343. https://doi.org/10.1021/
bm200413a

Zhang Y, Zhang M (2002) Calcium phosphate/chitosan composite scaffolds for controlled in vitro 
antibiotic drug release. Journal of Biomedical Materials Research: An Official Journal of 
The Society for Biomaterials, The Japanese Society for Biomaterials, and The Australian 
Society for Biomaterials and the Korean Society for Biomaterials 62(3):378–386. https://doi.
org/10.1002/jbm.10312

Zhao DL, Zhang HL, Zeng XW, Xia QS, Tang JT (2006) Inductive heat property of Fe3O4/poly-
mer composite nanoparticles in an ac magnetic field for localized hyperthermia. Biomed Mater 
1(4):198. https://doi.org/10.1088/1748-6041/1/4/004

Zomorodian K, Veisi H, Mousavi SM, Ataabadi MS, Yazdanpanah S, Bagheri J, Mehr AP, Hemmati 
S, Veisi H (2018) Modified magnetic nanoparticles by PEG-400-immobilized Ag nanoparticles 
(Fe3O4@ PEG–Ag) as a core/shell nanocomposite and evaluation of its antimicrobial activity. 
Int J Nanomedicine 13:3965. https://doi.org/10.2147/IJN.S161002

Rabiatul Basria S. M. N. Mydin et al.

https://doi.org/10.1002/adma.201600284
https://doi.org/10.1021/jp071761s
https://doi.org/10.1021/jp071761s
https://doi.org/10.1021/bm200413a
https://doi.org/10.1021/bm200413a
https://doi.org/10.1002/jbm.10312
https://doi.org/10.1002/jbm.10312
https://doi.org/10.1088/1748-6041/1/4/004
https://doi.org/10.2147/IJN.S161002


351© Springer Nature Switzerland AG 2020
S. Siddiquee et al. (eds.), Composite Materials: Applications in Engineering, 
Biomedicine and Food Science, https://doi.org/10.1007/978-3-030-45489-0_16

Chapter 16
Components of All-Solid-State  
Ion- Selective Electrodes (AS-ISEs)

Abdelmohsen M. Benoudjit, Ihda Uswatun Shalihah Shohibuddin, 
Mamoun Mohamad Bader, and Wan Wardatul Amani Wan Salim

16.1  Introduction

An electrochemical sensor is a qualitative and quantitative device that converts a 
chemical signal to a measurable electrical signal (Yogeswaran and Shen-Ming 
2008). Electrochemical sensors can be divided into three classes: potentiometric, 
amperometric, and conductometric (Stradiotto et al. 2003). A potentiometric sensor 
measures an electrical potential when no current is present, while an amperometric 
sensor produces current when a potential is applied between two electrodes. A con-
ductometric sensor assesses conductivity by measuring the electrical resistance of a 
sample solution. Ion-selective electrodes (ISEs) are potentiometric ion sensors and 
a subgroup of electrochemical sensors; they are widely used in various fields of 
biomedical, environmental, and chemical analysis, and physiological sensing 
(Bobacka et al. 2003; Bakker et al. 2008; Hu et al. 2016). ISEs are classified into 
three groups, depending on the nature of the membrane material: glass, polymeric 
or liquid, and crystal or solid (Fig. 16.1) (Faridbod et al. 2007).

All-solid-state ion-selective electrodes (AS-ISEs) are solid-based selective mem-
brane electrodes that convert the activity of a specific ion to a measurable electrical 
signal without an internal filling solution – a liquid electrolyte that separates the 
sensing membrane from the inner reference electrode (Bobacka 2006; Bratovčić 
et al. 2009; Faridbod et al. 2008). Measuring voltage potential requires two elec-
trodes: a reference electrode and a sensing electrode. The reference electrode 
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potential is constant, and the sensing-electrode potential varies with the concentra-
tion of the target ions (Bratovčić et al. 2009). The potential being measured is equal 
to the difference in potential at the reference electrode and the sensing electrodes.

Key components of AS-ISEs are an ion-selective membrane (ISM) and a trans-
ducer or solid contact deposited on a conductive electrode made from carbon, plati-
num, or gold (Fig. 16.2) (Faridbod et al. 2008; Hu et al. 2016).The role of the ISM 
is to recognize and select the target ion, while the transducer converts the target-ion 
concentration to an electrical signal that can be measured against a reference elec-
trode. A silver/silver chloride (Ag/AgCl, Cl−) electrode is usually used as the refer-
ence electrode in ISEs owing to its environmental compatibility, biocompatibility, 
stable potential, and redox capability (Michalska 2012). A saturated calomel (Hg/
Hg2Cl2, Cl−) reference electrode has the advantage of stable potential and is not 
influenced by light, but is applicable only up to temperatures of about 80 °C. The 
aforementioned electrodes are currently commercially available; two others, the 
thallium chloride (Tl (Hg)/TlCl, Cl−) and the Thalamid™ electrodes are no longer 
used as reference electrodes owing to toxicity (Guth et al. 2009).

Polymers have been utilized as homogeneous membrane matrices in ISMs owing 
to good elasticity and mechanical stability (Faridbod et al. 2008). Conductive poly-
mers are often applied as ion-to-electron transducers because of the ohmic proper-
ties integrated to a polymer that is flexible and biocompatible (Bobacka et al. 2008). 
Furthermore, carbon-based materials like carbon nanotubes (CNTs), graphene, and 
graphene derivatives (e.g., graphene oxide and reduced graphene oxide) have been 

Fig. 16.1 Classification of an electrochemical sensor
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used as transducers in AS-ISEs as their physical, electrical, mechanical, optical, 
thermal, and chemical properties make them suitable for such use (Yan et al. 2016).

This chapter will introduce readers to the materials in ion-selective membranes 
and all-solid-state transducers for AS-ISEs. The components of ISMs include a 
polymeric matrix, ionophores, plasticizers, and ionic additives, while commonly 
used all-solid-state transducers are conductive polymers of polypyrrole (PPy), poly-
aniline (PANI), and polythiophene (PT), or carbon-based materials such as carbon 
nanotubes and graphene.

16.2  Components of an Ion-Selective Membrane

An ion-selective membrane (ISM) cocktail consists of four components: a poly-
meric matrix, an ionophore as a recognition material, a membrane solvent or plasti-
cizer, and ionic additives. The amount of each component can influence the physical 
and chemical characteristics of an ISM. Typical composition of an ISM is approxi-
mately 33% (w/w) polymeric matrix, 66% (w/w) plasticizer, 1% (w/w) ionophore, 
and 0.5% (w/w) ionic additives; each component of the ISM depends on the target 
ion (Faridbod et al. 2008).

Fig. 16.2 Key components of all-solid-state ion-selective electrodes (AS-ISEs): conductive elec-
trode, solid contact or transducer, and ion-selective membrane
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16.2.1  Polymeric Matrix Materials

Polymers function as homogeneous membrane matrices for ISMs where their glass 
transition temperature (Tg) value should be below room temperature (Jadhav et al. 
2009). The polymer membrane should be fluid enough under ambient conditions to 
allow for diffusion of other ISM components. Besides Tg, ISM biocompatibility is 
especially important for clinical applications; polyvinyl chloride (PVC) is the most 
commonly used polymer in ISM preparation (Fig. 16.3). Furthermore, acrylate and 
acrylate derivatives as well as polystyrene have been approved as polymeric matri-
ces for biomedical applications (Faridbod et al. 2008).

16.2.2  Ionophores as Membrane–Active Recognition 
Components for Ion Carrier and Selectivity

Ionophores provide selectivity towards a target ion owing to their chemical and 
structural properties. The chemical property involves chemical bond strength and 
types of molecular interaction, while the structural property includes recognition of 
size and physical shape of molecular analytes. These specific characteristics influ-
ence ISEs selectivity in recognizing the target ions (Ganjali et al. 2006).

Studies have been conducted to understand how the chemical properties of iono-
phores lead to highly selective ISEs. Wilson et al. (2010) discovered that thioureas – 
compounds with N-C(S)-N functionality – will significantly improve the selectivity 
of ISEs towards different metal ions. The presence of intra-molecular interactions, 
the particular effects by conformational isomerism, and the existence of S and N 
atoms which act as donor sites make the thiourea derivatives as ligands more versa-
tile (Wilson et al. 2010). Furthermore, the existence of a carbonyl group bonded to 
the thiourea will result in a heterocyclic compound that provides strong bonding 
potential as a ligand. The carbonyl group can interact with heavy metal ions such as 

Fig. 16.3 Chemical structure of vinyl chloride and poly (vinyl chloride) (PVC)
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Cu(II), Ni(II), and Hg(II) (Saeed et al. 2014). Therefore, thioureas have proved to be 
attractive ionophores for selective detection of heavy metal ions (Jumal et al. 2012; 
Ying et al. 2018).

In addition to chemical properties, the structure of an ionophore plays an impor-
tant role in selectivity towards target ions. The internal cavity of an ionophore whose 
inner diameter is equivalent to the diameter of the target ions – but not to that of 
other interfering ions – makes ionophores very selective for ions of interest. In fact, 
the ionophore is one of the most vital components of the membrane because it is 
responsible for making the ISEs selective (Pięk et al. 2018).

16.2.3  Plasticizers as Membrane Solvent

A plasticizer is an additive in which the components of the ISM are dissolved; the 
plasticizer increases the plasticity and fluidity of the material to which it is added. 
In order to ensure high mobility of the ISM components, a 2:1 weight ratio of plas-
ticizer to polymer is required; the ideal composition of ISMs is 60–66% (w/w) 
plasticizer and 30–33% polymer matrix. Tables 16.1 and 16.2 summarize the 
potassium-ion (K+) and calcium-ion (Ca2+) composition of an ISM, respectively. 
As can be seen from the tables, both K+ and Ca2+ ISMs have the same components 
with only a difference in the ionophores. For instance, valinomycin acts as the K+ 
ionophore (He et al. 2016; Vanamo and Bobacka 2014; Zhang and Zhang 2013), 
whereas ETH 129 (Zhao et al. 2019; Park et al. 2017; Ping et al. 2012), and ETH 
5234 (ul Haque et al. 2007) act as Ca2+ ionophores. The rest of the ISM composi-
tion consists of ionic additives, plasticizers, polymer matrix, and solvent. Previous 
studies have used potassium tetrakis (4-chlorophenyl) borate (KTCPB) (Park et al. 
2017; ul Haque et al. 2007; Shiwaku et al. 2018; Guzinski et al. 2017; Vázquez 
et al. 2002), potassium tetrakis[(3,5-bis[trifluoro methyl]phenyl) borate (KTFPB) 
(Vanamo and Bobacka 2014; Zhao et  al. 2019; Ping et  al. 2012), or sodium 
tetrakis(3,5bis[trifluoromethyl]phenyl) borate (NaTFPB) (Liu et al. 2019) as the 
ionic additives. The plasticizers are a membrane solvent such as bis(2-ethylhexyl) 
sebacate (DOS) (He et al. 2016; Guzinski et al. 2017), 2-nitrophenyl octyl ether 
(2-NPOE) (Ping et  al. 2012; ul Haque et  al. 2007; Liu et  al. 2019), or bis(1- 
butylpentyl) adipate (BBPA) (Vázquez et al. 2002). Polyvinylchloride (PVC) has 
been used as the polymer matrix of the membrane (Vanamo and Bobacka 2014; 
Zhang and Zhang 2013; Liu et al. 2019). Looking into the weight ratio of plasti-
cizer to polymer for K+-ISMs, Shiwaku et  al. used 64.7% DOS plasticizer and 
32.7% PVC (Shiwaku et al. 2018), while Vanamo and Bobacka used 62.5% and 
33.3% for DOS plasticizer and PVC (Vanamo and Bobacka 2014), respectively. 
For Ca2+-ISMs, Zhao et al. used 65.6% 2-NPOE plasticizer and 32.8% PVC (Zhao 
et  al. 2019), while Park et  al. used 63.5% 2-NPOE plasticizer and 31.7% PVC 
(Park et al. 2017); both ISM cocktails follow similar ratio of plasticizer to polymer, 
mainly to ensure high mobility of ISM components.

16 Components of All-Solid-State Ion-Selective Electrodes (AS-ISEs)
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16.2.4  Ionic Additives as Lipophilic Salts

Ionic additives, also called as lipophilic salts, provide two advantages for the ISMs: 
increase selectivity towards the target ion and reduce membrane ionic resistance 
(Morf et al. 2005). With respect to selectivity for divalent cations, a lipophilic anion 
improves preference for divalent over interfering monovalent cations, and at the 
same time reduces interference from anionic molecules (Eugster et  al. 1991). 
Therefore, a lipophilic anion will ultimately increase the overall selectivity of ISEs 
for target divalent cations. Furthermore, the inclusion of ionic additives can act as 
an ion exchanger, which can improve selectivity when insufficient ionophore is 
present (Faridbod et al. 2008).

Another advantage of ionic additives is the lowering of ISM ionic resistance, 
easing the movement of target ions from sample solution into the membrane. 
Therefore, ionic additives enhance the interfacial ion-exchange kinetics and ulti-
mately reduce the response time of ISEs (Gehrig et  al. 1990). Overall, the four 

Table 16.2 Summary of ion-selective membrane composition for Ca2+

No.
Types of 
component

Chemical 
components Abbreviation Components amount (% w/w)

1 Ionophore Calcium ionophore 
II

ETH 129 1.0% 3.0% 1.0% 0.49%

2 Calcium ionophore 
IV

ETH 5234 1.0%

3 Ionic 
additives

Potassium tetrakis 
(4-chlorophenyl) 
borate

KTCPB 1.8% 0.7%

4 Potassium tetrakis 
(3,5-bis 
[trifluoromethyl] 
phenyl) borate

KTFPB 0.6% 0.2%

5 Sodium 
tetrakis(3,5- 
bis[trifluoromethyl] 
phenyl)borate

NaTFPB 0.46%

6 Plasticizers Bis(2-ethylhexyl) 
sebacate

DOS

7 2-nitrophenyl octyl 
ether

2-NPOE 65.6% 63.5% 65.3% 65.8% 66.03%

9 Polymer 
matrix

Polyvinylchloride PVC 32.8% 31.7% 33.0% 33.0% 33.02%

10 Solvent Tetrahydrofuran THF 1.5 mL 4 mL -ns- 3.6 mL
11 Cyclohexane -ns-
References Zhao 

et al. 
(2019)

Park 
et al. 
(2017)

ul 
Haque 
et al. 
(2007)

Ping 
et al. 
(2012)

Liu 
et al. 
(2019)

ns: not specified.
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components of ISMs complement each other in terms of selectivity, response time, 
ion-exchange kinetics, fluidity and plasticity of the ISMs. The next section will 
discuss another important component of an ISE, the transducer.

16.3  Transducer Materials for AS-ISEs

Conductive polymers and nanomaterials as ion-to-electron transducers improve the 
performance of AS-ISEs in terms of detection limit, sensitivity, selectivity, and 
chemical stability (Bobacka 2006); these materials enable the miniaturization of 
ISEs (Hu et al. 2016). Commonly used conductive polymers are polypyrrole (PPy), 
polyaniline (PANI), and polythiophene (PT) (Fig.  16.4). Commonly used 

H

3D
Structure

3D
Structure

3D
Structure

Aniline

Thiophene Polythiophene (PT)

Pyrrole Polypyrrole (PPy)

Polyaniline (PANI)

H H H
N

NH2

S
S

S
S

S
S

S n

H

N N N N N n

H H H H

N
N

N N
N N n

Fig. 16.4 Chemical structure of monomer and polymer units of conducting polymers that have 
been applied as ion-to-electron transducers in all-solid-state ion-selective electrodes
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nanomaterials are three dimensionally–ordered macroporous (3DOM) carbon, col-
loid-imprinted mesoporous (CIM) carbon, carbon nanotubes (CNTs), graphene, 
fullerene, nanoclusters and gold nanoparticles (Liu et al. 2019).

16.3.1  Conductive Polymers

Conductive polymers of PPy, PANI, and PT have some key features that make them 
useful as ion-to-electron transducers (Bobacka 2006; Faridbod et al. 2008; Bobacka 
et al. 2008). First, conducting polymers can provide ohmic contact with high work 
function like noble metals and carbon materials. Second, conductive polymers can 
be deposited from solution onto the conductive electrodes either by electrochemical 
polymerization or by drop- casting. Third, conductive polymers electroactive prop-
erty as a result of combinatory effect of electronic and ionic conductivity allows for 
ion to electron transduction (Faridbod et al. 2008; Bobacka et al. 2008). These are 
the features that make conducting polymers suitable as solid contact transducers for 
AS-ISEs.

 i. Polypyrrole (PPy)

Polypyrrole has been used as an ion-to-electron transducer in solid-contact ISEs 
since the beginning of the 1990s and is still used today (Bobacka et al. 2003). PPy 
as a solid contact enhances the performance of AS-ISEs in terms of Nernstian 
behavior, linear range, detection limit, and response time (Table 16.3). For example, 
PPy doped with Titan yellow dye (PPy/TY) as solid contact resulted in a magnesium- 
selective ISE (Mg+2-ISE); the solid-state electrode has a Nernstian behavior almost 
equivalent to that of a typical glass electrode (Gupta et al. 2004; Mosayebzadeh 
et al. 2014). The calibration slope and concentration range for polypyrrole- and non-
polypyrrole–based solid contacts were 28.27 ± 0.40 mV per decade within the con-
centration range of 1.0 × 10−5 – 5.0 × 10−2 M, and 29.2 ± 0.4 mV per decade within 
the concentration range of 9.4 × 10−6 to 1.0 × 10−1 M, respectively (Gupta et al. 
2004; Mosayebzadeh et al. 2014). The detection limits of PPy-based and non-PPy-
based solid contacts were 6.28 × 10−6 M and 9.4 × 10−6, respectively, showing not 
much difference in performance. However, the potentiometric response of PPy-
based solid-contact electrodes toward Mg+2 was found to be independent of pH from 
4.5–8.0, while non–PPy–based solid contacts were independent of pH from 3.5–7.8 
(Gupta et al. 2004; Mosayebzadeh et  al. 2014). Polypyrrole-based Mg+2- ISEs 
showed fast response time compare to non-PPy-based Mg+2-ISEs, < 10 s and 13 s, 
respectively (Mosayebzadeh et al. 2014). The results show that a PPy solid contact 
is comparable to a non-solid state one.

 ii. Polyaniline (PANI)

Polyaniline (PANI) is utilized in ISEs fabrication owing to its stable potential, 
easy preparation, and low cost (Shishkanova et al. 2005). PANI has been used as a 
solid contact (Jiang et al. 2019), or as a component of an ion-selective membrane 
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(Aytaç et al. 2004). In addition, PANI can exist as either film, microfiber, or nanopar-
ticle; PANI in microfiber form enhances ISE performance owing to its hydrophobic-
ity, which minimizes water intake into the ISM (Jiang et al. 2019). As an example, 
electrospun PANI-polystyrene microfiber film (e-PANI-PS) was used as a trans-
ducer in solid-contact ISEs to sense lead ion (Pb2+). The Pb2+-ISEs based on e-PANI-
PS exhibited a wide linear detection range (10−8 to 10−3 mol/L), a low detection 
limit (~5 × 10−9 mol/ L), a Nernstian slope of 29.1 mV/decade, and a fast response 
time (< 10  s) (Jiang et  al., 2019). Moreover, the fabricated ISEs demonstrated a 
lower detection limit for Pb2+ and better potential stability compared to ISEs fabri-
cated using drop-cast PANI-PS films. The analytical performance of the e-PANI-PS 
microfiber transducer for Pb2+ detection is a result of the high hydrophobicity that 
minimizes water uptake. Furthermore, e-PANI-PS has higher capacitance and lower 
impedance than the drop-cast PANI-PS, which promoted fast ion-to-electron trans-
fer at the electrode-solution interface (Jiang et al. 2019). These features make PANI 
one of the most used conductive polymers as a transducer for AS-ISE fabrication.

 iii. Polythiophene (PT)

The first polythiophene used as a solid contact in ISEs was poly(3- octylthiophene) 
(POT) (Bobacka et  al. 2008). Poly(3,4-ethylene-dioxythiophene) (PEDOT) in its 
p-doped form is highly electroactive and possesses good environmental stability 
(less sensitive to O2 and CO2) compared to transducers based on PPy as solid con-
tact (Bobacka  2006). Therefore, water-dispersible PEDOT with 
poly(styrenesulfonate) (PEDOT:PSS) (Fig.  16.5) was used as an ion-to-electron 
transducer in solid-contact ISEs for detection of certain ions: potassium (K+), silver 
(Ag+), sodium (Na+), cesium (Cs+), calcium (Ca2+), and some aromatic cations (e.g., 
N-methylpyridinium, bupivacaine) (Bobacka et al. 2008). However, few research 
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Fig. 16.5 Chemical structure of poly (3,4-ethylenedioxythiophene) poly(styrenesulfonate) 
(PEDOT:PSS)
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reports on PEDOT:PSS use as an electrochemical sensor owing to poor adhesion of 
PEDOT:PSS on conductive electrode surfaces. In aqueous solution, PSS can result 
in swelling of PEDOT:PSS and the film can be removed from the electrode surface 
(Wang et al. 2014; Benoudjit et al. 2018), limiting PEDOT:PSS use as a transducer 
for AS-ISEs. Therefore, some studies focus on enhancing the adhesion of 
PEDOT:PSS on electrode surface by using polyvinyl alcohol (PVA) (Wang et al. 
2014) and sodium carboxymethyl cellulose (Na-CMC) (Zhang et al. 2015) binders, 
or depositing PEDOT:PSS with electro-polymerization instead of by drop-casting 
(Benoudjit et al. 2018). The resulting improvement allows PEDOT:PSS to be an 
effective transducer for AS-ISEs.

16.3.2  Nanomaterials

Recently, nanomaterials have been suggested as transducer materials for AS-ISEs 
(Liu et al. 2019). Three-dimensionally ordered macroporous (3DOM) carbon (Lai 
et al. 2007), colloid-imprinted mesoporous (CIM) carbon (Hu et al. 2014), carbon 
nanotubes (CNTs) (Ganjali et al. 2010; Crespo et al. 2008), graphene (Ping et al. 
2011), fullerene (Fouskaki and Chaniotakis 2008), nanoclusters (Zhou et al. 2012), 
and gold nanoparticles (Jaworska et al. 2011) are commonly used nanomaterials as 
a result of their high surface area, intrinsic hydrophobicity, and electric conductiv-
ity. Furthermore, these nanomaterial-based ISEs exhibit high potential stability and 
have shown more excellent resistance to O2, CO2, light, and redox interferences than 
do the classical conducting polymers (Liu et al. 2019). These features make these 
nanomaterials suitable as transducer materials for AS-ISE fabrication. Generally, 
nanomaterial-based solid contacts are prepared layer by layer using drop-casting 
methods. However, it should be noted that nanomaterials can easily detach from an 
electrode surface owing to poor adhesion (Liu et al. 2019). Although PVC has been 
successfully used as a facile and effective binder to fabricate nanomaterial-based 
solid contact (Hu et al. 2014), the electrical conductivity of nanomaterials might be 
reduced by the poor conductivity of PVC.

More recently, we utilized PEDOT:PSS with reduced graphene oxide (rGO) 
nanomaterial as solid contact for biosensors because the composite showed good 
adhesion to the electrode surface while retaining good conductivity (Ismail et al. 
2019). From electrochemical analyses by cyclic voltammetry (CV), the trans-
ducer showed a high effective surface area of 0.219 mm2 and a high peak current 
of 0.793 mA. The high conductivity is further confirmed with electrical imped-
ance spectroscopy (EIS), showing the composite to have low charge-transfer 
resistance (Rct) of 200.7 Ω (Ismail et al. 2019). The CV and EIS results suggest 
that rGO- PEDOT:PSS composite has the potential to be used as solid contacts for 
AS-ISEs.

A. M. Benoudjit et al.



363

16.4  Summary

This chapter introduces the materials used for fabricating the components of 
AS-ISEs: the ion-selective membrane (ISM) and the all-solid-state transducer. The 
role of an ISM is to recognize and select the target io; the ISM consists of four com-
ponents: polymeric matrix, plasticizer, ionophore, and ionic additives. The physical 
and chemical characteristics of AS-ISEs can be influenced by the amount of each 
component, and the typical cocktail mix for an ISM is polymeric matrix 33% (w/w), 
plasticizer 66% (w/w), and ionophore 1% (w/w). Polyvinyl chloride (PVC) func-
tions as a homogeneous membrane matrix for the other ISM components. Ionophores 
provide selectivity towards a target ion, which is also known as membrane-active 
recognition; selection of ionophore depends on the target ion. Plasticizers are 
responsible for controlling the physical property (plasticity or fluidity) of ISMs. 
Ionic additives are ion exchangers that ensure the permselectivity of the ISMs if no 
or insufficient ionophore is present. The solid-state transducer converts the target- 
ion concentration to an electrical signal that can be measured. Materials used as 
solid-state transducers are conductive polymers and nanomaterials. Common con-
ductive polymers used in AS-ISEs are polypyrrole, polythiophene, and polyaniline, 
owing to their intrinsic characteristics. Nanomaterials such as Three-dimensionally-
ordered macroporous carbon, colloid-imprinted mesoporous carbon, carbon nano-
tubes, graphene, fullerene, nanoclusters, and gold nanoparticles are good solid 
contacts for AS-ISEs owing to their ion-to-electron transduction. Reduced graphene 
oxide can be combined with PEDOT:PSS to serve as a solid contact for AS-ISEs.
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Chapter 17
Nanocellulose and Nanocellulose-Based 
Composites for Food Applications
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M. Nazli Naim, Noor Fitrah Abu Bakar, and I. Wuled Lenggoro

17.1  Introduction

Increasing global demand for energy, depletion of petroleum sources, and concern 
over global climate change has led to the resurgence in the development of renew-
able and sustainable resources as an alternative to fossil fuel or petroleum-based 
materials (Chen et al. 2019a, b). In response, extensive research and development in 
nanocellulose production, a green, bio-based and renewable bio-material have been 
initiated and currently a subject of immense interest as a prominent candidate to 
replace the petroleum-based materials (Chen et al. 2017) as reflected in the rapid 
growing of scientific publications related to nanocellulose over the past two decades 
(Fig. 17.1).

Cellulose is the most abundant and ubiquitous renewable natural biopolymer in 
the biosphere with an estimated annual production of 75 to 100 billion tonnes (Xie 
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et al. 2016). Fibers generated from cellulosic material have long been used as lum-
ber, textile and cordage. The extraction of nanocellulose from cellulosic materials 
through various chemical, biochemical, and mechanical means has enabled the 
emerging utilization of cellulose for much more sophisticated applications (Thomas 
et al. 2017). This include as synthetic reinforcement materials used in the compos-
ites and polymer matrixes, as stabilizers in food products and cosmetics, drug deliv-
ery excipient, scaffold for enzyme immobilization, tissue engineering, and 
biosensors, biodegradable packaging, air and water filtration, among others 
(Camacho et al. 2017; Tibolla et al. 2018).

According to a recent report by Global Market Insights, Inc. (2019), the global 
nanocellulose market in 2016 was USD 87.5 million and is forecasted to exceed 
USD 1 billion by 2024 by an outstanding compound annual growth rate (CAGR) of 
33.8%. The growing market demand for nanocellulose is mainly attributed to its 
low-density, non-toxic and biodegradability in combination with its unsurpassed 
quintessential nano-dimensional properties including high aspect ratio and specific 
surface area, a high degree of crystallinity and transparency, tuneable self-assembly 
in aqueous media as well as its exceptional mechanical strength. Nanocellulose also 
holds a unique rheological behavior, good barrier properties and oxygen permeabil-
ity which are desirable for food applications such as packaging, coating and as addi-
tives in food products (Kargarzadeh et al. 2017; Lee et al. 2017; Thomas et al. 2017).

In this chapter, we present the applications of nanocellulose and its composites 
in the food sector, one of the major growth enablers for the nanocellulose market. 

Fig. 17.1 Number of publications related to nanocellulose as analyzed by Scholar PlotR using data 
from Google Scholar (Data analysis was extracted from Scholar PlotR on 5 November 2019)
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Particularly, we highlight the function of nanocellulose as additives and ingredients 
in food products and the applications of nanocellulose-based composites in the 
development of active food packaging and edible coatings. Beforehand, sources, 
chemical and structural compositions of cellulose followed by nanocellulose and its 
classification are described.

17.2  Cellulose

17.2.1  Sources of Cellulose

As the most abundant biopolymer on the earth, cellulose has been used for centuries 
in highly diverse applications, even before its polymeric nature was recognized and 
well understood. It is a major component of lignocellulosic biomass, which mostly 
refers to plants or plant-based materials and widely distributed in wood of higher 
plants, forest and agricultural residues (Torabi et al. 2016).

Based on Fig. 17.2, conventional sources such as wood and cotton are ranked as 
the primary source of cellulose followed by forestry residues which consist of 
branches, leaves, bark, and other portions of wood and agricultural residues includ-
ing palm oil empty fruit bunch, rice straw, rice husk, wheat straw, corn cob, banana 
rachis, and coconut husk which are mostly left on the fields as post-harvests residue. 
Industrial waste is the processed waste produced mainly by the food industries such 
as sugar cane bagasse, vegetable peels (i.e potato, carrot, tomato) and fruit peels 
(orange, apple, pear, banana), which is another source of cellulose emerging recently 

Fig. 17.2 Hierarchy of cellulose from different sources (Source: Torabi et al. 2016)
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(Rajinipriya et  al. 2018). These vary in cellulose content and composition as 
described in Table 17.1. In addition to its plant origins, cellulose can also be obtained 
from several marine animals such as tunicate and algae. It is also secreted extracel-
lularly by numerous bacterial species such as Acetobacter, Agrobacterium, 
Alcaligenes, Pseudomonas, Rhizobium and Sarcina.

17.2.2  Plant Cellulose

Plant fibers are the main natural sources of cellulose. Their hierarchical structure is 
essential not only for most living plants but also for several industries that take 
advantage of the outstanding features of natural fibers. Plant fiber wall structure is 
composed of cellulose molecules, elementary fibril, microfibril, macrofibril and 
lamellar membrane (Fig. 17.3). It was reported that the elementary fibrils are having 
a width of around 1.53.5 nm. These elementary fibrils were bundled to form micro-
fibrils, which form the core structural units of the plant cell wall as a mechanism to 
reduce the free energy of the surface. Each microfibril might contain up to 40 cel-
lulose chains and are 10–30 nm in width. The bundling of microfibrils formed a 
macrofibril, larger than 100 nm in width (Lee et al. 2017).

Plant cell wall is a complex, heterogeneous network of several components, 
mainly cellulose, hemicellulose and lignin, and a trace amount of proteins and 
extractives. Cellulose represents about 35–50% of lignocellulosic biomass dry 
weight while the remaining 20–35% and 10–25% were accounted for hemicellulose 
and lignin, respectively (Phanthong et  al. 2018). The composition of these three 
major components is species-, types- and sources-dependent. Lignin keeps the 
water in fibers which confers the stiffness, strength, and protection to the cell wall 
and acts as a binder that holds the cellulose and hemicellulose complex. 
Hemicellulose, which adheres to the cellulose fibrils through hydrogen bonds and 

Table 17.1 Composition of lignocellulosic biomass from different sources (g/100 g of dry matter)

Source
Composition (%)

ReferencesCellulose Hemicellulose Lignin

Sugarcane bagasse 51.52 19.07 29.03 Huang et al. (2017)
Banana peel 35.27 19.51 6.68 Tiwari et al. (2019)
Banana peel 12.10 10.20 2.90 Tibolla et al. (2018)
Sugarcane bagasse 47.35 17.86 24.41 Moreno et al. (2018)
Banana rachis 49.12 18.57 20.23 Moreno et al. (2018)
Pineapple leaf 45.32 17.43 25.63 Moreno et al. (2018)
Bamboo 41.72 22.86 20.91 Xie et al. (2016)
Pear peel 38.50 23.60 28.10 Chen et al. (2019a, b)
Rice straw 36.50 38.00 22.00 Oun and Rhim (2018)
Orange bagasse 11.85 15.58 1.67 Mariño et al. (2018)
Unwoven cotton waste 58.72 6.20 15.99 Maciel et al. (2019)
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Van der Waal’s interactions and cross-linked with lignin, serves as a compatibilizer 
between cellulose and lignin (Halib et al. 2017; Kargarzadeh et al. 2017).

17.3  Chemical and Structural Composition of Cellulose

Since its discovery and isolation by a French chemist, Anselme Payen in 1838, the 
structure and properties of cellulose have been widely studied and highlighted in the 
literature. As the production of nanocellulose involves a breakdown of cellulose into 
smaller polymer branches in the nanoscale, it is necessary to comprehend the cel-
lulose chemical and structural composition to give better insight on nanocellulose 
production (Chen et al. 2019a, b).

Cellulose is a structural polysaccharide, composed of repeating units of two 
anhydroglucose linked by a β-1,4-glycosidic bond, known as cellobiose. The anhy-
droglucose unit (AGU) consists of three hydroxyl groups in the equatorial position, 
responsible for the formation intra- and inter-molecular hydrogen bonding with the 
adjacent glucose unit in the same chain as well as with the different chains. These 
strong and tightly packed hydrogen bonding networks in the crystalline part of cel-
lulose fibrils form a stable three-dimensional structure which makes them highly 
ordered and rigid, insoluble in water and highly resistant to most organic solvents 
(Kargarzadeh et al. 2017; Phanthong et al. 2018). The internal hydrogen bonds are 
also responsible for cellulose stiffness (Lee et al. 2017). On the other hand, very 
weak hydrogen bonds in non-crystalline amorphous domains contribute to the 
increased hydrophilicity and accessibility of cellulose materials (Kargarzadeh et al. 

Fig. 17.3 Hierarchical structure of plant fibre. This figure was originally drawn by the author
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2017). The morphological structure of microcrystalline cellulose viewed under an 
electron microscope is shown in Fig. 17.4.

The wide orientation of glucose molecules and hydrogen bonding networks in 
cellulose producing different allomorphs which can be categorized into cellulose 
types I, II, III, and IV. Cellulose derived from plant, referred to as native cellulose is 
mainly found in two crystalline forms, known as cellulose type I and II. For cellu-
lose type I, the hydrogen-bond network is packed in parallel. Chemical regeneration 
of cellulose type I by acid or alkaline treatment resulted in different arrangements 
of antiparallel packing of the hydrogen-bond network, known as cellulose type 
II. Treatment of cellulose type I or II with ammonia resulted in cellulose type III and 
heating of cellulose type III generates cellulose type IV. Among the four allomorphs, 
cellulose type I is thermodynamically less stable while cellulose type II has the most 
stable structure (Lavanya et al. 2011; Phanthong et al. 2018).

Functional groups of cellulose can be identified by using Fourier Transform 
Infrared (FTIR) spectroscopy. As lignocellulosic materials consist of a combination 
of cellulose, lignin, hemicellulose, and other constituents, this information is par-
ticularly important to determine the cellulose purity prior to nanocellulose isolation. 
FTIR band assignments for the main constituents in lignocellulosic materials are 
listed in Table 17.2 (Hospodarova et al. 2018; Sulaiman et al. 2015).

For pure cellulose, the characteristic peaks were located at 3325 cm−1, 2891 cm−1 
and 1159 cm−1, corresponding to -OH stretching, -CH stretching and -COC stretch-
ing absorptions, respectively (Fig. 17.5). The broad -OH stretching vibration band 
in the 3700–3000 cm−1 region gives considerable information regarding inter- and 
intra-molecular hydrogen bond vibrations. The peaks located at ~1650 cm−1 corre-
spond to the vibration of water molecules absorbed in cellulose. The absorption 
bands at 1426, 1364, 1159, 1027 and 896 cm−1 are associated with stretching and 
bending vibrations of -CH2 and -CH, -CH and -CO, -COC, and glycosidic bond, 
respectively. The band at around 1420–1430 cm−1 is related to the cellulose crystal-
line structure, while the band at 897 cm−1 is assigned to the amorphous region in 
cellulose (Hospodarova et al. 2018).

Fig. 17.4 Scanning Electron Microscope (SEM) images of microcrystalline cellulose with differ-
ent magnifications. The strong and tightly packed hydrogen bonding networks of cellulose fibrils 
form a stable three-dimensional structure which makes them highly ordered and rigid. This figure 
is the author’s own figure and has not been previously used or published
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17.3.1  Nanocellulose

Nanocelluloses refer to cellulosic materials with at least one dimension in the nano- 
scale. A combination of inherent desirable cellulose properties and fascinating fea-
tures of nanomaterials have made nanocellulose a promising alternative to replace 
the conventional materials made from non-renewable resources. Thanks to its bio-
degradability, lightweight, low density (1.6  g/cm3), and outstanding mechanical 

Table 17.2 FTIR band assignments of main components in lignocellulosic materials

Wavenumber (cm−1) Vibration Component

3400–3300 -OH stretching Cellulose
2900–2800 -CH symmetrical stretching Lignin, cellulose
1800–1700 -C=O stretching Lignin, hemicellulose
1650–1630 Adsorbed water Water
1505 -C=C aromatic symmetrical stretching Lignin
1435–1425 -CH2 symmetrical bending

-C=C stretching in aromatic groups
Pectin, Lignin, Hemicellulose

1380–1320 -CH, -CO, aromatic ring Polysaccharides and cellulose
1240–1230 -CO stretching Lignin
1162–1159 -COC asymmetrical stretching Cellulose, hemicellulose
899–895 Glycosidic bond Polysaccharide
670 -CH out of plane bending Cellulose

Fig. 17.5 FTIR spectra of pure cellulose (Avicel PH-101)
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strength, nanocellulose is currently in high demand worldwide for a wide range of 
applications. Specifically, nanocellulose has an elastic modulus of up to 220 GPa, 
greater than Kevlar, tensile strength of up to 10 GPa comparable to cast iron and 
eight times higher weight to strength ratio than stainless steel (Phanthong et  al. 
2018). Additionally, nanocellulose offers unprecedented opportunities for surface 
functionalization due to their abundance reactive surface of hydroxyl groups.

Extraction of nanocellulose from lignocellulosic matters can be performed 
through chemical, mechanical, biological or combination of two (or more) 
approaches. Details description of these approaches can be found in Thomas et al. 
(2017) and Tan et al. (2019). Depending on the sources and extraction methods, 
nanocellulose can be categorized into three main groups; cellulose nanofibrils 
(CNFs), cellulose nanocrystal (CNCs) and bacterial nanocellulose (BC) (Table 17.3) 
(Lee et al. 2017). Although all types of nanocellulose are having similar chemical 
composition, their morphology, dimension, crystallinity and some other properties 
are different those largely determine their role in later applications.

17.3.2  Cellulose Nanofibrils (CNF)

Currently the nanocellulose markets are dominated by cellulose nanofibrils (CNF), 
accounted for more than 50% of market share in 2016 (Transparency Market 
Research). Several pilot facilities have been developed for CNFs production espe-
cially in Japan including Nippon Paper, Oji Paper, and Daicel as well as in other 
countries such as Finland (VTT), Sweden (Innventia), Canada (Kruger), among 

Table 17.3 Terminology and description of different type of nanocellulose (Source: Lee 
et al. 2017)

Type of Nanocellulose Other terminology Description

Cellulose nanofibrils 
(CNFs)

– Cellulose microfibrils
–  Microfibrillated 

cellulose
–  Nanofibrillated 

cellulose
– Cellulose nanofibers

Diameter: <100 nm
Length: up to several microns
Isolation process:
Top-down (mechanical disintegration, 
enzymatic hydrolysis)

Cellulose nanocrystals 
(CNCs)

–  Nanocrystalline 
cellulose

–  Cellulose nanowhiskers

Diameter: 5–70 nm
Length: 100–250 nm (plant);
100 nm to several microns (tunicates, 
algae, bacteria)
Isolation process:
Top-down (acid hydrolysis)

Bacterial 
nanocellulose (BNC)

– Bacterial cellulose
– Microbial cellulose
– Biocellulose

Diameter: 20–100 nm
Length: up to several microns
Isolation process
Bottom-up approach by bacterial synthesis
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others. CNFs are viewed as important advanced biomaterials solutions in the pack-
aging and composites market (Gómez et al. 2016; Tan et al. 2019).

Cellulose nanofibrils are a flexible nano-scale fiber consisting of bundles of ele-
mentary nanofibrils that are constructed from alternating crystalline and amorphous 
domains. As indicated in Table 17.3, CNFs are sometimes referred to as cellulose 
microfibrils (CMFs), microfibrillated cellulose, nanofibrillated cellulose or cellu-
lose nanofibers. The width of CNFs can vary between 20 to 50 nm and length from 
500 nm up to several microns. Isolation of CNFs from lignocellulosic materials can 
be performed through top-down approach (Fig. 17.6) employing mechanical disin-
tegrations including high-pressure homogenization, cryo-crushing, ball-milling, 
microfluidization and high-intensity ultrasonication (Thomas et al. 2017).

Large-scale production of CNFs is hampered by the high energy required for the 
mechanical disintegration of lignocellulosic materials into CNFs. Hence, chemical 
pre-treatment with acid and/or alkali, or biological pre-treatment with enzymes, are 
often required to loosen the lignocellulosic structure (Tibolla et al. 2017). It is worth 
to highlight that CNFs have certain negative properties such as poor compatibility 
with hydrophobic polymers, which limit their application, especially in the develop-
ment of composite materials. In this case, chemical modification is necessary to 
reduce the CNFs hydrophilicity (Kargarzadeh et al. 2017).

Fig. 17.6 Isolation of nanocellulose by top-down approaches. This figure was originally drawn by 
the author
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17.3.3  Cellulose Nanocrystals (CNCs)

Needle-like nanocellulose, or also known as cellulose nanocrystals (CNCs), nano-
crystalline cellulose and cellulose nanowhiskers have a width ranging from 5 to 
70 nm. Depending on the sources, the length can vary between 100 to 250 nm for 
plants, and 100 nm up to several microns for tunicate, algae, and bacteria (Börjesson 
and Westman 2016).

Isolation of CNCs from cellulosic materials is commonly performed via hydro-
lysis with strong acid. With simpler procedures and shorter reaction time, sulfuric 
acid is usually the reagent of choice in comparison with other types of acids such as 
hydrochloric (HCl), hydrobromic (HBr), and phosphoric (H3PO4). CNCs have pro-
duced through this process consists of functionalized surface, high crystallinity and 
good colloidal stability in water. Unfortunately, acid hydrolysis is corrosive, the 
high tendency of cellulose over-degradation, low yield, requires a large amount of 
water and generates a huge amount of waste which eventually cause environmental 
pollution (Chen et al. 2017; Harini et al. 2018; Chen et al. 2019a, b). Given these 
drawbacks, diluted or organic acids have been suggested to provide milder reaction 
conditions, but with compromised efficiency. This drawback could be overcome by 
the addition of metal salt catalysts such as Chromium (III) Nitrate Cr(NO3)3 as 
reported by Chen et al. (2019a, b). This co-catalyst promotes complete solubiliza-
tion of cellulose, hemicellulose and lignocellulosic into water-soluble chemicals 
and fuels.

17.3.4  Bacterial Nanocellulose (BNC)

Bacterial nanocellulose (BNC) is another kind of nanocellulose. Unlike CNCs and 
CNFs where the nanocelluloses were isolated through a top-down approach, BNC 
is synthesized by bacteria through the bottom-up process. Synthesis of BNC 
involves building up of low molecular weight of sugars by bacteria mainly by 
Gluconacetobacter for a few days up to two weeks. Nanocellulose synthesized by 
bacteria is free from other typical components in lignocellulosic biomass such as 
lignin and hemicellulose. BNC has extensive network structure due to the random 
motion of bacteria, with width ranging from 20 to 100 nm and length from 500 nm 
up to several microns. (Corral et  al. 2017; Kargarzadeh et  al. 2017; Sharma 
et al. 2019)
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17.4  Applications

History of cellulose in food application can be traced back to the 1980s when Turbak 
and his group developed a series of food products using nanocellulose as the stabi-
lizer owing to its exceptional wettability to water over oil, or as an additive in 
whipped cream, salad dressing and sauces. However, the progress has been stag-
nant, and this product was not commercially exploited mainly due to the high pro-
duction costs (Tan et  al. 2019). In the 2000s, with the rapid development of 
nanotechnology, the production and utilization of nanocellulose have received con-
siderable attention, driven by the development of more cost-effective extraction 
technology and the availability of advanced analytical instruments for nanocellu-
lose characterization. Today, the application of nanocellulose in food industries has 
grown tremendously especially as food additives, functional food ingredients, active 
packaging, and edible coating.

17.4.1  Food Additives and Stabilizers

Nowadays, a new generation of food products which combined the health benefits 
and excellent sensory quality is in high demand. In the development of food prod-
ucts, additives such as enzymes, emulsifiers, oxidants, and hydrocolloids are usu-
ally used to facilitate processing, improving microstructure for elevated mouth-feel 
and preserve the freshness of food products (Tan et al. 2019). With the distinctive 
rheological behavior in combination with the multifaceted advantages of nano-scale 
materials, nanocellulose-based additives are of great interest to be used as an emul-
sifying and stabilizing agent of food products such as salad dressings, foams, pud-
dings, among others (Camacho et al. 2017; Gómez et al. 2016).

The potential use of bacterial nanocellulose as an additive in bread-making has 
been studied through thermo-rheological and dynamic oscillatory experiments by 
Corral et al. (2017). The addition of BNC has resulted in improved bread quality, 
reducing browning index, increasing the specific volume, porosity, luminosity, and 
moisture content. Moreover, the bread produced was more tenders and have less 
firm crumb than the control formulation without BNC, which make it more accept-
able to the consumer. Based on these promising findings, in 2017, Marchetti and 
co-workers have employed BNC as an additive for the development of low-lipid and 
low-sodium meat sausages. The sausages show improvement in water-binding 
properties, hardness, cohesiveness, and chewiness with the addition of up to 0.267 g 
of dry BNC/100 g of batter was added. Besides act as fat mimetic and at the same 
time, the BNC could maintain the quality of the sausage with shelf-life of 45 days 
under vacuum refrigerated storage. Very recently, Marchetti et al. (2019) have inves-
tigated the rheological behavior of BNC-formulated gluten-free muffin. Low con-
centration of dry BNC (0.12 to 0.18 g/100 g) in the raw batter could produce batter 
with high elasticity, low specific gravity, and low flow indexes. The high viscosity 
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of the batter due to the addition of BNC could entrap more air and ultimately 
improve the volume of the baked product.

Besides improving the food products characteristic, many efforts have been 
devoted to the development of additives as a low-calorie fat replacer. This is due to 
the growing concern over the adverse health effect of foods with a high content of 
fat (Franco 2018). Removing fat from a food product is a possible and easiest solu-
tion, but the desirable properties such as flavor, aroma, and texture are compro-
mised. Therefore, the addition of the so-called ‘‘fat replacer’ is a promising 
alternative. In general, fat replacers can be obtained from protein and carbohydrates. 
In most cases, a combination of several fat replacers is necessary to obtain fat- 
mimicking properties (Aaen et al. 2019).

Nanocellulose-based materials have recently been proposed as a low-calorie fat 
replacer for food products due to their availability and excellent viscosifying and 
gel-forming abilities. However, the interaction between the charged nanocellulose 
and other food components such as electrolytes and additives might affect their 
rheological behavior. With this view in mind, Aaen and co-workers (2019) have 
studied the rheological interactions of TEMPO-oxidized CNFs with pure water, 
electrolyte solutions and xantham gum, the commonly used food additives. Their 
findings suggest the applicability of CNFs as fat replacers in food products, even at 
low concentrations. The presence of salt in food could reduce the amount of CNFs 
required to obtain the desired storage modulus even further. It is worth noted that the 
interaction of highly charged CNFs with high salt content may promote aggregation 
of the CNFs component.

Nanocellulose has also been used as a food stabilizer owing to its well- 
dispersibility in water and self-assembled properties. The electrostatic interaction 
among the hydroxyl groups leading to the formation of a sol-gel structure and pro-
moting stabilization of oil in water emulsion by the formation of a steric barrier at 
the oil and water interface. The addition of nanocellulose in the range of 0.10 to 
0.30 wt% has shown to improve the stability of ice cream based on the melting and 
falling time. Besides significant improvement in stability, the addition of a small 
amount of nanocellulose could eliminate the need to change the composition of the 
ice-cream mix, thus the good flavor and texture of the frozen dessert could be main-
tained (Gómez et al. 2016).

17.4.2  Functional Food Ingredients

According to Functional Food Centre (FFC), functional food is defined as “Natural 
or processed foods or food ingredients that contains known or unknown biologically- 
active compounds; which in defined amounts provide a clinically proven and docu-
mented health benefit for the prevention, management, or treatment of chronic 
disease” (Gómez et al. 2016). Based on this definition, nanocellulose, especially in 
the form of nanofibrils (CNFs) could be considered as a potential functional food 
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ingredient owing to their dietary fiber characteristics that able to give positive health 
effects especially gastrointestinal related diseases.

As mentioned previously, CNFs have distinctive properties when compared to 
other sources of food fibers. For example, CNFs of approximately 18 nm in width 
and high aspect ratio derived from Parenchyma cells of pears and apples by one- 
time fibrillation using grinding apparatus is expected to improve the nutritional and 
technological properties of foods. Moreover, with their high viscosity and good 
dispersibility in water, the CNFs produced could be a good candidate in the formu-
lation of functional foods (Ifuku et al. (2011).

While various studies have proved the potential of nanocellulose to be used as 
food ingredients based on the quality attributes, limited information is available on 
their effectiveness with regard to the improvement of human health, safety aspects, 
and possible side effects. Thus, biological, biochemical and histological tests on 
mice supplemented with an increasing amount of CNFs have been conducted by 
Andrade et al. (2015) to find the effect of the addition of CNFs on their health condi-
tion. Accordingly, no significant changes in the blood sugar level, lipid profile, and 
mineral nutrients were observed within the range of CNFs concentration studied. 
More importantly, the CNFs did not cause an adverse effect on the animals’ hepatic 
system and metabolism.

The health benefits of nanocellulose-supplemented food products such as milk, 
soy protein isolate, whey protein isolate, and starch have been reported by Liu and 
co-workers in a series of studies utilizing three types of nanocellulose; CNFs, 
CNCs, and TEMPO-CNFs. Overall, the presence of the nano-scale dietary fiber 
could improve gastrointestinal health, glucose tolerance, insulin response, promotes 
satiation, thus benefiting weight loss. The positive correlation between nanocellu-
lose and gastrointestinal health is further supported by a recent study conducted by 
Chen et al. (2019a, b). Oral consumption of CNFs by Western diets (WD)-fed mice 
at a sub-chronic concentration of 30 mg/kg body weight could decrease fat absorp-
tion in the jejunum and protected the liver from a high-fat burden.

17.4.3  Active Packaging

The importance of packaging in the protection, communication, convenience and 
containment of goods is undisputable. However, these basic functions are no longer 
sufficient as society demand for a new generation of packaging with improved func-
tionalities to prolong the shelf-life and reduce the growth rate of microorganism in 
food products. Hence, research and development in the field of ‘active’ packaging 
have increased tremendously in the last few years (Gómez et al. 2016).

Active packaging is the new generation of packaging materials designed to 
deliver protective agents such as antimicrobial agents, preservatives, antioxidants, 
and oxygen and moisture barrier. Polycarbonate- and polyethylene-based packag-
ing with antimicrobial agents such as copper, zinc and phenolic substances have 
been widely reported (Lee et  al. 2017). With the increasing concern over the 
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environmental impact of petroleum-based packaging, trends have now shifted 
towards the use of green, sustainable and biodegradable polymers from natural 
resources particularly cellulose-based materials (Rajinipriya et  al. 2018; Tan 
et al. 2019).

While cellulose can form strong and stiff packages, the barrier properties are not 
comparable to those of the synthetic polymers. The breakings down of cellulosic 
materials have produced nanocellulose with promising properties for active packag-
ing applications. Films made from nanocellulose have a high air and oxygen barrier. 
It has been reported that the oxygen permeability of nanocellulose films with thick-
ness of 21 ± 1 mm was 17 ± 1 ml m-2 day-1, competitive with those made from 
synthetic polymers such as ethylene-vinyl alcohol (EVOH) (3–5 ml m-2 day-1) and 
polyvinylidene chloride (PVdC) films (9–15  ml  m-2  day-1) of roughly the same 
thickness. The excellent barrier properties of nanocellulose film are mainly contrib-
uted by its high crystallinity, tight fiber network; entangle structure and dense fiber 
packing (Gómez et al. 2016).

Despite this outstanding feature, the oxygen permeability of nanocellulose films 
is strongly influenced by relative humidity. At high humidity, the interaction of 
nanocellulose with water molecules caused the film to swell and increasing the oxy-
gen permeability. Several modifications have been implemented to overcome this 
drawback. One such example is by developing a nanocellulose composite film. 
Active packaging made from nanocellulose-based composite such as CNFs/PPy/
PVA (Bideau et al. 2017), poly(sulfobetaine methacrylate) (PSBMA)/BNC (Vilela 
et al. 2019) and clove oil/chitosan/β-cyclodextrin citrate/CNFs (Adel et al. 2019), 
have shown improved hydrophobicity and mechanical properties as well as com-
bines the biodegradability, antibacterial and antioxidant properties for active 
packaging.

17.4.4  Edible Coating

The edible coating is usually made from starch due to its high transparency, odor-
less, tasteless and semi-permeability. However, starch-based films exhibit poor 
water resistance and mechanical strength. Incorporation of nanomaterials in starch 
films could be an effective strategy to overcome these limitations. Jeevahan and co- 
workers (2019) have shown that nanocellulose obtained from banana pseudostems 
has improved film properties of rice starch-based edible films. This work was fur-
ther extended to other types of starch including wheat, maize, and potato, and simi-
lar findings were observed. Besides improving the mechanical and barrier properties, 
nanocellulose can also act as an antimicrobial agent and oxygen scavenger.

Another example of the application of nanocellulose in edible food coating in the 
development of agar-based edible film (Wang et  al. 2018). Crystallinity, thermal 
stability and tensile strength of the edible film were improved with the addition of 
bacterial nanocellulose with concentration ranging between 3 to 10  wt%. 
Significantly decreased moisture content, water solubility, and water permeability 
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was also observed. This indicates that nanocellulose has high potential to be used as 
reinforcing material in edible food coating.

17.5  Conclusion and Outlook

Nanocellulose is an inexhaustible and sustainable material derived from lignocel-
lulosic biomass with ground-breaking applications in the food industry. The funda-
mental characteristics that make nanocellulose a fascinating material are the fact 
that it combines the inherent properties of cellulose (low-density, biodegradability, 
non-toxicity) and nano-dimensional characteristics including high surface area, 
high aspect ratio, and extensive hydrogen bonding ability. These features contribute 
to high crystallinity and excellent mechanical strength of nanocellulose. For food 
applications, its unique rheological behavior, good barrier properties, and oxygen 
permeability are particularly attractive. It should be noted that while the role of 
nanocellulose in improving food quality attributes is indubitable, information on the 
safety aspects and possible side effects of nanocellulose is still limited, which calls 
for more and in-depth investigation. Moreover, as the current extraction processes 
mainly rely on acid hydrolysis, more environmentally friendly approaches are 
highly sought.
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Chapter 18
Nanocomposite Materials in Food 
Packaging: Opportunities, Challenges 
and Safety Assessment

Ku Nur Izzati Ku Mohamad Faudzi, Srimala Sreekantan, 
Rabiatul Basria S. M. N. Mydin, and Nur Afiqah Amalina Romli

18.1  Introduction

Nanotechnology by using nanocomposite is a promising future in food packaging 
applications in the global market. The capabilities of nanocomposite to improve 
mechanical, thermal, barrier and other properties has urged the researchers to 
explore more on this area. The common applications are used for food packaging 
such as active packaging, intelligent packaging, surface biocides, nanocoating, nano 
sensors, nutrition and nutraceuticals and bioplastics. However, the challenges occur 
when the unknown potential risks to human health is questioned by the society 
including ability of nanoparticles to migrate and the leaching mechanisms of 
nanoparticles leaching. This chapter discussed how nanocomposite plays an impor-
tant role in food industry especially in food packaging. The opportunities, chal-
lenges and safety assessment were explained clearly to give overview to the reader 
the importance of nanotechnology.
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The breakthrough and rapid developments of nanotechnologies has become one 
of the significant technological advances in every sector and areas including agri-
cultural, electronics, food processing, forestry, environmental problems, water 
industry, energy production, waste resources, packaging materials, solar energy, 
automotive and biomedical uses (Kim et al. 2018; Müller et al. 2017). Recent tech-
nological developments have enabled the researchers to develop high performance 
food packaging that prolongs food quality, food safety, shelf life and expanding 
their marketing potential. The problems with food packaging nowadays include 
solid waste problem, lack of recyclability, poor mechanical strength, thermal insta-
bility, poor barrier properties, brittleness, high water vapour and oxygen permeabil-
ity (Peelman et al. 2013; Othman 2014; Han et al. 2018). As one of the emerging 
materials, nanocomposite materials had been used as an alternative approach to 
overcome these issues. In 1950, the invention by Carter, Hendricks and Bolley 
brought the discovery of novel reinforced elastomer where the modified clay was 
mixed thoroughly with latex of elastomeric material thus resulting in increment of 
hardness, modulus and tensile strength, respectively. This finding is the starting 
point for the development of integrating nanoparticles with polymer matrix up until 
now. The utilisation of nanotechnology in the food packaging applications may con-
tribute to the significant impact on the food industry in the near future.

Nanocomposite can be defined as a multiphases solid material matrix where 
nanosized particles have been added with dimensions of less than 100 nanometres 
(nm) in order to enhance any particular properties of the materials (De Azeredo 
et al. 2011). Nanoparticles (NPs) can offer larger surface area which favours filler- 
matrix interactions, properties and performance of the resulting materials. They can 
increase barrier properties, increased mechanical strength and enhance heat resis-
tance. Previous studies have reported the incorporation of nanoparticles inside the 
matrices will improve the barrier, mechanical, thermal and biodegradable properties 
(Moura et al. 2009; Honarvar et al. 2016; Jawaid et al. 2017). A study demonstrated 
the usage of nanosized montmorillonite clay together with nylon were able to boost 
the mechanical properties of the materials. The nylon 6-organoclay nanocomposites 
which prepared by direct melt compounding had a well dispersion composition with 
significant increment of mechanical properties. The tensile strength of Nylon 6 (N6) 
without nanoparticles was 64.2 ± 0.8 MPa, N6/montmorillonite was 75.4 ± 0.3 MPa 
and N6/organoclay was 83.4 ± 0.7 MPa. These results indicated the addition of NPs 
increased the strength of N6 in overall (Cho and Paul 2001). Luis Feijoo et al. 2006 
discovered mixing of poly(lactic acid) (aPLA), poly- caprolactone (PCL) and clay 
enhanced mechanical, thermal and gas barrier properties of the materials. Based on 
this finding, there is an enhancement on mechanical properties and thermal stability 
while maintaining the barrier properties. From TGA mass loss curves, there is an 
increment in the temperature of the maximum weight loss rate from the mixture of 
aPLA with PCL.

According to Moura et al. (2009), hydroxypropyl methylcellulose (HPMC) with 
chitosan/tripolyphosphate nanoparticles improved the mechanical and film barrier 
properties. The vacant inside HPMC matrix were filled with chitosan nanoparticles 
contributing to their compact and dense structure. The presence of nanoparticles in 
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the films raised the thermal stability from 232 °C to 271 °C as shown by two-way 
ANOVA. For tensile properties, the tensile strength of HPMC matrix without NPs 
value change from 28.3 ± 1.0 MPa rising to 62.6 ± 1.0 MPa when the particle size 
is 85 nm. The existence of NPs in the films reduced the water vapour permeability 
of the HPMC films because of the formation of hydrogen bonding between chitosan 
and HPMC film matrix. Other study done by Casariego et al. (2009) showed chito-
san/clay films water vapor barrier properties and tensile strength upgraded signifi-
cantly. After MNC was dispersed in the film matrix, the water vapour barrier 
property improved and the best value was found when the films have the lowest 
concentrations of chitosan. The tensile strength increased (p < 0.05) with increasing 
chitosan concentration.

In terms of food packaging, polymers commonly used either as matrices or sub-
strates are low density and high density polyethylene (LDPE and HDPE), polypro-
pylene (PP), polyethylene terephthalate (PET), ethylene vinyl alcohol (EVOH) 
copolymer, polyamide (PA), polystyrene (PS), polyhydroxyalkanoates (polyhy-
droxybutyrate (PHB), poly(hydroxybutyrate-co-hydroxyvalerate) (PHBV)), poly 
(lactic acid) (PLA), polycaprolactone (PCL), polyvinyl chloride (PVC), polyethyl-
ene terephthalate (PET) and polyvinyl alcohol (PVOH). Another examples of 
nanoparticles particularly used for food packaging; zinc oxide (ZnO), silver (Ag), 
copper (Cu), chitosan, talc, zein, titanium oxide (TiO2), chitin and cellulose (Chang 
et al. 2010; De Lima et al. 2010; Espitia et al. 2012; Longano et al. 2012; Tankhiwale 
and Bajpai 2012; Abdollahi et  al. 2013; Othman et  al. 2014; López et  al. 2015; 
Carbone et al. 2016; Oymaci and Altinkaya 2016). Figure 18.1 summarised applica-
tions of nanocomposites in food packaging.

The aims and objectives of using nanotechnology in polymer nanotechnology is 
basically to enhance principle features of conventional packaging system like ease 
of transportation and handling; convenience, protection, preservation and market-
ing. The well-known applications of food packaging include (1) active packaging: 
nanoparticles will correspond to the food and environment contributing to food 
preservation; (2) intelligent packaging: nanodevices will sense biochemical or 
microbial changes in the food or environment, (3) surface biocides: nanoparticles 

Smart PackagingActive
Packaging

Surface
Biocides

Applications of nanocomposites in food 
packagingNano-

Coatings

Bio
Plastics

Nano Sensors
Nutrition and 
nutraceuticals

Fig. 18.1 Applications of nanocomposites in food packaging (Source: Vasile 2018)

18 Nanocomposite Materials in Food Packaging: Opportunities, Challenges…



390

with antimicrobial properties is used on the surface of packaging material, (4) nano-
coatings, (5) nanosensors, (6) nutrition and nutraceuticals and (7) bioplastics 
(Vasile 2018).

18.2  Opportunities

18.2.1  Barrier Resistance

Numerous types of food and plastics bottle that used plastic wrapping exploit nano-
materials to modify the barrier properties of the materials. The problem with stan-
dard packaging films made from plastic is they can be easily penetrable and 
permeable gases (oxygen, carbon doxide and others), water vapour which resulting 
in food spoilage (Fig. 18.2) (Siracusa 2012). The coating from metal or glass is 
somewhere unacceptable due to their impracticality in terms of reducing flexibility 
and high cost. Thus, this is where nanotechnology becomes useful.

Polymer nanocomposite provide outstanding barrier properties as they have 
highly dispersed nanofillers with large aspect ratios in polymer matrix impermeable 
to water molecules and increase the diffusion path (Shankar and Rhim 2016). Nano 
sensors based on conducting polymers like gas sensors have been developed by 
researchers to evaluate, identify and/or quantify microbes based on their gas release 
(Pereda et  al. 2018). The nanoparticles are embedded inside polymer matrix to 
enable gas detection from the microorganisms. Some examples of nanoparticles 
used for nano sensors are gold, ZnO and TiO2 nanoparticles (Chellaram et al. 2014).

18.2.2  Traceability and Authenticity

On the other hand, nano sensors also have the ability to trace and track microbes, 
toxins, and contaminants that occur before or after food processing by controlling 
internal and external conditions of the food. Previous study has reported nano sen-
sors also can function as ‘Active Transport Tracking Devices’ to monitor process of 

Oxygen (O2) Carbon dioxide (CO2)

Packaging film layer

Fig. 18.2 Gases 
penetrating (O2, CO2 and 
others gases) through 
packaging film layer in 
standard packaging films. 
(Source: Siracusa 2012)
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transportation and proper handling conditions of food. Other than that, it also can 
identify damage such as sudden shocks or seal damage (Lu and Bowles 2013).

18.2.3  Preservation or Shelf-Life

The food products in stores usually has short shelf-life as they are exposed to vary-
ing conditions and factors that affect the food condition. It is vital to preserve the 
quality of food because consumers demand for safe and fresh food. Food packaging 
can conserve the food throughout the distribution chain from being contaminated by 
physical, chemical and biological contaminants (Guilbert et al. 1996). The ability of 
nanocomposite for nanoencapsulation to extend longer shelf-life is done by prevent 
or deceleration degradation processes.

18.3  Challenges

In the last few years, the fast development of novel processing methods for food 
preservation of a number of products have marketed in order to improve safety, 
quality and shelf life of packaged foods gave place to crucial challenges of knowl-
edge that must be filled in the area of suitable packaging materials. Most of food 
nanotechnology or nanocomposite food packaging applications shall be undergo 
process of permission before being approved for legal utilization in industry.

The most challenging concerns about nanotechnology use for food packaging 
regarding their reduced particle size, because it reveal discrete chemical and physi-
cal characteristics which quite different from their macroscale chemical counter-
parts (Huang, Li and Zhou 2015). According to Munro et  al. (2009), this issues 
concerning about their findings of toxicity studies on conventional form of large 
particles may be different due to their very small sizes for determining their toxicity 
profiles. The decisions and approval by GRAS or generally known as safe is the 
troublesome part because the conclusion have been made without any consideration 
of the size or the nanoscale safety evaluations (Huang et al. 2015). Lack of bioavail-
ability and toxicokinetic of nanomaterials are the limiting factors in conducting risk 
assessments with the reported cases stated that this engineered nanomaterials are 
potentially harmful to human health. However, there is insufficient evidence to 
apply the precautionary principle to all applications, especially in the food industry. 
The considerations on the nanomaterials type and their claimed added value for the 
product is important for initiate and organize any regulation in this field. Sufficient 
new scientific knowledge could provide consistent and comprehensive screening 
and protection for consumers.

An Institute of Food Science and Technology (IFST) report by recommending 
nanomaterials serve as new and as potentially harmful materials before their safety 
is proved to be used for consumer due to lessen their possible effects on human 
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health (Huang et  al. 2015). Furthermore, the European Food Safety Authority 
(EFSA) stated that a prudent, case-by-case risk assessment is required for sub-
stances deliberately engineered to particle size which exhibit functional, physical 
and chemical properties that significantly differ from those at a larger scale until 
more information is available about nanoscience and nanotechnologies (Network 
et al. 2010). Based on Llorens et al. (2012), the requirement on in vitro and in vivo 
studies are needed if it failed to demonstrate that there is no nanomaterial migration 
after formulation and also changes of nanomaterial neither before nor during 
digestion.

The Food and drug Administration (FDA) formed the Nanotechnology Task 
Force to ensure the safety and efficacy of nanoscale products (Thostenson et  al. 
2005) and being evaluated case-by-case according to approved standard (Sandoval 
2009). The challenges face by FDA is the complexities of nanotechnologies since 
there is no labeling prerequisites for such products that state whether nanotechnol-
ogy has been used in their production to assess their safety (Sandoval 2009). The 
expectations exist between consumers and commercial developments about regulat-
ing nanotechnologies because most manufacturers thought that approval by FDA 
regulation is sufficient for marketing the nano-based products. Currently, the legis-
lation show the nano-based products and those made by ordinary manufacturing 
approaches are treated-like similar causes the specific or overall migration limits 
into food contact with nanomaterials have been not evaluated and their safety is not 
guarantee (Busolo and Lagaron 2012).

18.4  Safety Assessment

The utilization of biodegradable or natural polymers in food packaging is control-
lable due to their weak barrier and mechanical properties (Honarvar et al. 2016). 
Nanocomposite materials markedly promote packaging characteristics due to their 
nanometer size dispersion by improving modulus and strength, decrease gas perme-
ability, and increase water resistance (Youssef 2013). However, enhancement in 
general performances of food packaging modification can be reached by incorporat-
ing of even low percentages of nanofillers, such as clay into these biopolymers 
which believed can preserve the food against external factors and increase the food’s 
stability through antimicrobial properties and/or responding to environmental 
changes. Despite of several benefits of nano-materials in food packaging, it may 
cause safety issues to human health since they show different physicochemical 
properties from their macro-scale chemical counterparts (Honarvar et  al. 2016) 
(Table 18.1).

The selection of proper choice of packaging materials are crucial for obtaining a 
suitable shelf life with convenient physical protection which provide the good phys-
icochemical conditions for every products (Youssef 2013). The packaging system 
enrich with appropriate gas (O2, CO2) and water vapour barrier and mechanical 
properties, possessing good physicochemical or biological factors can avoid 
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product decay or degrade over time and able to controls the overall quality during 
storage and handling. In a realistic time period, these material types of food packag-
ing will not causing environmental waste issues. Nanocomposites-based packaging 
materials have properties that can improve food quality and extending the shelf-life 
through minimizing microbial growth in the product. Moreover, they also respon-
sible as carriers of some active substances in spite of as barrier to moisture, water 
vapour gases and solutes.

18.5  Conclusions

The impact of utilizing the usage of nanotechnology has contributed to the develop-
ment of some novel materials with interesting properties in a wide range application 
especially in food packaging. The use of polymer alone is restricted due to their 
poor properties thus resulting in limited performances. By introducing nanocom-
posite as filler, a considerable improvement in general performance can be achieved 
especially in terms of mechanical, thermal and barrier properties. It has a great 
potential to improve food quality, food safety but at the same time reduce manufac-
turing costs. Although the effect of nanoparticles on human health is still in debate 
and unknown, extensive studies and research need to be done in future.
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Chapter 19
Biodegradability and Composite Coatings: 
Past, Present and Future Prospects

Mizanur Rahman, Sajib Paul, Farhan Mahbub, and Rezwan-Us-Saleheen

19.1  Introduction

The consideration of Bio-based polymers is raised due to the environmental con-
cerns and the apprehension of global petroleum belongings. Biodegradable poly-
mers are polymers which rupture down after its planned use. The formation of 
natural byproducts like oxygen, nitrogen, carbon dioxide, water, biomass, and inor-
ganic salts are the result of squalor of polymer. Normally biodegradable polymers 
which are studied could be naturally and synthetically derived. Their backbone 
could possess ester, amide, and ether functional groups. As well as their properties 
and the manner of their degradation is determined by their structure. There are many 
examples and applications of biodegradable polymers. Biodegradable polymers 
could be polyesters, polyamides, polyanhydrides, polycarbonates, polysaccharides, 
etc. Polysaccharides are biodegradable polymers of a kind of monosaccharide 
which is more than one kind of monosaccharide. They are usually originated in liv-
ing organisms such as plants and animals. The plant origin of polysaccharides is 
such as starch, cellulose, hemicellulose, hyaluronic, alginate, guar gums and etc. 
and the animal origin polysaccharides are chitin and chondroitin. Polysaccharides 
play different types of roles in nature (Janarthanan and Veeramachineni 2016).

Recently, synthetic plastic turn as a sovereign pollutants on the earth. It is used 
for daily life like covering materials, carry bags, manufacturing of different types of 
equipment etc. Therefore an alternate is needed to be developed as a replacement of 
synthetic plastic which can take part for lessening the rising environmental pollu-
tions. This environmental harmful synthetic plastic can be replaced with the bio 
plastics such as Polyhydroxyalkanoates (PHAs) and Polyhydroxybutyrate (PHB). 
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These are biodegradable thermoplastic recently recognized because of its biode-
gradable nature (Singh et al. 2019). The biological origin of PHB is similar to syn-
thetic plastics stereo-specific and biodegradable. Therefore, to achieve sustainability 
it can be used as an appropriate option. Several bacterial genuses like Actinobacillus, 
Azotobacter, Agrobacterium, Rhodobacter and Sphaerotilius have been under focus 
for their aptitude of converting organic desecrate to bacterial PHA. The progress of 
inventive biopolymer materials has been developing for a number of years, and 
continues to be an area of interest for many scientists. In 1996, the Canadian Plastic 
Industry increased by 10.6% from 1995 levels, to $9.1 billion (Kolybaba et  al. 
2003). Fomin (2001) has been reported that the end of the twentieth century, world-
wide manufacture of synthetic plastics reaches approximately 130million tons per 
year, while the demand for biodegradable plastics is reported to be growing by 30% 
each year. The usage of 100 kg of plastic per person per year has been reported in 
European countries (Kolybaba et al. 2003).

Synthetic plastics are rebellious to degradation, and therefore their discarding is 
fuelling an international drive for the growth of biodegradable polymers. Many 
industries all over the world must find novel applications for the expansion of these 
materials. Final mode of biodegradation is dependent on the composition. For effi-
cient use, recycle, and dispose of biopolymer materials an integrated waste manage-
ment system may introduce (Abdel-Shafy and Mansour 2018; Subramanian 2000). 
To extend an effective waste management system, reduction in consumption of 
sources, reuse of existing materials, and recycling of unnecessary materials must all 
be measured. Polymer resources are solid, non-metallic compounds of high molecu-
lar weights (Callister 1999).They are comprised of repeating macromolecules, and 
have varying characteristics depending upon their composition. Each macromole-
cule that comprises a polymeric material is known as a mer unit. A single mer is 
called a monomer, while repeating mer units are known as polymers. For modern 
plastic materials an assortment of materials (both renewable and non-renewable) is 
engaged as feedstock sources. Plastics that are formed from non-renewable feed-
stock’s are generally petroleum-based, and toughened by glass or carbon fibers 
(Williams and Wool 2000). Renewable resource feedstocks include microbially- 
grown polymers and those extracted from starch. It is possible to strength such 
materials with natural fibers, from plants such as flax, jute, hemp, and other cellu-
lose sources (Bismarck et al. 2002).

For the use of sustainable materials and processes an increasing environmental 
concern has been developed in the last decades. In that sense, biopolymers such as 
PA11 and biodegradable polymers like starch or polycaprolactone were introduced 
(Imre and Pukánszky 2013). Recently, the higher cost of those polymers, the pro-
duction of biocomposite materials and biodegradable composites has gained inter-
est. Poly(lactic acid) (PLA) is polyester obtained from the ring-opening 
polymerization of lactide (Thomas 2010). The properties of Poly(lactic acid) depend 
on the hilarity of the monomers used, but in general terms it has a tensile strength 
about 50–60 MPa and stiffness close to 3.5 GPa. Those properties, together with its 
biodegradability, have made it an attractive polymer for some applications, espe-
cially in the packaging sector. The production prediction for 2020 is four times 
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higher than the 2014 one, exceeding the amount of seven million tons per year. 
However, in spite of all these advantages, its range of application is still limited by 
its high production cost, its brittleness and its low thermal stability (Espinach 
et al. 2018).

The use of composites reinforced with lignocellulosic bio-fibres has rapidly 
expanded and is stirring from a niche market to a mass production scale, namely in 
the building, automobile and packaging industries (Espinach et  al. 2018). This 
growing interest is driven by the attributes of cellulosic fibres properties namely low 
cost, lightweight, renewable character, high specific strength and modulus, avail-
ability in a variety of forms throughout the world, reactive surface, and biodegrad-
ability. This later property makes them especially attractive for processing with 
biodegradable polymers such as PLA polymers to elaborate totally biodegradable 
composite materials. The biodegradable polymer matrix is expected to cost effec-
tiveness of natural cellulosic fibres and their high stiffness balance. For instance, the 
addition of those reinforcements may influence on other thermal properties such as 
crystallinity, thermal conductivity, or the thermal expansion coefficient has been 
previously observed in other composites. Composites based on PLA and lignocel-
lulosic filler such as jute fibre, flax fibres, kenaf, coir, bamboo, wood fibresand cel-
lulose fibres were extensively investigated (Yusoff et al. 2016; Espinach et al. 2018; 
Faruk et al. 2012). Although, there is not a consensus regarding the effect of ligno-
cellulosic filler on the strength, impact and others mechanical properties of PLA 
composites, therefore, the addition of cellulose filler improved the stiffness, the heat 
deflection temperature (HDT) and the crystallization extent (Bledzki et al. 2009; 
Bledzki and Jaszkiewicz 2010).

This literature review is intended to provide information regarding progress 
made in the development of biodegradable polymer materials. Biodegradable 
Polymers for Controlled Drug Delivery, Biodegradable composites and packaging 
films, applications, methods of biodegradation and environmental and economic 
implications of such materials will be examined. Finally, information regarding the 
future direction for biodegradable polymers will be objectively discussed.

19.2  Biodegradability of Polymers

Polymers has special chemical structure under specific environmental conditions 
that can easily breaks down with the bacterial decomposition process and produce 
gases, water, biomass and inorganic salts. Therefore, the changes result in a loss of 
physical and mechanical properties, as measured by standard methods. Biodegradable 
plastics undergo degradation from the action of naturally occurring microorganisms 
such as bacteria, fungi, and algae. Plastics may also be designated as photodegrad-
able, oxidatively degradable, hydrolytically degradable, or those which may be 
composted. During the time period between October 1990 and June1992, confusion 
is raised to define “biodegradable polymer”as a resultled to lawsuits regarding aen-
vironmental advertising which wasmisleading and deceitful (Kumar et al. 2011). 
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The international standard organization ASTM and ISO already developed a com-
mon testing methods and protocols for degradable polymer or biodegradable plas-
tics. Three types of polymer materials (thermoplastics, thermosets and elastomers) 
are available where material scientists and researcher are now focusing on. The 
biodegradable plastics or polymer is developed base on its thermal properties. The 
polymer materials are easy to get in the market usually referred as a general class of 
plastics by the consumers and the industry. Their design is often that of a combined, 
where a polymer matrix (plastic material) forms a primary phase around filler mate-
rial. In order to raise mechanical properties the filler is used in the biodegradable 
plastics, as well as reduce the material costs (Shivam 2016).

19.3  Materials & Methods

19.3.1  Materials

The materials of biodegradable matrix Ingeosed by PLA Biopolymer which is one 
of the polymers based on PLA. A commercial bleached Kraft soft wood (BKSW) 
pulp derived from Pinusradiatawas used as fibrous reinforcement. Diglycol methyl 
ether isalso known as diglyme and used in order to diminish the interaction between 
fibres and thus forming aggregates (Sharif and Hoque 2019; Espinach et al. 2018; 
Gandini 2008).

19.3.2  Fibre Preparation

The commercial bleached Kraft soft wood (BKSW) was composed by cellulose 
fibres without lignin. For Morfi measurement Morphological characterization was 
indicated by arithmetical length and width about 2.4 mm and 20 μm, respectively. 
In addition, the observations of SEM were also showed flattened fibres with close 
width (Espinach et al. 2018; Chung et al. 2018; Khan et al. 2017). For the fiber 
preparation there few steps are involved at first the selected fiber are poised and 
washed to take away impurities and foreign particles from the outside. Depending 
on the nature of the fiber it kept into the water for softening for two weeks product. 
In the next steps fibers are removed from the water cut into small pieces about 2 to 
3 mm in size. In order to apply PLA the small size fiber washed with chemical 
(acetone) layer as well to remove impurities from fiber. This process is also help to 
improve the compatibility between the matrix and the fibers. According to the 
standard the mechanical and physical properties of the fiber is measured and 
compared.
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19.3.3  Composite Preparation

The BKSW and the PLA were dried at 70 to 80 °C before mixing. The BKSW was 
dried during 24 hours and the PLA for 3 hours. To adjust the moisture BKSW and 
PLA is dried in the fiber materials. It is important to make sure that the BKSW has 
very low water content before started the next step. 15 to 35% Composites with 
fibre content from were prepared by kinetic mixing using a Gelimatmultikinetic 
mixer. The speed was increased up to 2500 rpm when the PLA-fibre mixture was 
fed at 300 rpm to heat them and proceed to the melting of the matrix and the wet-
ting of the fiber (Delgado-Aguilar et al. 2018). During the processing the volatiles 
were allowed to be removed from the concoction. The composite blends were 
granulated in a blade mill (Agrimsa) equipped with a strainer of 10 mm nominal 
size. By using an injection-molding machine the pelletized materials were molded 
(Meteor 40) using a steel mould complying with ASTM: D3641 standard speci-
fications (Alizadeh et  al. 2019; Delgado-Aguilar et  al. 2018; Laxmeshwar 
et al. 2012;).

19.3.4  Sample Obtaining

Biodegradable polymer was injected to prepare 3 × 13 × 130 mm standard samples 
to use in a Meteor-40 injection machine. To establish the coefficient of expansion 
the biodegradable polymer two types of samples were cut into 3 × 3 × 5 mm, and 
3 × 13 × 65 mm for DMA. The samples were also obtained for the TGA and DSC, 
which is milled injected samples. Therefore the resources or biodegradable polymer 
samples passed through the analogous thermal processes for all the tests (Espinach 
et al. 2018).

19.3.5  Scanning Electron Microscopy (SEM)

For visualization in material science scanning electron microscopy (SEM) is one of 
the very powerful tools. Polymer sciences field is also included SEM technology for 
further inspection. Before mixing scanning electron microscopy (SEM) is used for 
the observation, and of the broken surface of the tensile samples was run in order to 
get information about the effect of the processing in the fibers, as well as of the 
interface quality generated between BKSW fibers and the PLA matrix. Samples 
were coated in gold, and the electronic microscope was used (Rydz et  al. 2019; 
Bootz et al. 2004).

19 Biodegradability and Composite Coatings: Past, Present and Future Prospects



404

19.3.6  Determination of the Fibers’ Morphology

To measure the length and diameter of the fibers Morfi equipment can be used. 
According to the international standard ISO/FDIS 160652, total 25 mg of fibre were 
added with one litre of distilled water. The suspension of the fiber is located at the 
bottom of the equipment. To determinate the morphology distribution of the fibers 
an optical measurement instrument is used (Sencadas et  al. 2012; Espinach 
et al. 2018).

19.3.7  Thermogravimetric Analysis (TGA)

To determine the weight losses of a sample during heating Thermogravimetry 
(TGA) is a well-established standard technique, cooling and maintains a constant 
temperature. The aim of this analysis is to characterize the sample materials with 
respect to its composition. Thermo balance was used to determine the weight loss 
during heating. The samples were heated from 30 to 700 °C with a heating rate of 
10 °C/min. The test was performed in an inert atmosphere with a nitrogen flow rate 
of 40 ml/min (Espinach et al. 2018).

19.3.8  Differential Scanning Calorimetry (DSC)

To determine the amount of heat required to increase sample temperature differen-
tial scanning calorimetry (DSC) is an established international standard thermoana-
lytical technique. In order to evaluate the influence of the fibers on the thermal 
transitions biodegradable polymer DSC was performed with a Mettler Toledo 
DSC822e calorimeter and on the matrix crystallinity degree according international 
standardmethod ASTM E 1269.01. According to the standard procedure, during 
heating and cooling processes, the samples were heated and cooled at 10 °C/min. 
Once the sample cooled at 30  °C then the samples were heated between 30 to 
220 °C. The heating results shown in this work correspond to this second heating, 
as the thermal history was removed. A flow rate of 40 ml/min of nitrogen was used 
for testing the samples in an inert atmosphere (Espinach et al. 2018).

19.4  Biodegradable Polymers for Controlled Drug Delivery

For drug delivery system Research interests on using biodegradable polymers are 
becoming increasingly important. As binders in tablets, viscosity enhancer in liq-
uids or emulsions natural biodegradable polymers is being used. Polymers are also 
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being used as a coating agent to eliminate the unpleasant taste of a drug and to 
progress drug stability and to modify the amount and liberate rate of the drug. The 
short half-life of the drugs leads to multiple dosing .Multiple dosages has tendency 
to lift the aspect effects and price of the medication. To beat these issues, perishable 
polymers area unit anticipated to enhance technique of providing drug to the 
patients. The drug encapsulated within the cross connected perishable polymers 
may unharnessed the drug in sustained or controlled manner as shown in Fig. 19.1.

To the concentration of the cross-linking compound the rate of drug unharness 
relies upon the cross linking extent of the compound wherever the upper concentra-
tions leading to larger cross-linking and so slower drug release (Boppana et  al. 
2010).The drug may be loaded into colloidal gel like carboxymethylcellulose(CMC)
hydrogels that Consists of the many pores and formed into beads/tablets that disin-
tegrates by biodegradation to free the drug (Pushpamalar et al. 2013).

19.5  Application for Perishable Polymers

To introduce the utilization of perishable compound materials Research and devel-
opment is barely some of the work that’s tired. The look of such materials some-
times begins with an abstract application. It should be expected to interchange 
Associate in nursing existing material, or to enhance one. Sectors wherever applica-
tions for biopolymers have introduced embrace (but aren’t restricted to) drugs, 
packaging, agriculture, and therefore the automotive business. Several materials are 
urbanised and commercialised area unit applied in additional than one in every of 
these classes.

For the other application Biopolymers which will be used in packaging still 
receive additional attention. For the widespread application all levels of state, 

CMCHydrogol

Anticancer 
Drug

Solution

Drug Leaded CMCHydrogol
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Drug release from drug loaded CMC 
hydrogol while CMC hydrogel 
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Fig. 19.1 Drug release from the cross-linked polysaccharide by biodegradation

19 Biodegradability and Composite Coatings: Past, Present and Future Prospects



406

notably in China (Chau and Yu 1999) and European country (Bastioli 1998) area 
unit endorsing of perishable packaging materials so as to cut back the amount of 
inert materials presently being willing of in landfills, occupying scarce out there 
house. It’s calculable that forty first of plastics area unit utilized in packaging, which 
virtually half that volume is employed to package food product. For the develop-
ment of perishable plastics BASF, a world leader within the chemical and plastic 
business, is functioning based mostly upon polyester and starch (Kasirajan and 
Ngouajio 2012). In 2001 Ecoflex could be a totally perishable plastic material that 
was introduced to customers by BASF. The fabric is proof against water and grease, 
creating it appropriate to be used as a sanitary throwaway wrapping, suited decom-
poses in traditional composting systems. Consequently, Ecoflex has found variety 
of applications as a packaging wrap. Moreover Environmental Polymers has devel-
oped a perishable plastic material called Depart, the polyvinyl alcohol product is 
proposed for extrusion, injection molding, and blow molding. Depart options user- 
controlled solubility in water that is set by the formulation used. Dissolution hap-
pens at a predetermined temperature, permitting the utilization of Depart during a 
sort of applications. Examples embrace hospital laundry luggage that area unit 
“washed away” permitting healthful washing of flyblown laundry, also as applica-
tions as disposable food service things, agricultural product, and tube luggage. For 
innovative uses in packaging the renewable and perishable characteristics of bio-
polymers area units are appealing. The top use of such product varies wide. As an 
example, perishable plastic films are also used as garbage luggage, disposable cut-
lery and plates, food packaging, and shipping materials. From starch gallinaceous 
bird and Hanna documented a perishable loose-fill packaging materials are also 
developed. The starch material is treated by Associate in Nursing acylation method, 
chemical treatments, and post-extrusion steaming. Mechanical properties of the fab-
ric area unit adequate and true biodegradability are achieved. The biopolymer 
resources fitted to packaging area unit typically utilized in agricultural product. 
Ecoflex, specifically, sees use in each area. Young plants that area unit notably liable 
to frost is also lined with a skinny Ecoflex film. The film may be worked into the 
soil, wherever it’ll be diminished by the days. Therefore, plastic films that begin to 
degrade in average soil conditions after approximately one month are ideal candi-
dates as crop mulches (Kolybaba et al. 2003).

Agricultural applications for biopolymers are not limited to film covers. 
Containers such as biodegradable plant pots and disposable composting containers 
and bags are areas of interest. The pots are seeded directly into the soil, and break-
down as the plant begins to grow. Scientists have examined that Fertilizer and chem-
ical storage bags which are biodegradable. From an agricultural standpoint, 
biopolymers which are compostable are important, as they may supplement the 
current nutrient cycle in the soils where the remnants are added.

The medical world is continually dynamic, and consequently the materials uti-
lized by it conjointly see repeated changes. The biopolymers utilized in medical 
applications should be compatible with the tissue they’re found in, and will or might 
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not be expected to interrupt down once a given period. Mukhopadhyay (2002) 
reported that researchers operating in tissue engineering try to develop organs from 
chemical compound materials, that area unit fit transplantation into humans. The 
plastics would need injections with growth factors so as to encourage cell and vessel 
growth within the new organ. Work completed during this break includes the event 
of biopolymers with adhesion sites that act as cell hosts in giving shapes that mimic 
completely different organs. Not all biopolymer applications within the field of 
drugs area.

Artificial organs are most significant biopolymer applications within the field of 
drugs area unit. All biopolymers used for medical applications are included by the 
umbrella classification of bioactive materials. One example is artificial bone mate-
rial that adheres and integrates onto bone within the figure. The term Bioglass seems 
to be the foremost normally utilized substance during this space (Kokubo et  al. 
2003). The bioactive material releases medication at a rate determined by its protein 
degradation which is another common biopolymers application for controlled 
release of medicines (Sakiyama-Elbert and Hubbell 2001). PLA materials were 
developed for medical devices like restorable screws, sutures, and pins. These mate-
rials scale back the danger of tissue reactions to the devices, shorten recovery times, 
and reduce the necessity of experts required by patients for the maintenance of 
implantable medical devices (Janarthanan and Veeramachineni 2016).

The automotive sector is responding to societal and governmental demands for 
environmental responsibility. Bio-based cars are lighter, making them a more eco-
nomical choice for consumers, as fuel costs are reduced. Glass fibers are replaced 
by natural fibers as reinforcement materials in plastic elements of vehicles (Lammers 
and Kromer 2002). Degeneration of waste product is an extra advantage of exploita-
tion perishable compound materials. Natural fibers (from flax or hemp) are typically 
applied in shaped interior elements. The parts don’t want load bearing capacities, 
however dimensional stability is vital. Analysis and development during this space 
continues to be popular, particularly in European countries.

There are varieties of novel applications for biopolymers. One such example is 
that the use of biopolymer systems to switch food textures. As an example, bio-
polymer starch (gelatin-based) fat replacers possess fat-like characteristics of 
swish, short plastic textures that stay extremely viscous once melting. Analysis 
expanded to control biopolymers into food product in order to improved physical 
characteristics like foaming, gelling, and water- or fat-binding talents (Ledward 
1993). Recently Biopolymer materials are incorporated into adhesives, paints, 
engine lubricants, and construction materials (Fomin and Guzeev 2001). Biode-
gradable golf tees and fishing hooks (Canadian Patent # 2198680–1997) have addi-
tionally been made-up. Biopolymers along with those areas are their derivation 
from renewable sources, swiftness the depletion of restricted fuel stores (Kolybaba 
et al. 2003).
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19.6  Biodegradable Composites and Casing Films

Normally hydrocolloids and lipids are worn in diversity for the preparation of bio-
degradable wrapping components. Independently they have deficiency of structural 
fidelity and characteristic functionality. Here, hydrocolloids are deprived of mois-
ture barriers. Which is a property remunerated by the addition of lipids, which car-
ries good moisture barriers. Composite films are basically a composition of sea and 
other ingredients in varying proportions. This proportions will determinate their 
barrier (H2O, O2, CO2 and Aroma compounds) and other mechanical properties. 
Sometimes composite film formulation can be customized in order to meet the 
necessity of a septic commodity or farm produce. For example, oranges having a 
thick peel are prone to anaerobic conditions. This condition leads to an untimely 
sense scene and spoilage if the composite film is rich in lipids. Phase separation 
encountered during the training of composites is overcome by using emulsifying 
agents. Plasticizers such as glycerin, ethylene glycol, sorbitol etc. can be used in the 
film formulations or composites for conveying pliability and flexibility. This will 
improve handling (Garcia et al. 2000). The brittleness of the film can be reduced by 
using plasticizers interfering the chemical element bonding between the lipid and 
substance molecules. The involvement of wax coating of fruits by immersing is one 
of the antique strategies that were common in the early twelfth century (Krochta 
et al. 1994). This strategy was used in China in order to reduce water transpiration 
losses in lemon and oranges. Later fat coating of food merchandise, which was 
referred as “larding”, was introduced in European Nations. Uses of sausage casing 
are very common these days are nothing however a cloth derived from a macromol-
ecule supply (gelatin). Typically a movie thickness of 22.5 millimeter is utilized, 
and coating is completed by many strategies. Films square measure preformed 
skinny membranous structures, that square measure used when being shaped one by 
one, whereas in coatings the skinny film is created directly on the trade goods. Dip 
technique coating is that the usually used technique for fruits, vegetables and meat 
merchandise. In here the trade goods is directly unfit into the composite coating 
formulations (in liquid medium), removed and allowed to air dry, whereby a skinny 
membranous film is created over the trade goods surface.

Continuous submerging builds up decay organisms, soil and trash within the dip-
ping resolution that has to be removed for better performance. The coating can even 
be done by a foam application technique, which generally applied in Emulsions 
square measure. Here the depth tumbling action is critical to break onward for uni-
form distribution of the coating resolution over the trade goods surface. Most of the 
cases coating by spraying is that the standard technique normally used. For a stron-
ger coverage high (60–80  psi) less coating resolution is needed to allow. 
Programmable spray systems square measure accessible for automation throughout 
such operations. Biodegradable packaging films square measure typically ready by 
wet casting of the solution on marginal base material and later drying. Selection of 
the bottom material is essential to get films, which might be removed with none 
tearing and wrinkling. By accelerating the drying method Infrared drying chambers 
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square measure may privileged (Tharanathan 2003) optimum wet content (5–8%) is 
fascinating within the dried film for their straightforward strips aloof from one 
fringe of the bottom material. The mixture in biopolymeric materials may use in 
composite film creating and coating formulations square measure shown in 
Fig. 19.2.

Coating composites supported such biomolecules have brought a rolling of latest 
forms of packaging materials into use. These biomolecules square measure are con-
sistent amongst themselves and with alternative hydrocolloids, surfactants and addi-
tives. And their liquid solutions square measure typically stable at acidic and neutral 
pH.  The composite solutions square measure conserved repeated use by adding 
carboxylic acid, carboxylic acid or their sodium salts. Polysaccharides are known 
for their structural complexity and functional mixture (Tharanathan 2003).

19.7  Environmental Impacts of Biopolymers

Now a day’s Engineers are considering ecological concerns during the material 
selection processes, in order to act in response to an increased responsiveness of 
environmental protection. The use of renewable resources in the production of 
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Fig. 19.2 Naturally occurring biopolymers of use in biodegradable packaging films and 
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polymer materials achieves this in two ways. First, the feedstock’s being engaged 
can be replaced, either through natural cycles or through intentional involvement by 
humans. The biodegradable nature of the end products are second environmental 
advantage of using renewable feedstock’s for biopolymer development, thereby pre-
venting likely pollution from the disposal of the corresponding amount of conform-
ist plastics. At the end of their useful period, biopolymer materials are normally sent 
to landfills or composted.

Recycling of plastic materials makes an attempt at increasing environment safety 
efforts are but effective. Within the U. S., presently but 100% of plastic product area 
unit recycled at the tip of their helpful life (Chiellini et al. 2001). Practice should be 
recognized as a disposal technique, not a final goal for material development. A use-
ful angle concerning exercise processes ignores the actual fact that advanced infra-
structure is necessary to properly house exercise. In the underdeveloped countries 
the outcome on investment for recycling plastic materials is positive in their eco-
nomic state of affairs. This seems to be positive at the onset; however the open 
systems by that the plastics area unit recycled enable the emission of harmful gases 
at crucial levels.

A useful solution scale back pollution and environmental harm seems to recycle 
once it had been introduced as a waste reduction technique. However, currently it’s 
obvious that the engagement of plastics supported renewable feed stocks that area 
unit biodegraded could be a lot of good selection than exercise standard plastics. 
Because the finish product area unit organic matter, and harmful emissions area unit 
is avoided. Therefore, growth of plastics that area unit compostable or simply 
degraded should be encouraged.

Recently a couple of perceived garbage crisis has full-grown. Landfills have 
reached capability, and sites for brand spanking new landfills area unit tough to seek 
out. Once biopolymers area unit disposed in lowland environments, the required 
microorganisms are additional advantages. Unless the soil is inoculated with them, 
this could not continuously be the case. As reported by carrots are found to stay 
orange, and grass clippings inexperienced, once years in very lowland. Increasing 
biopolymer breakdown at intervals soil using Immunization with bacterium, fungi, 
and actionmycetales is effective. However, if the suitable microorganisms area unit 
gift, the disposal (and eventful breakdown) of perishable (or partly biodegradable) 
plastic materials can result in a rise of accessible area in current landfills because the 
volume of waste is reduced through biodegradation.

19.8  Economic Impacts of Biopolymers

In trade perspective, low price of mistreatment biopolymers derived from renewable 
feed stocks is their best advantage. Primarily biopolymers seem to be a win-win 
chance for the economy and therefore the atmosphere. However, despite of the sce-
nario with environmental problems, a more in-depth look into the cost-performance 
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magnitude relation of biopolymers should be taken to create sound economic selec-
tions (Kolybaba et al. 2003).

According to Leaversuch (2002), the price could be an obstacle for synthetically 
derived biodegradable plastic materials once they area unit directly compared with 
their typical counterparts. For any new material, makers should expect a minimum 
of 2 years of losses before a profit is came back. Migrant such additionally indicated 
that a key issue restraining growth of biopolymer industries is that the development 
of infrastructure for sorting and composting organic waste is very slow against the 
expectation. Many reports paint an additional optimistic image for the economic 
promise of biopolymers. According to As Salmoral et al. (2000), variety of major 
chemical firm’s area unit gaining interest in developing biopolymer technologies 
conventional manufacture product from renewable resources.

Tharanathan (2003) states artificial plastics can ne’er be entirely replaced by 
perishable materials. However, he believes that in niche markets wherever the event 
is possible, there is a chance for makers to search out a considerable profit margin. 
The utilization of biopolymer materials is a major sector within which economic 
advantages exist within the automotive trade. Comparing with fiber reinforcements 
wide utilized ancient glass fibers area unit abrasive and quickly deals with process 
instrumentation. The feel of flax fibers is a smaller amount coarse, prolonging the 
lifetime of process instrumentation (Stamboulis et  al. 2000). Williams and Pool 
(2000) found that natural fibers have unit advantage over artificial ones as a result of 
their less costly and additional without delay out there. In Canada the enlargement 
of flax fiber incorporation into automobile components could be a significant devel-
opment for agriculture trade in its diversification efforts.

Recently China has developed another application of fiber reinforcement, uses of 
China reed fiber to bolster transport pallets. This was associate economically sound 
call, because the China reed pallets area unit as automatically stable as typical pal-
lets, however they’re less costly to form, and wish a shorter lifetime for price recov-
ery. Logistically, the China reed pallets have additional economic advantage than 
the traditional kind for their lighter mass needs less fuel for transport (Corbiere- 
Nicollier et al. 2000). Work continues within the development of the biopolymer 
trade to a satisfactory degree wherever it’s economically competitive with the tradi-
tional plastic trade. Normally the foremost half biopolymers area unit created on a 
little scale whereas artificial plastics area unit created on an oversized scale. 
Researcher and Industry officials are encouraged for further development of these 
processes due to the cheap nature of the natural resources feedstocks. Along with 
the expansion of biopolymers production, so too will the services associated with it. 
For example, facilities where flax straw is decorticated and processed into fibers are 
useful for further expansion of flax fiber incorporation as material reinforcements 
(Lammers and Kromer 2002). While for microbially-grown polymers, large fer-
mentation and separation facilities are needed for the further use of such materials. 
Hence, it may be stated that time will lead to greater economic strength for the 
incorporation of biopolymer materials into society (Kolybaba et al. 2003).
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19.9  The Future Outlook for Perishable Plastics

Perishable plastic trade needs to evolve and flourish in several areas (Chau and Yu 
1999). Approximately plastic waste generation can grow by V-J Day each year for 
successive decade. CO2 emissions from the formation and disposal of typical plas-
tics square measure reaching epic levels. A balanced CO2 level can be obtained in 
environment by substituting the whole petroleum-based feedstock plastics by 
renewable resource-based feedstock ones (Dahlke et al. 1998). However, instead of 
full replacement of typical polymers by their perishable counterparts, the enlarge-
ment of specific niche markets appears to be the foremost applicable and achievable 
choice (Kolybaba et al. 2003).

Researchers worldwide are encouraging to work within the space of biopolymer 
development now a day. The German government has stricken their laws in situ 
relating to acceptable emission levels. In 1990, the German government printed a 
need analysis and development of perishable thermoplastics (Grigat et  al. 1998; 
Simon et al. 1998). Due to this, several German material scientists and engineers 
have centered their work on environmentally stable perishable plastics. Followed by 
these researches numerous materials are created, as well as the aspirin BAK line 
that was initiated in extrusion and injection moulding grades in 1996. The Mater-Bi 
line was introduced by Novamont, associate degree Italian company, for similar 
reasons. Queen Mary University in London, European nation organizes a plastics 
department that is actively conducting biocomposite development (Hogg 2001). EU 
packaging directives are expected to be followed by all European nations square 
measure combine that expects a cloth recovery of packaging waste. Organic recov-
ery (composting spent materials) is that the simplest waste reduction technique 
applied (Schroeter 1998). European nations are expected to comprise V-J Day w/w 
of recycled plastics into the manufacture of packaging materials. European country 
aimed to achieve a predetermined goal in 2001 for incorporation of recycled plastics 
into new packaging materials (Fomin and Guzeev. 2001). Despite of spectacular 
biological process undergoing in different geographical areas, European nations 
square measure the front runners of biopolymer analysis. Due to oversized popula-
tion on low land base, the Chinese government starts preservation of house and 
reasonable disposal of waste square measure earnestly. Hence Chinese researchers’ 
square measure absorption on processing of microbially created PHA (Chau and Yu 
1999). North yankee researchers along with the University of Canadian province 
researchers, are interested about biopolymer development due to the agricultural 
trade that can enjoy the potential worth more process. The reduction in the uses of 
fuel feedstocks and a rise in the use of natural resources is a requirement of the 
metropolis granted by the government of North American country. These require-
ments can be fulfilled by biodegradable plastics because the biopolymer trade rises, 
problems with production are going to be figured out. There square measure some 
square measure as of concern that researchers are awake to, and square measure 
consequently involvement on. Multilayer films having starch and/or natural fibers 
tend to possess adhesion issues (Frisoni et al. 2001; Martin et al. 2001). Hence the 
exploration of a process to avoid this drawback continues during this regard. 
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Verhoogt et al. (1995) have gone through the advance starch content in thermoplas-
tic blends will gives rise in flexibility, however decreases mechanical strength. The 
biopolymer trade encompasses a positive future, driven chiefly by the environmen-
tal advantages of mistreatment natural resource feedstock sources. Development of 
a cloth with optimum technical performance, and full biodegradability is the final 
word goal for this work.

19.10  Conclusion

Management of Environmental balance is a rapidly increasing concern for both 
consumers and industry. This obligation is a key advantage for those who produce 
biodegradable plastic materials. Biopolymers restrict carbon dioxide emissions dur-
ing creation and degenerate to organic matter after disposal. Despite of being more 
economically feasible, more consumers will choose biodegradable plastics instead 
of synthetic plastics because of their availability and environment friendly charac-
teristics. The engagement of renewable resource feedstocks is the most promising 
aspect for further development of biopolymer materials. Biodegradable plastics 
containing starch and/or cellulose fibers seems to be the most reasonable to experi-
ence continual advancement in usage. However being microbial grown plastics are 
scientifically sound and a novel idea, their use is still expensive. Hence the infra-
structure needed to be commercially expanded so that Biodegradable plastic can 
convenient to for further development.
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Chapter 20
Nanocomposite Film for Food Packaging: 
Opening Doors to Future Applications

Norfatehah Basiron, Srimala Sreekantan, Rabiatul Basria S. M. N. Mydin, 
and Khairul Arifah Saharudin

20.1  Polymer in Daily Life

Since many years, polymers are widely used to replace metals, glass, paper, wood, 
brick and other traditional materials in various applications, due to their strength, 
light weight properties, along with low cost. To date, the importance of polymer has 
been highlighted because of their application in different dominions of science, 
technology and industry such as horticulture, consumer goods, packaging, building 
& construction, medical, packaging, automotive, transportation, food industry, and 
electronics and communication.

The word polymer is derived from classical Greek poly meaning “many” and 
meres meaning “parts” (Emmanuel et al. 2014). Thus, polymers are high weight 
molecules made of reposted chemical units called monomer. Theoretically, poly-
mers are obtained through polymerization process whereby the monomer molecules 
undergo chemical reaction to form polymer chain. The property and quality of poly-
mer depends upon the interaction bonds, additives, and length of polymer chain.

Polymers are consists of two types: natural and synthetic polymers. Examples of 
natural polymers are proteins, cellulose and rubber whereas synthetic polymers are 
derived from petroleum oil or plants and made by scientist and engineers. Other 
than that, polymers can be classified as organic, inorganic and hybrid polymers. 
Typically, in global market, polymer is classified into thermosetting, elastomers, 
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and thermoplastics. Due to the flexibility design, the polymer market is expected to 
grow at an exponential rate. As reported by Plastics Europe (PEMRG) / Consultic / 
ECEBD, from 2012 to 2017, there is a steady increase in demand for plastic prod-
ucts about 3.7% per year with a total world plastics production of about 300 M 
tonne in 2013. In United States, the thermoplastics industry is the third largest man-
ufacturing industry which worth of 10.9 billion dollars. Among all the industrial 
plastics, plastics for food packaging comprises almost one fifth of the net revenue of 
the plastic industry (Chin 2010). Based on Malaysia Plastics Manufacturers 
Association (MPMA), the plastics industry registered a total sales turnover of 
RM24.77 billion in 2015 from RM19.46 billion in 2014 with the actual growth of 
5% to 6%.

20.1.1  Polymer Applications

Thermoplastics are used in various manufacturing sectors such as food, beverages, 
chemicals, electronic packaging, automotive, household products, medical and 
health care. Examples of thermoplastics polymers normally used are polyethylene 
(PE) such as high density polyethylene (HDPE) and low density polyethylene 
(LDPE), polypropylene (PP) polyethylene terephthalate (PET), polystyrene (PS) 
and polyvinyl chloride (PVC). For other applications such as paint, coating, seal-
ants, automotive industry (dashboard, seating and headliners), thermoset polymers 
including polyurethane (PU), epoxy and phenolic have been utilized. Each of the 
polymers has their pros and cons and the characteristics are summarized in 
Table 20.1.

20.1.2  Polymer Composite Evolution

Even though, there is demand for plastic due to the growth of end-user market, there 
are also certain limitations that need to be addressed. The limitations of polymers 
are: low strength relative to metals and ceramics, low modulus of elasticity (stiff-
ness), the service temperature are limited to only few hundred degrees, low visco-
elastic properties which can be a distinct limitation in load bearing applications. 
Some polymers will restructure when subjected to sunlight and other form of radia-
tion. These limitations will affect the performance in certain application and prob-
ably possess harmful impact on human health, environment and ecosystem 
(Bratovčić et al. 2015). Other than that, these limitations also have negative impact 
to economic prospect.

Polymer also are extensively used in packaging application to keep the food 
fresh by preventing its deterioration (Bratovčić et  al. 2015) and protecting from 
foodborne pathogens (Carbone et al. 2016). This reduces the risks of various food 
poisoning outbreaks and illness. Therefore, offering polymer nanocomposites with 
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improved gas barrier properties, thermal stability, and strength, are of great impor-
tance for packaging materials (Bratovčić et al. 2015). Polymer nanocomposites are 
blends of different polymer matrices with nanosized functional particles. The prop-
erties of such nanocomposites are remarkably different compared to conventionally 
filled polymers. The incorporation of only a few percent of nanosized particles 
allows dramatic property change. Polymer materials reinforced with nanoscale 
components are therefore adding new dimensions to composite materials and major 
improvements in functional and structural properties.

20.2  Emerging of Nanocomposites in Food Packaging

In food industry, conventional materials faces various problems such as contamina-
tion by microorganisms (Manohar et al. 2017), biofilm formation, and adherence 
of fungi and viruses on packaging walls (Tamayo et al. 2016) . These problems 
may lead to the propagation of serious infections among humans. Foodborne 
pathogen are major contributor to human illness, hospitalization and deaths per 
year. An estimated that the costs of foodborne illness in the United States is $152 
billion dolars per year for acute medical care and long term health related costs 
(Tamayo et al. 2016). According to the Centers for Disease Control and Prevention, 
in the United State alone, some 48 million illnesses and 3000 deaths are caused 

Table 20.1 Characteristics and application of polymers

Type of 
plastic Characteristics Application or usage References

PET Clear, strong, good barrier to gases and 
moisture, resistant to heat, mineral oils, 
solvents and acids

Plastics bottles for carbonated 
drinks

Bratovčić 
et al. (2015)

PP Strong, excellent chemical resistance 
and low density

Packaging film Bratovčić 
et al. (2015)

LDPE Very low cost, inert, large stretch 
ability, heat sealable, odour free and 
shrinks when heated, good moisture 
barrier but relatively permeable to 
oxygen

Plastic bags and containers 
for general purposes, for 
coating papers or boards and 
as a component in laminates

Bratovčić 
et al. (2015)
Allahvaisi 
(2012)
Chin (2010)

HDPE Cheap, stronger, thicker, less flexible 
and more brittle than LDPE and has a 
better barrier to gases and moisture

Clouded containers or bottles 
for foods such as milk where 
strength is required but not 
clarity

Allahvaisi 
(2012)
Chin (2010)

PS Rigid, heat resistance Styrofoam food containers 
and cups as well as meat and 
egg trays

Chin (2010)

PVC Cheap and capable of stretching Packaging films, containers 
and structural containers

Chin (2010)
Bratovčić 
et al. (2015)
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annually by bacterially contaminated foods. Salmonella spp., Listeria monocyto-
genes, Campylobacter spp., Staphylococcus aureus and Toxoplasma gondii are 
among the top pathogens causing foodborne illness and death . Other than that, 
recall of food due to microbial contamination has lost millions of dollars annually 
in food industry.

As the polymer nanocomposite technology in favored to resolve the microbio-
logical contaminants, food packaging materials has undergone a radical change in 
recent years. From passive packaging, which acts as a simple container and/or insu-
lating barrier from the outside environment, to active packaging that absorbs sub-
stances interacting with food has been explored to increase the shelf life and quality 
of food products. However, the demand of polymer nanocomposites as active pack-
aging for food industry has emerged tremendously because it offers several benefits 
over standard passive packaging materials. Polymer nanocomposites ensure the 
food freshness and storage stability since it extends the lag phase and reduce growth 
phase of microorganisms (Reesha et al. 2015). Therefore, polymer nanocomposite 
incorporated with antimicrobial agent nanoparticles is now widely introduced as an 
active packaging technology by food manufacturers and packaging industry to com-
bat food borne illnesses outbreak. There has been much interest in the use of metals/ 
metal oxides as antimicrobial agent in polymer composites. Among the metals have 
been studied and applied for centuries nanoparticles such as silver (Ag) (Zapata 
et al. 2016), silver oxide (Ag2O) (Zapata et al. 2016), gold (Au) (Zare and Shabani 
2016), titanium dioxide (TiO2) (Joost et al. 2015), copper (Cu) (Wu et al. 2014), 
copper oxide (CuO) (Dizaj et al. 2014) and zinc oxide (ZnO) (Li et al. 2010, Youssef 
and El-Sayed 2018, de Azeredo et al. 2011). Furthermore, these nanoparticles have 
received great attention for their potential antimicrobial applications due to their 
desirable varying physical and chemical properties such as surface modification, 
phase, crystals, shape and size of antimicrobial agent, which could be easily modi-
fied using different synthesis and processing method. Therefore, in the subsequent 
section the desirable physical and chemical properties of the particles and their kill-
ing mechanism are elaborated in detail.

20.3  Mechanism of Antimicrobial Activity

There are various killing mechanism proposed for the antimicrobial activity of poly-
mer composites. It differs and depends on different type of antimicrobial agents. In 
general, it has been reported that the killing mechanisms of nanoparticles towards 
different microbes differs and depends on Reactive Oxygen Species (ROS) gener-
ated on the surface of particles, metal ions release, protein oxidation, disruption of 
membrane/ cell wall and DNA damage as illustrated in Fig. 20.1 (Gold et al. 2018). 
Nevertheless, the actual killing mechanisms of inorganic oxides in polymer inhibit-
ing bacterial growth remain unanswered.
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20.3.1  Ag/Ag Nanoparticles

The most common antimicrobial agents that have been employed since ancient time 
is Ag nanoparticles. It was demonstrated that, the Ag nanoparticles have the most 
effective bactericidal properties against a wide range of pathogenic microorganism, 
including bacteria, yeasts, fungi and viruses (Carbone et  al. 2016). On the other 
hand, Ag exhibit low volatility and stability at high temperature (Youssef and Abdel- 
Aziz 2013). Thus, Ag can be incorporate in different matrices such as polymers and 
stabilizing agents (citrates and long chain alcohols) (Kang et al. 2019), through dif-
ferent technology such as coating, adsorption and impregnation into the system 
(Carbone et al. 2016).

The mechanism of Ag nanoparticles and Ag2O is based on the release of Ag+ 
ion and its ability to formed complex with bacterial protein including enzyme, 
which can lead to a loss function and cell death (Palza 2015). As recognized, 
Gram-positive and Gram negative bacteria have different cell membrane cell 
structures and their surface is negatively charge. Gram-positive bacteria have a 
thick cell walls composed of techoic and lipoteichoic acids lying on the plasma 
membrane and covalently bonded with peptidoglycan (Salton and Kim 1996). The 
cell structure of teichoic acids is negatively charged and water soluble in nature 
due to the present of phosphate, carboxyl and amino group. However, Ag nanopar-
ticles has difficulty to penetrate the Gram-positive bacteria as reported by Hasim, 
et al. P. fluorescens is more sensitive towards LDPE/Ag composites compared to 
S.aureus, because of the differences thickness of the cell walls. Thus, it will be 
difficult to penetrate Gram- positive’s cell walls, which restricts the ability of 
Ag+ ion.

Fig. 20.1 Illustration on the mechanism of antimicrobial activity (Emamifar 2011)
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In contrast, different antimicrobial effects are observed on Gram-negative bacte-
ria. This is because Gram-negative bacteria have an external lipopolysaccharide fol-
lowed by a thin layer of peptidoglycan and plasma membrane. The inner core region 
of polysaccharide contains heptose residues which are often substituted by phos-
phate, pyrophosphate or diphosphoethano-lamine. Hence, as indicated the outer cell 
layer of E.coli composed of lipid A-containing lipopolysaccharide and glycero-
phospholipid. Lipid A contains two phosphate groups in each glycosaminoglycan 
(Azlin-Hasim et  al. 2016). Therefore, Ag+ ion are attracted towards negatively 
charged cell membranes through electrostatic interactions. This deactivates cellular 
enzymes, causing disruption in membrane integrity. Furthermore, Ag+ ion can inter-
act with thiol groups in protein, promoting the release of ROS and this causes dam-
age to proteins and DNA, resulting in cell death (Chandana et al. 2018). In general, 
Ag+ ions are more active and effective against Gram-negative bacteria than Gram-
positive bacteria since Gram-negative bacteria have thin cell wall layer and contains 
a higher proportion of negatively charged phosphate groups.

20.3.2  Au Nanoparticles

Au is another type of inorganic antimicrobial agent has been used during ancient 
times. It was believe that, the Au application was introduced by Michael Faraday to 
scientific community through his lecture entitled “Experimental Relations of Gold 
(and other Metals) to Light in 1857 (Carnovale et al. 2016). Unlike Ag, Au is more 
inert and highly stable metal that cannot be easily dissociated. Similar with Ag, Au 
nanoparticles antimicrobial properties are depended on its size, shape and concen-
tration (Zhang et  al. 2015). Penders and group has investigated the inhibition of 
S. aureus on effect of various gold shape such as nanoflower, nanosphere and nano-
star. It was found the nanoflower has highest inhibition growth because the surface 
composed of high area, pillar and spikes that induced high local stress to the bacte-
ria and led to membrane ruptured (Penders et al. 2017). Nevertheless, Au nanopar-
ticle antimicrobial efficacy is low compare to Ag nanoparticle unless used in very 
high concentrations or ionic complex (Zhang et al. 2015).

Many studies have been conducted to understand the antimicrobial activity of Au 
towards pathogen. Au has a strong affinity to sulphur atom and this enhanced the 
interaction between Au nanoparticles and thiol groups that originated from the bac-
terial proteins (Zhang et al. 2015). Various literatures have reported the antimicro-
bial activity of Au nanoparticle is through generation of ROS due to their catalytic 
activity, analogous to glucose oxidase generating H2O2 (Tay et al. 2014). In order to 
investigated the killing mechanism, Zheng et al. reported the antimicrobial activity 
on variety of bacteria species, both Gram-positive and Gram-negative (Zheng et al. 
2017). In this study, Au nanoparticle were available to kill Staphylococcus epider-
mis, Bacillus Subtilis, E.coli and Pseumodonas aeruginosa. However, the mecha-
nism is favourable towards Gram-positive bacteria. Using microarray gene 
expression profiling, Au nanoparticle treatment created a metabolic imbalance, 
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upregulating oxidative enzymes and downregulating reductive enzymes, leading to 
an accumulation of intracellular ROS. Excess ROS generation results in cellular 
stress and impairs basic cell function, and led to cell death. Au provides a tunable 
system based on the size and surface chemistry, therefore it provides a method to 
govern fundamental antibacterial parameters like cell death, metabolism and ROS 
generation. This permits modulation of Au nanoparticle to be use in variety of 
application.

20.3.3  ZnO Nanoparticles

ZnO is one of the common metal oxides that has gained attention as an antimicro-
bial agent. ZnO nanoparticles have emerged as very efficient tool to prevent micro-
bial proliferation on food product and increasing the shelf life of the product due to 
their activity against a wide range of microorganism. In fact, ZnO is listed as a 
General Recognized as Safe (GRAS) materials by the U.S food drug and adminis-
tration (21CFR182.8991) (Sewalt et  al. 2016). Although commercially used, the 
toxicity mechanism of ZnO is still not well understand, It is believe ZnO interact 
with bacteria through electrostatic interactions that alter the prokaryotic cell wall, 
enzyme and DNA pathways through release of Zn2+ ion and ROS production 
(Khatami et al. 2018).

ZnO is a semiconductor with a wide bandgap (3.37 eV) and high binding energy 
of 60 meV that shows multiple semiconductor properties and piezoelectric effect 
(Li et al. 2015). Upon the light exposure that higher/equal ZnO bandgap, an electron 
in the valence band is excited to the conduction band, and left a hole in the valence 
band (Eq.  20.1). These photogenerated electron-hole pair can either recombine 
(Eq. 20.2) or interact separately with other molecules such as adsorbed O2 (Eq. 20.3) 
to form superoxide radical anion (·O2

−). The holes in valence band react with water 
or hydroxide ion on the surface of ZnO to form highly reactive hydroxyl radicals 
(·OH) (Eq. 20.4). O2

− from Eq. (20.3) may form organic peroxides or H2O2 in the 
presence of organic scavenger (Eqs. 20.5 and 20.6). These ROS are powerful oxi-
dizing agent and can enter the prokaryotic cell and destroy various organelles. In the 
meantime, lipid peroxidation can happen on the bacterial membrane, weakening the 
integrity of membrane and promoting cell lysis. The reaction are summarized as 
below (Kaur et al. 2013)

 ZnO hv h e+ → ++
 (20.1)

 h e heat+ + →  (20.2)

 e O O+ →2 2·  (20.3)

 h OH OH+ + →·  (20.4)
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 ·O H O H H O O2 2 2 2 2+ + → ++

 (20.5)

 · ·O organic species organic species OO2 + →   (20.6)

 
·OH organic species oxidized product CO H O+ → +( )  2 2  (20.7)

Other than that, another commonly proposed mechanism is release of Zn2+ ion 
upon the water adsorption on the ZnO surface. Zn2+ ions from the ZnO surface, 
strongly bind to thiol groups of bacterial proteins and lead to cell death. The elec-
trostatic interactions between ZnO nanoparticles and cell walls resulting in the 
destruction of bacterial cell integrity. The antibacterial properties of ZnO is also 
dependent on the bacterial species. Some authors have reported that this tendency 
may be connected with differences in the polarity and charge of microorganisms’ 
outer membranes between Gram-positive and Gram-negative bacteria.

Arakha et al. reported that ZnO nanoparticles (60 nm) showed ability to inhibit 
the growth of both Gram-negative (E.coli, S.Flexneri and P.vulgaris) and Gram- 
positive (B. subtilis, S.aureus and B.thuringiensis) in a concentration of 250 μg/ml. 
Although ZnO nanoparticles show ability inhibit for both Gram-positive and Gram- 
negative bacteria, this materials shows higher susceptibility and increased sensitiv-
ity to opposite charge of the surface ZnO nanoparticles. As p-ZnO is positive, 
charged surface ZnO is more susceptible toward E.Coli and n-ZnO is prone to 
B.subtilis. The outer membrane of B. subtilis, which is a Gram-positive bacteria 
have a membrane and cell wall composed of peptidoglycans, techoic acid and lipo-
teichoic acid that is easier for ROS to penetrate.

20.3.4  Copper Nanoparticles

Due to the similar electron configuration of copper with silver (Cu [Kr] 3d10 4s1; 
Ag: [Kr] 4d10 5s1), Cu can be considered as an outstanding material for the devel-
opment of antimicrobial materials. Cu nanoparticles can easily be oxidized to 
form copper oxides. CuO is a useful metal oxide that has many applications in 
different fields such as gas sensors, magnetic storage media, batteries, diodes, 
solar energy transformation, nanofluids, semiconductors, and heterogeneous 
catalysis (Tamayo et  al. 2016). CuO is a p-type semiconductor that has mono-
clinic structure, narrow band gap (Eg = 1.2 eV), black color, and partial transpar-
ency in the visible range.

Cu compounds (Cu and CuO nanoparticles) exerts its antimicrobial properties by 
suppressing the bacterial growth. The electrostatic attraction between positively 
charge Cu2+ and negatively charged cell membranes of the microorganism is a vital 
step in Cu compounds antibacterial activity (Gurianov et al. 2019). The released 
Cu2+ ion has ability to penetrate through cell wall and strongly bind to molecules 
likes protein, DNA and RNA.  This obstruct the functional group of cell, thus 
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leading to cell wall disruptions (Thokala et al. 2017). Other possible antibacterial 
mechanism is generation of ROS that causes oxidative stress. ROS damage the 
membrane and cause loss of structural integrity, alteration to the conformational 
structure of proteins as well as degradation of the cellular DNA and/or RNA (Kredl 
et al. 2016). Applerot et al. have demonstrated that Gram-negative bacteria are more 
susceptible to the action of CuO nanoparticles than Gram-positive bacteria. This is 
due to the presence of golden carotenoid pigments in Gram-positive bacteria, which 
provide integrity to the cell membrane and promote a more powerful oxidation 
resistance. When the bacterial defense mechanisms are overwhelmed by the gener-
ated ROS, the Programmed Cell death (PCD) genetic module is triggered as reported 
by (Applerot et al. 2012), which in turn stimulates an outbreak of oxidative stress, 
and it is this burst of radicals that is lethal to the cells. It is noteworthy that Cu2+ ions 
may interact with phosphorus and sulfur-containing biomolecules such as DNA and 
protein, distorting their structures and disrupting biochemical processes (Tamayo 
et al. 2016).

20.3.5  TiO2 Nanoparticles

Titanium dioxide (TiO2) nanoparticles have been investigated in recent years 
because of their unique properties such as, high thermal stability, bactericidal effect, 
inexpensive price and nontoxic materials (Noori Hashemabad et al. 2017). American 
Food and Drug Administration (FDA) has approved TiO2 for use in human food, 
drugs, cosmetic, and food contact materials (Othman et al. 2012). Due to its photo-
catalytic activity, TiO2 in anatase form can degrade different organic compound 
including microorganism such as bacteria, fungi, viruses and yeast (Zare and 
Shabani 2016). Thus, TiO2 nanoparticles have been used as antimicrobial agents for 
both Gram-positive bacteria and Gram-negative bacteria.

The antimicrobial mechanism of TiO2 is correlated to production of hydroxyl 
radical and generation of ROS that can breaking the covalent bond in peptidogly-
can layer and destroy the cell wall by disturb the stability of the cell (Tallósy et al. 
2016). Schematic diagram of proposed antibacterial mechanism is shown in 
Fig. 20.2 and almost similar to ZnO. Once the TiO2 received sufficient light the 
electron from valence electron (e−

VB) will excite to conduction band (e−
CB) and left 

valence band hole (h+
VB). These photogenerated electrons (e−

CB) can reduce 
adsorbed oxygen to produce superoxide radicals (·O2

−). Further, h+
VB can react 

with water to produce hydroxyl radicals (·OH) and hydrogen peroxide (H2O2). The 
radicals will oxidize the organic compounds and decompose into harmless organic 
compound such as CO2 and H2O, thus kill and decompose the bacteria (Podporska-
Carroll et al. 2015). This properties permits the use of TiO2 in sterilization of medi-
cal devices, air-conditioning, water treatment and textile applications (Gold 
et al. 2018).
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20.4  Challenges and Conclusion

As discussed above, the killing mechanism of the nanoparticles is depended not 
only on material chemistry, but influenced with their physical properties, such as 
shape, size, solubility, agglomeration and surface charge. One of the drawbacks that 
nanoparticles face is inadequate stability and obvious tendency for aggregation due 
nanoparticle has large surface area to volume. This phenomenon dictates the behav-
iour and toxicity of nanoparticles. In this case, the agglomerated nanoparticles do 
not have the capability to enter a cell or produce significant amount of ROS. Thus, 
embedding nanoparticles into polymer matrices is one of the most efficient strate-
gies to avoid aggregation of nanoparticles and conserve their properties. However, 
the interfacial/interphase are between polymer matrices and nanoparticles facili-
tates the achievement of significant desired properties. Generally, the properties of 
polymer nanocomposites are strongly influenced by type of polymer matrix, nature, 
size, contents and dispersion level of metal nanoparticles incorporated in polymer.

There is also a concern for safety risks of polymer nanocomposites for food 
industry applications. Hence, the toxicological studies on nano-systems are com-
pulsory for improved characterization and reliable toxicity valuations. Therefore, 
screening analyses are required to understand the chemical and physical properties 
of nanocomposites. As we concern, for in vitro method, the mechanisms for adverse 

Fig. 20.2 Schematic diagram of proposed killing mechanism of TiO2 nanoparticles. First, electron 
excitement from valence band to conduction band, labelled as 1. Electrons (at conduction band 
reduce adsorbed oxygen to produce superoxide radicals (·O2

−), labeled as 2. h+ at valence band 
react with water to produce hydroxyl radicals (·OH), labeled as 3. The radicals will oxidize the 
bacteria and decompose into harmful organic compound, labeled as 4
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effects of metal nanoparticles have not been understood yet, because it is a difficult 
to relate the reports on one type of nanoparticles to other types, due to the intrinsic 
differences in physical properties of metal nanoparticles such as particle size and 
shape, chemical properties such as surface chemistry and hydrophobicity and meth-
ods of preparation as well as biological targets including cells, organs and tissues. 
Moreover, deploying these materials for in vivo studies has even more challenges.

In conclusion, the advent of new technologies has been addressed by the food 
industry to reduce the risks to consumer health and fulfil consumer requirements. In 
particular, substantial progress in food packaging has been achieved using antimi-
crobial polymers. Polymer nanocomposites promise a new crop of stronger, more 
heat resistant, and high barrier materials new potential to create new and innovative 
bio-nanocomposite materials with improved properties and performance. However, 
the area of polymer nanocomposites as packaging materials still need scientific 
research and improvement in order to develop the shelf life, quality and marketabil-
ity of diverse packaging materials. Also, the production of polymer/metal nanocom-
posites in industrial scale assuming the economic aspects can provide numerous 
advantages for people and community.
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Chapter 21
Functional Chitosan-Based Composites 
for Potential Application in Food Industry

Joon Fatt Wong, Jia Xin Chan, Azman Hassan, Zurina Mohamad, 
and Norhayani Othman

21.1  Introduction

Chitosan is a linear semi-crystalline polysaccharide prepared by purification and 
deacetylation of chitin, which shown as Fig. 21.1. Chitin or poly (β(1–4)-N-acetyl- 
D-glucosamine) is one of the most abundant polysaccharides from natural sources 
which can be found in the exoskeleton of crustaceans and insects and in the cell 
walls of most fungi and some algae (Ma et al. 2017; Muxika et al. 2017). To purify 
chitin from the shells of crustaceans, the shells are ground, processed with hydro-
chloric acid (HCl) to achieve demineralization and boiled in dilute sodium hydrox-
ide (NaOH) to remove proteins (Puvvada et  al. 2012; Arbia et  al. 2013; Kumari 
et al. 2015). Deacetylation of chitin is achieved through alkaline treatment at more 
than 80  °C.  The degree of deacetylation is dependent on the reaction condition. 
Treatment with 12.5 mol/L NaOH at 95 to 100 °C deacetylates chitin within 2 hours, 
yielding chitosan with a degree of deacetylation of 87 to 90% and an average molec-
ular weight of 160 to 1600 kDa (Puvvada et al. 2012).

Chitosan has three functional groups, which are primary and secondary hydroxyl 
groups and amine groups, that allow the chitosan to undergo chemical modifications 
(Dutta et al. 2004). It is soluble in nearly all diluted acid (pH < 6.5), but insoluble in 
sulfuric acid and water (Helander et al. 2001; Ambore et al. 2013). Chitosan is clas-
sified as biocompatible material, as it is one of the natural biopolymer which is 
biodegradable, safe and non-toxic to human and environments (Dutta et al. 2004). 
Due to the availability of chitosan for chemical modification, chitosan can be used 
as a versatile biomaterial for the wastewater treatment application (Poon et  al. 
2014). Besides that, chitosan has notable performance in its antioxidant, 
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antimicrobial, antifungal and anticancer properties (Elsabee and Abdou 2013; 
Mujtaba et al. 2019). It is found out that chitosan can be used as biopesticide for the 
agriculture application, as it is able to significantly reduce the infestation of root 
knot worm and suppress the growth of fungal (Dutta et al. 2004). In biomedical 
application, chitosan possesses acceleratory effect on wound healing, thus it is used 
as the coating on normal biomedical materials, such as bandages, to act as antibacte-
rial agent besides of reducing the wound bleeding (Dutta et al. 2004; Mujtaba et al. 
2019). Chitosan also widely used in food application, as dietary ingredient, emulsi-
fying agent, and food preservatives (Ambore et al. 2013). Nowadays, chitosan is 
attaining huge attention from the industrialists and researchers in the field of food 
packaging application, as an environmentally friendly material, potentially replac-
ing the use of petroleum-based packaging material.

21.2  Chitosan in Food Packaging Application

Chitosan presents high potential as films with tough, flexible, and durable to exten-
sion characteristics. Chitosan films show a great property, for instance, outstanding 
film-forming also at dry condition chitosan has shown gas and aroma barrier activi-
ties that appropriate to apply to food packaging (Dutta et al. 2009). The properties 
of the film rely on its physical characteristics, including molecular weight, degree of 
N-acetylation, evaporation of the solvent, and free amine regenerating mechanism 
(Casariego et al. 2009).

The chitosan films can be used for edible food packaging due to great barrier 
properties of oxygen and carbon dioxide, besides having remarkable antimicrobial 

Fig. 21.1 Forming 
chitosan by partial 
deacetylation of chitin
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activities. However, is soluble in aqueous medium of an organic acid such as acetic 
acid, which makes the films not appropriate for some applications. Chitosan films 
are also sensitive to humidity that decrease the efficiency of physicochemical of the 
films (Mujtaba et al. 2019).

Several researchers attempt to overcome this drawback by using surface modifi-
cation techniques or combine them with other polymers and active substance such 
as a moisture-resistant polymer, plasticizers, and/or active ingredient. Combining 
chitosan film with another polymer can improve the stability of films by lessens 
melting temperature or increase the temperature of glass transition. In addition, add-
ing active substance such as essential oil, antimicrobial agent, or antioxidant agent 
can be assembled advantages of each component to improve the antimicrobial and/
or antioxidant properties of the films.

Chitosan-based materials have been widely investigated and reported as a poten-
tial material for food packaging due to its biological and physical properties of 
biocompatibility, biodegradability, antimicrobial ability, and easy film-forming 
ability. However, chitosan is poor in physicochemical properties that necessary to 
meet industry standards such as mechanical, thermal and barrier properties. Chitosan 
films need to be improved in order to make chitosan-based wrapping ingredients 
reasonable, moderate, economical in contrast to petroleum-based synthetic 
materials.

Different chitosan-based films have been fabricated and applied in the field of 
food packaging, by preventing the decline in contents of ascorbic acid, anthocya-
nins and total polyphenols in various fruits and vegetables during the storage of 
post-harvest (Kerch 2015). Acetic acid and hydrochloric acid are solvent that can 
dissolve chitosan, which makes film-forming possible. Wang et  al. (2018) have 
reported various methods of chitosan film-forming, including casting, coating and 
layer-by-layer assembly as can be summarized in Fig. 21.2. Direct casting is often 
used for film preparation due to the simplicity, whereas coating is usually applied 
for protection. Dipping or immersing is similar to coating, but the uniform films will 
be able to develop. Layer-by-layer assembly is targeted to control the properties and 
functionality of the material. Meanwhile, extrusion is used to prepare material for-
mulations with different compositions or blended with other materials. Mujtaba 
et al. (2019) reported the current advancements in chitosan-based film production 
for food technology and focused on the incorporation of plant extracts and blending 
with other polymers to enhance the biological (mainly antimicrobial and antioxi-
dant) and physiological (mainly mechanical, thermal and barrier) attributes of the 
chitosan-based films.

The functionalization of chitosan has been conducted to modify the characteris-
tics of chitosan, such as antimicrobial activity, barrier property, antioxidant activity, 
mechanical property, optical property, sensing/indicating capacity, and thermal 
 stability. In this article, the recent advances in the strategies to functionalize the 
chitosan- based packaging materials such as grafting, cross-linking, the addition of 
nanofillers, incorporation of additives and their effect on the parameters of chitosan 
films were comprehensively reviewed.
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Fig. 21.2 Different methods to fabricate the chitosan-based films. (“Reprinted (adapted) with 
permission taken from Wang et al. (2018)
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21.3  Chitosan Functionalization

Chitosan functionalization which are grafting and crosslinking are necessary to 
overcome the limitations of chitosan-based films which will allow them to be used 
in food packaging application. Besides that, blending with other natural polymers 
and the incorporation of other ingredients such as essential oil and clay are also used 
together with grafting and crosslinking.

21.3.1  Grafting

Chitosan has been grafted with several grafting agents such as gallic acid (Zhang 
et al. 2019a), acrylonitrile and acrylamide (Kumar et al. 2018), 4-hexyloxyphenol 
(Liu et  al. 2018), phenyllatic acid (Li et  al. 2017) and etc. It is mainly for the 
enhancement of properties such as antimicrobial and antioxidant of chitosan film, 
hydrophobic properties and physical properties of chitosan films. Natural antioxi-
dants were added into chitosan-based films to delay the lipid oxidation that leads to 
food spoilage and this can be done through grafting method (Ganiari et al. 2017). 
The total phenolic content and antiradical activity was increased and the oxidation 
of fish and meat products was slowed down, when the extracts from several herbs 
(rosemary, oregano, tea), berries and plant by-products were added into the chitosan- 
based films. The incorporation of natural antioxidants into chitosan-based films 
improved the barrier properties due to the interactions between the matrix and the 
active groups of additives, such as polyphenols. In a study that added aqueous green 
tea extract into the chitosan-based films, the water vapour permeability of the com-
posite films is reduced, whereas the polyphenolic content and antioxidant activity, 
as well as mechanical properties are improved (Siripatrawan and Harte 2010). The 
incorporation of grape pomace extracts into the chitosan-based films also showed 
that the films have lower water solubility but  higher antioxidant capacity in organic 
medium (Ferreira et  al. 2014). Therefore, these natural antioxidants become the 
promising ingredients to be incorporated into chitosan-based films, which is worth 
investigating for the usage in the application of active packaging. Besides of natural 
antioxidants, the incorporation of various types of oil (rosemary, sunflower, laven-
der, olive, carp) into chitosan-based films are also able to improve the barrier prop-
erties, as well as the mechanical properties (Kerch 2015).

Gallic-acid which is one of the natural antioxidants was grafted into chitosan 
with different grafting ratios, where the antioxidant properties and water solubility 
of gallic acid-g-chitosan films were studied (Cho et  al. 2011). All gallic acid-g- 
chitosan films have improved antioxidant capacities, cytocompatibility and inhibi-
tion of the formation of intracellular reactive oxygen species. Besides, it is found 
out that film with the highest gallic acid content has highest scavenging activity 
against 2,2-diphenyl-1-picrylhydrazyl (DPPH) and hydrogen peroxide up to 92.26% 
and 93.15% respectively. In another study by Zhang et  al. (2019a), the physical 
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property and antioxidant potential of gallic acid-g-chitosan films fabricated using 
different grafting methods were studied. Three grafting methods were used, namely: 
free radical initiation, carbodiimide coupling and tyrosinase catalysis. Carbodiimide 
coupling method gave the highest grafting efficiency, whereas enzyme catalyzed 
grafting method had the lowest grafting ratio. Therefore, gallic acid-g-chitosan 
films obtained through carbodiimide coupling method showed the highest water 
vapor barrier property, tensile strength, thermal stability and DPPH radical scaveng-
ing ability. This indicated that gallic acid-g- chitosan film prepared by carbodiimide 
coupling method could be further developed as antioxidant active packaging film.

Besides gallic acid, caffeic acid, phenolic acid, phenyllactic acid and protocate-
chuic acid were also grafted into chitosan-based films for development of potential 
active packaging materials; to improve food quality, safety and shelf life. The graft-
ing of caffeic acid above 5% into chitosan has higher grafting efficiency with lower 
molecular weight of chitosan, without causing the loss of antioxidant activity 
(Aytekin et  al. 2011), whereas the grafting of phenolic acid into chitosan has 
improved the bioactivity of chitosan (Liu et  al. 2017b). Besides that, it has the 
potential as coating agent, encapsulation agent and bio-adsorbent in many applica-
tions. There are a number of properties which have improved after grafting the 
chitosan with phenolic acid; antioxidant, antimicrobial, antitumor, anti-allergic, 
anti-inflammatory, anti-diabetic and acetylcholinesterase inhibitory activities.

Another successful preparation of antimicrobial and antioxidant chitosan deriva-
tives with grafted phenyllactic acid was recently reported by Li et al. (2017). The 
proposed reaction schemes are shown as Fig. 21.3. The grafting ratio increased from 
5.72% to 11.83% when the phenyllactic acid to chitosan molar ratio increase from 
1:1 to 3:1. A greater grafting ratio corresponded to a higher activity of scavenging 
DPPH radicals and greater inhibition to growth of Gram-positive Staphylococcus 

Fig. 21.3 Proposed reaction schemes of grafting phenyllactic acid to chitosan. (Source: Li 
et al. 2017)
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aureus and Listeria monocytogenes, Gram-negative Escherichia coli and Salmonella 
enterica, and fungi Saccharomyces cerevisiae and Penicillium expansum (P < 0.05).

Natural phenolic antioxidant of protocatechuic acid grafted chitosan-based films 
was developed by Liu et al. (2017a). The results showed that the properties of chi-
tosan-based films; moisture content, water solubility, ultraviolet (UV) light absorb-
ing ability, colour, opacity, tensile strength, elongation at break, thermal stability, 
microstructure and antioxidant activity can be described as a function of grafting 
ratio. From the study, it was concluded that protocatechuic acid grafted chitosan-
based films can be effectively used as antioxidant food packaging materials.

Hydrogels composed of chitosan grafted with eugenol monomer were studied by 
Jung et al. (2006). Although eugenol side chains disturbed the crystalline arrange-
ment of chitosan, the hydrophobicity of eugenol reduced the equilibrium water con-
tent, particularly when the graft yield increased. After being grafted with eugenol, 
the hydrogels exhibited lower pH sensitivity and higher scavenging activity which 
results the improvement in antioxidant activity. Flavonoids, such as flavanols, flavo-
nols, flavone, flavanone, and isoflavone also can be grafted into chitosan to improve 
the antioxidant and antimicrobial activity of the material, where some of them par-
ticularly against Bacillus subtills and Pseudomonas aeruginosa. (Sousa et al. 2009).

The grafting of α,β-dipeptoids-carrying benzyloxyethyl side chains into chitosan 
films was reported by Elchinger et al. (2017). It is found out that the low cost chito-
san originated from waste of shellfish factories displayed an enhancement of anti-
oxidant activity up to 90%, when grafted with these short length peptoid oligomers. 
In another study by Moreno-Vasquez et  al. (2017), the epigallocatechin gallate 
(EGCG)-functionalized chitosan was thermally stable at temperature higher than 
150  °C.  Meanwhile, the antioxidant and antibacterial activity of the EGCG-g- 
chitosan against S. aureus and Pseudomonas sp. (p < 0.05) was improved. In addi-
tion, 4-hexyloxyphenol, shown as Fig. 21.4, also can be used to functionalize the 
chitosan, to improve the thermal stability, significantly enhance 2,2-azino-bis(3- 
ethylbenzothiazoline- 6-sulphonic acid) (ABTS) and DPPH radicals scavenging 
capacity, hydrophobicity property and antioxidant characteristics, as compared to 
pure chitosan (Liu et al. 2018).

Preparation of a novel binary grafted chitosan film with satisfactory antimicro-
bial activity and biodegradable nature for potential application in food packaging 
was reported, by grafting of acrylonitrile and acrylamide into chitosan via micro-
wave-initiated graft copolymerization (Kumar et al. 2018). The mechanism of the 
grafting is shown as Fig. 21.5. Compared to pure chitosan, the binary grafted chito-
san film is more thermally stable at elevated temperature, also it possessed efficient 

Fig. 21.4 Structure of 
4-hexyloxyphenol. 
(Source: Liu et al. 2018)
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antimicrobial activity against three tested strains, namely Escherichia coli, 
Staphylococcus aureus and Pseudomonas aeruginosa. Therefore, the newly pre-
pared packaging film in this study successfully protected apple and guava from 
microbial infection and extended their shelf life besides being biodegradable 
in nature.

Despite of the surface-properties and biodegradability, the high sensitivity of 
chitosan towards water limited its application as a promising green packaging mate-
rial. Thus, Lepoittevin et  al. (2019) proposed the fluorinated polymer brushes 
grafted chitosan films with enhanced stability in wet environment. The contact 
angle measurements and surface energy calculations revealed that the grafted chito-
san films have hydrophobic and oleophobic surfaces properties with low surface 
energy. Hence, these new hydrophobic grafted chitosan films have great potential in 
food packaging application.

Furthermore, there are studies that blend or hybrid the grafted chitosan with 
other materials, to produce better materials for food packaging application and hard 
tissue engineering application. The starch-chitosan blend films were incorporated 
with ferulic acid for investigation on the potential to be used as an edible film or 
coating (Mathew and Abraham, 2008). It is found out that the incorporation of the 
oxidized ferulic acid is able to enhance considerably the barrier properties of the 
films, and reduce the formation of lipid peroxide, thus preserving the food for lon-
ger shelf life.

Table 21.1 shows the recent studies that have chitosan-based materials grafted 
with other ingredients to achieve the desired properties for the food packaging 
applications.

Fig. 21.5 Grafting mechanism of acrylonitrile and acrylamide into chitosan via microwave- 
initiated graft copolymerization. (Source: Kumar et al. 2018)
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21.3.2  Crosslinking

Crosslinking of chitosan matrix is another method for functionalization to enhance 
the chitosan film properties. Glutaraldehyde (GL), a dialdehyde with high affinity 
due to the free primary amine groups of amino acids, is one of the earliest crosslink-
ing agent studied for chitosan films (Cheung et al. 1985). In 1999, Monteiro and 
Airoldi reported a study on crosslinking chitosan-GL interaction in a homogeneous 
system. Chitosan which was dissolved in acetic acid reacted with GL solution, rang-
ing in concentration from 0.10 to 25.0 × 10−2 mol/dm3. The data from 13C NMR, 
infrared and Raman spectroscopies provided the evidence of the formation of an 
ethylenic double bond in the chitosan–GL interaction. The results suggest that free 
pendant amine groups of chitosan polymer interact with the aldehydic group of the 
GL to form stable imine bonds, due to the resonance established with adjacent dou-
ble ethylenic bonds.

Table 21.1 Recent studies of grafted chitosan-based materials

Grafting compounds Effects of grafting References

Gallic acid Improved water vapour barrier 
property
Improved tensile strength
Improved thermal stability
Improved antioxidant property

Zhang et al. (2019a)

Acrylonitrile and acrylamide Improved thermal stability
Improved antimicrobial activity

Kumar et al. (2018)

4-hexyloxyphenol Improved thermal stability
Improved ABTS and DPPH radicals 
scavenging capacity
Improved antioxidant characteristics
Improved hydrophobicity
Reduced tensile strength

Liu et al. (2018)

Phenyllactic acid Reduced thermal stability
Improved antioxidant and 
antimicrobial properties

Li et al. (2017)

α,β-dipeptoids-carrying 
benzyloxyethyl side chains

Improved antioxidant activity Elchinger et al. 
(2017)

Epigallocatechin gallate (EGCG) Improved thermal stability
Improved antibacterial and 
antioxidant activity

Moreno-Vasquez 
et al. (2017)

Protocatechuic acid Lowered moisture content and water 
vapor permeability
Increased water solubility
Improved tensile strength and 
elongation at break
Improved UV light barrier

Liu et al. (2017a)

Fluorinated polymer brushes Increased hydrophobicity
Improved stability in wet 
environment

Lepoittevin et al. 
(2019)
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In a recent study on GL crosslinked chitosan-based films, the use of NaOH as 
alkaline post-treatment was reported (Frick et  al. 2018). The swelling degree of 
films decreased while the fragility of films increased due to the crosslinking effect 
by GL and the post-treatment by NaOH. Based on the result of water vapour perme-
ability, it is found out that post-treatment with NaOH is necessary to enable the 
films to be used in food packaging application. This is because the NaOH post-
treatment increased the film water stability without compromise greatly with the 
barrier properties of films. Besides, the films also experienced higher tensile strength 
with lower elongation at break after the GL crosslinking and alkaline post-treat-
ment. Instead of using NaOH post-treatment, the development of bioactive compos-
ite films from chitosan and carboxymethyl cellulose (CMC) using GL as crosslinker 
and cinnamon essential oil (CEO) as additive was recently investigated (Valizadeh 
et al. 2019). The outcome of this study showed that the crosslinking of GL signifi-
cantly gave higher mechanical strength and lower water vapor permeability, which 
is similar to the study by Frick et  al. (2018). The simultaneous incorporation of 
CEO increased the antibacterial and antioxidant properties of composite films. 
Therefore, the composite films prepared in the study are good candidates for 
improving perishable foods shelf life.

Genipin is a chemical compound that can be derived from the geniposide which 
found in Gardenia jasminoides fruits, via hydrolysis with β-glucosidase (Nunes et al. 
2018). Due the safety of the materials used, genipin was the preferred crosslinking 
agent compared to GL. This is because genipin has low cytotoxicity as  compared to 
GL and is able to demonstrate good biological properties such as anti-inflammatory, 
lipid peroxidation inhibition, nitric oxide production inhibition and anti-angiogene-
sis (Koo et al. 2004). Thus, genipin are safe and non-cytotoxic to animal and human 
cells (Muzzarelli 2009). It is found out that genipin as a water- soluble bi-functional 
crosslinking reagent, is able to react quickly with chitosan to produce blue-coloured 
fluorescent complexes, via the nucleophilic attack on genipin by primary amine 
group that led to the linkage between the heterocyclic compound of genipin formed 
and glucosamine residue in chitosan, followed by the nucleophilic substitution of the 
genipin’s ester group that able to form a secondary amide link with chitosan (Butler 
et al. 2003), shown as Fig. 21.6. Besides of food packaging application, genipin also 
become an alternative to replace GL in the biomedical and pharmaceutical applica-
tions due to its better stability and biocompatibility, also easier manipulation and 
quality assessment (Muzzarelli 2009). Several studies were reported on the cross-
linking of genipin as an effective cross-linking agent for chitosan.

The effect of pH on the cross-linking between chitosan and genipin to form 
chitosan- based polymeric network was documented (Mi et al. 2005). It is found out 
that the crosslink bridges were consisted of long crosslink units of genipin at the 
basic conditions; but short chains of heterocyclic amines bridges formed when 
under neutral and acidic conditions. Under pH condition of 9, the network segments 
of chitosan were consisting of both short crosslink units of cyclic bridges and long 
crosslink unit of polymerized genipin. The results showed that the crosslinking 
mode, crosslink bridges length and the crosslinking extent were significantly depen-
dent on the crosslinking pH value, where shown as Fig.  21.7. These were then 
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Fig. 21.6 Crosslinking reactions involving genipin: (a) reaction Scheme 1 (b) reaction Scheme 2. 
(Source: Butler et al. 2003)

affecting the swelling capability and resistance against enzymatic hydrolysis of the 
chitosan polymeric network.

Besides, the chitosan-genipin films were suggested for sustainable wine preser-
vation instead of the addition of sulphur dioxide as preservative during the wine 
production (Nunes et al. 2016). The films were produced from shrimp by-products, 
which have similar mechanical and chemical properties as fungi-based films, also 
showing negative Immunoglobulin E (IgE) reaction against shellfish allergenic 
compounds. Moreover, it is found out that the wines showed lower metal availabil-
ity, susceptibility to browning, lesser oxidation reactions, microbial growth inhib-
ited with comparable organoleptic and volatile characteristics.

` Besides genipin, aglycone geniposidic acid (aGSA) was also used to crosslink 
chitosan-based films (Mi et al. 2006). This naturally occurring crosslinking agent is 
produced from the fruits of Gardenia jasminoides. It is found out that aGSA- 
crosslinked chitosan films with an increasing aGSA concentration up to 0.8 mM 
significantly increased the ultimate tensile strength but reduced the strain at fracture 
and swelling ratio of the films. The antimicrobial capability of the cross-linked chi-
tosan films showed no significant difference compared to their fresh counterpart. 
However, compared to the GL-crosslinked counterpart, aGSA-crosslinked chitosan 
film showed lower cytotoxicity, slower degradation rate, and relatively lower water 
vapor permeability. These results proposed the newly developed aGSA-cross-linked 
chitosan film to be used as an edible film.
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In recent studies, Lepidium sativum seedcake phenolic extract (LSE) and Nigella 
sativa seedcake phenolic extract (NSE) can be incorporated into the chitosan-based 
films respectively (Kadam and Lele 2018; Kadam et al. 2018). The water vapour 
permeability and crystallinity decreased when incorporated LSE into the chitosan- 
based films (Kadam and Lele 2018), and the incorporation of NSE gave similar 
outcome as well (Kadam et al. 2018). Compared to another crosslinker, tannic acid, 
the incorporation of LSE is able to enhance both tensile strength and elongation at 
break; whereas the incorporation of NSE only improved the elongation at break. 
Based on the study of Kadam and Lele (2018), the oxidation reaction of the food 
that packaged within the crosslinked films were prevented, which may be attributed 
to the antioxidant activity of the films in terms of DPPH and Ferric Reducing 
Antioxidant Power (FRAP) activity that have the similar pattern in both aqueous 

Fig. 21.7 Conformations of the network segments of genipin-crosslinked chitosan under different 
pH conditions. (Source; Mi et al. 2005)
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and fatty food simulants. Meanwhile, the incorporation of NSE into chitosan-based 
films triggered the release of polyphenols and subsequent antioxidant activity in 
both water and ethanol medium (Kadam et  al. 2018). Hence, both chitosan/LSE 
composite films and chitosan/NSE composite films are worth to be investigated and 
developed as a novel and potential bioactive and biodegradable active packaging 
materials, particularly in the aspect of food preservation.

The water soluble 2,3-dialdehyde cellulose (DAC) was used as crosslinker for 
chitosan-based films (Tian and Jiang 2018), and the schematic crosslinking reaction 
between DAC and chitosan is shown as Fig. 21.8. The crosslinked chitosan films 
have enhanced acid resistance and tensile strength compared to the neat chitosan 
films. These improvements are attributed to the good compatibility between DAC 
and chitosan. In addition, chitosan can be crosslinked with ε-polylysine (ε-PL) to 
produce bionanocomposite films by using sodium tripolyphosphate (TPP) as the 
cross-linking agent (Wu et  al. 2019b). The proposed formation mechanism of 
chitosan/ε-PL bionanocomposite films shown as Fig.  21.9. The films exhibited 
excellent antimicrobial efficacy against both Escherichia coli and Staphylococcus 
aureus by the increasing ratio of ε-PL.

In addition, there are number of studies that incorporated crosslinked chitosan- 
based films with other ingredients or blended with biopolymer, to overcome the 
limitation possessed by chitosan itself. Tannic acid used as crosslinker and glycerol 
used as plasticizer in the chitosan-based films (Rivero et al. 2010). It is found out 
that the addition of tannic acid together with glycerol in the chitosan-based films 
have synergic effect, which provided higher tensile strength, lower water vapour 
permeability and more stable structure of films. In another study by Priyadarshi 
et al. (2018), citric acid is used instead of tannic acid in the chitosan-based films 
with glycerol as plasticizer. Citric acid improved the stability of the films, whereas 
glycerol improved the flexibility of the films. The crosslinking mechanism between 
citric acid and chitosan is shown as Fig. 21.10. Besides, the barrier properties were 
improved by reducing the water vapour permeability, and it is found out that these 
films exhibited enhanced antioxidant properties, where they are able to extend the 
shelf life of green chilli and believed to be able on working for other fresh products.
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Fig. 21.8 Schematic crosslinking reaction between DAC and chitosan. (Source: Tian and 
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Composite films consist of sodium alginate and chitosan were firstly prepared, 
followed by crosslinking of CMC with the crosslinking agent, calcium chloride 
(CaCl2) (Lan et al. 2018). The composite films have advantageous properties on the 
inhibition of the growth and reproduction of microorganisms with the antibacterial 
rate against Escherichia coli and Staphylococcus aureus is up to 95.7% and 93.4% 
respectively. Besides, the mechanical strength and ductility of the composite films 
are able to meet the requirements for food packaging application. Furthermore, 
another composite films were prepared by loading the carvacrol nanoemulsions 
(CA-NEs) into the carboxymethyl chitosan films that were self-crosslinked (Lei 
et al. 2019). CA-NEs/carboxymethyl chitosan composite films are potential materi-
als for active packaging, as the films are able to extend the shelf life of wheat bread, 
besides of having good antibacterial activity against Staphylococcus aureus and 
Escherichia coli, as well as antioxidant activity.

The crosslinked chitosan-based films can also blend with biopolymers. Genipin- 
crosslinked chitosan was blended with poly(ethylene oxide) (PEO) to produce films 
that have improved stability and mechanical properties, including elasticity (Jin 
et al. 2004). Besides, the films were insoluble in acidic and alkaline solutions. It is 
also found out that the swelling characteristics of the films in these aqueous media 
were pH and temperature dependence. As compared to the uncrosslinked chitosan/
PEO films, the crosslinking of genipin allowed the films to be more hydrophobic. In 

Fig. 21.9 Proposed formation mechanism of chitosan/ε-PL bionanocomposite films. (Source: Wu 
et al. 2019b)
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another study, the pH and temperature also affecting the swelling characteristics of 
the genipin-crosslinked chitosan films that blended with poly(vinyl pyrrolidone) 
(PVP) (Khurma et al. 2005). Poly(vinyl alcohol) (PVA) is another biopolymer that 
blended with chitosan-based films to produce potential materials for food packaging 
application (Wu et al. 2018). It is found out that the physical crosslinking occurred 
through the interchain hydrogen bonding between the carbonyl group of chitosan 
and hydroxyl group of PVA, which had high compatibility. The optimum composi-
tion of chitosan and PVA is 60 wt% chitosan and 40 wt% PVA, where the blending 
with this composition are able to against the bacterial adhesion and inhibit the bio-
film formation against Pseudomonas aeruginosa PAO1. Thus, chitosan/PVA 
blended films can become the potential food packaging materials due to the antimi-
crobial and biofilm inhibiting properties.

There are also studies that involved both grafting and crosslinking method to 
produce chitosan-based films with desired properties for food packaging applica-
tion. In order to overcome the limitations of chitosan films in terms of antioxidant 
activity and stability in acidic media, chitosan-based films were grafted with caffeic 
acid and crosslinked with genipin (Nunes et  al. 2013). Compared to the pristine 
film, genipin-crosslinked-caffeic acid-g-chitosan films exhibited higher antioxidant 
activity up to 80%, and the films have higher stability in acidic condition as the total 
mass loss after seven days immersion was only 11%. Meanwhile, the surface wet-
tability, mechanical properties and thermal stability of the films were maintained 
after grafting and crosslinking. Genipin resulted in decreasing of solubility in acidic 
medium, while caffeic acid improved the antioxidant activity (Coimbra et al. 2012). 
Besides of caffeic acid, the genipin-crosslinked chitosan- based films were grafted 
with the phenolic compounds from red wine (Nunes et al. 2015). The phenolic com-
pounds found in red wine are anthocyanins, proanthocyanidins, monomeric cate-
chins, and phenolic acids, which they have strong antioxidant properties generally. 
Similar to the previous studies, the addition of genipin as crosslinking agent is able 
to increase the film stability in wide range of pH. Hence, these films are potential 
active packaging material for food preservation and enhance the shelf life of food 
products.

Furthermore, a novel active blend films were prepared, by firstly grafted the 
chitosan- based films with gallic acid, then crosslinked with PVA and incorporated 
citric acid as plastisizer (Yoon et al. 2017). It is found out that light-emitting diode- 
ultraviolet (LED-UV) irradiation able to strengthen the cross-linkage between gallic 
acid-g-chitosan and PVA, which led to higher tensile strength, but lower elongation 
at break, degree of solubility and swelling behaviour as compared to the films with-
out LED-UV irradiation exposure. However, the water vapour absorption increased 
because of the changes of pore volume and roughness of surface. The optimum gal-
lic acid-g-chitosan to PVA mass ratio is 1:1 in the blend films for the highest anti-
microbial activity against Gram-negative bacteria (Escherichia coli and Salmonella 
typhimurium) and Gram-positive bacteria (Staphylococcus aureus and Bacillus 
cereus). Table 21.2 shows the recent studies of chitosan-based materials that are 
crosslinked to achieve the desired properties for the food packaging applications.
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21.4  Addition of Nanofillers

Besides grafting and crosslinking, chitosan has been incorporated with different 
nanofillers to obtain modified packaging materials with improved mechanical and 
barrier properties. Nanometric materials such as nanoclay (Bourakadi et al. 2019; 
Dias et al. 2019), titanium dioxide (TiO2) nanoparticle (Zhang et al. 2019b), gra-
phene oxide (Barra et al. 2019), carbon nanotubes (Bibi et al. 2018), nanocellulose 
and metal nanoparticles have been successfully incorporated in biopolymer-based 
films, resulting in packaging materials with good mechanical properties and 
advanced characteristics. Table 21.3 presents some recent studies on the impact of 
nanofillers on functional properties of chitosan films. The inorganic fillers improved 
the rigidity, dimensional stability and thermal stability of the film. In order to extend 
the functionality of chitosan film, organic or inorganic materials were also added 
together with the reinforcement fillers.

Montmorillonite (MMT) is among the most often used nanoclay because of its 
natural abundance and low cost. The unique properties such as good adsorption 
ability, high cation exchange capacity, swelling capacity and large specific surface 
area attracted the use of nanoclay in active and smart packaging application. The 
Young’s modulus and tensile strength of chitosan film increased from 66.98 to 
143.43 MPa and from 24.95 to 34.65 MPa, respectively with incorporation of 5 phr 
modified MMT with thiabendazolium surfactants into the chitosan/PVA matrix 
(Bourakadi et al. 2019). The enhancement in mechanical properties were due to the 
strong interaction and good dispersion of thiabendazolium-MMT within the poly-
mer chains. Dias et al. (2019) reported that the incorporation of MMT resulted in 
water vapour transmission rate reduction and provided a controlled release of 
tocopherol to inhibit oxidation reactions of salmon until 8 days. Mesoporous silica 
nanoparticle reported to be effective in controlling the release of curcumin (Wu 
et al. 2019a). The bio-nanocomposites film exhibited sustained release behaviour of 
curcumin and demonstrated efficient antimicrobial activity against Staphylococcus 
aureus and Escherichia coli.

Cellulose is the most abundant biopolymer on earth that can be found in plant or 
produced by bacteria, algae and marine tunicates. Salari et al. (2018) obtained cel-
lulose nanocrystals from bacterial synthesized by Gluconacetobacter xylinus in the 
molasses medium. It was found that the incorporation of bacterial cellulose nano-
crystals and silver nanoparticles into chitosan films significantly influenced the 
apparent colour and transparency of the films. In addition, sensibility to water, water 
vapor permeability and mechanical properties were also greatly improved with the 
incorporation of the fillers.

Numerous researches reported on modification of cellulose nanocrystals and 
nanoparticles with addition of active ingredients to extend the functionality of chi-
tosan film (Xu, et al. 2019; Zhang et al. 2019; Qin et al. 2019). Xylooligosaccharides, 
N-Halamine, anthocyanin-rich purple corn extract and anthocyanin-rich black plum 
peel extract are amongst that were incorporated together with nanofillers to provide 
prebiotic, antimicrobial and antioxidant properties.

21 Functional Chitosan-Based Composites for Potential Application in Food Industry
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Carbon-based nanofillers have gained attention due to their properties which 
include excellent mechanical properties and substantial electron mobility. Graphene, 
in comparison to other carbon-based nanomaterials, is characterized by a larger 
surface area that could facilitate interactions with the polymer matrix. Graphene 
oxide (GO) is the most promising nanofiller because it has lower tendency to 
agglomerate than pristine graphene. The chemical functionalization of (GO) leads 
to its modification and thus has very good mechanical, physical, electrical, and ther-
mal properties, which makes it an attractive nanofiller in biopolymer films.

Recently there have been few reports on the incorporation of carbon-based nano-
filler with chitosan for food packaging application (Barra et al. 2019; Grande et al. 
2017; Zhang et al. 2018). Table 21.4 summarizes the properties of chitosan filled 
carbon-based nanofiller. The effect of carbon-based nanofillers on the chitosan 
matrix or film has been highlighted. Barra et al. (2019) highlighted that the eco- 
friendly bio-nanocomposite films from (GO) and chitosan present remarkable high 
antioxidant properties, good electrical and mechanical properties, making the mate-
rial suitable to be used in several applications, including food packaging. Grande 
et al. (2017) also reported that the incorporation of (GO) with chitosan has enhanced 
the mechanical and antimicrobial properties of the bio- nanocomposite films.

The performance of other carbon-based chitosan nanocomposite films was also 
reported. The use of carbon nanotube in chitosan has shown the improvement in 
mechanical, thermal and electrical properties (Bibi et  al. 2018). Mallakpour and 

Table 21.4 The properties of chitosan filled carbon-based nanofillers

Nanofillers
Biological 
properties Mechanical properties

Other Physical 
properties References

Graphene 
oxide (GO)

High antioxidant 
properties

Increase tensile strength Improve electrical 
conductivity, 
reduced water 
solubility

Barra et al. 
(2019)

Graphene 
oxide (GO)

Superior 
antimicrobials 
properties

Improve mechanical and 
thermal properties

Grande et al. 
(2017)

Graphene 
oxide (GO)

Improve 
antimicrobial 
properties

Increase tensile 
properties until 3% GO 
content
Improve thermal 
properties

Zhang et al. 
(2018).

Multi-walled 
carbon 
nanotube

Improvement of thermal 
stability

Mallakpour 
and Ezhieh 
(2017)

Carbon 
nanotubes

Enhancement of tensile 
strength (by up to 
~131%), elongation at 
break (by up to ~18%) 
and toughness (by up  
to 125%)
Improvement of thermal 
stability

Reduction of 
dielectric 
properties

Bibi et al. 
(2018)

J. F. Wong et al.
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Ezhieh (2017) also reported the improvement in thermal properties of chitosan film 
when multiwall carbon nanotubes were added into the chitosan matrix. The graphi-
cal illustration of nanofillers within the biopolymer matrix along with their func-
tional properties is presented in Fig. 21.11.

21.5  Conclusions and Future Perspectives

Chitosan is a natural biopolymer with several outstanding properties including non- 
toxic, biodegradable, antioxidant, antimicrobial and has film-forming ability. 
However, the industrial use of chitosan, particularly in food packaging applications, 
was limited by their poor mechanical and water or gas vapour barrier properties. 
Thus, functionalised chitosan films and chitosan-based composites have received 
much attention to enhance the properties of chitosan-based films, hoping this natu-
ral biodegradable polymer can replace conventional petroleum-based food packag-
ing materials and overcome the environmental issues. The amine functional groups 
in chitosan allows molecular entities modifications through cross-linking, grafting 
and nanofillers. Crosslinking of chitosan films using cross-linkers, such as genipin, 
capable in overcoming the weak physical properties of chitosan, namely swelling 
features, mechanical properties, stability in acidic and alkaline solutions, and water 
or gas permeability. On the other hand, grafting of chitosan with phenolic com-
pounds, hydrophobic agent or essential oils mainly enhanced the barrier properties, 
antioxidant and antibacterial activity of the films. Incorporation of nanofillers in 
chitosan films not only improved the mechanical and barrier properties, but also 
added electrical conductivity to the films for the use in in pack sterilization.  

Fig. 21.11 Schematic preparation of nanocomposite films and their functional properties. (Source: 
Jamróz et al. 2019)

21 Functional Chitosan-Based Composites for Potential Application in Food Industry
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The addition property of chitosan-based composite films extended its applications 
as active and intelligent food packaging materials.

To ensure the development of chitosan-based materials in food packaging appli-
cations, mechanical strength, gas and water barrier properties, as well as antimicro-
bial and antioxidant properties, ability to extend shelf life of food need to be further 
enhanced. Therefore, investigations on more chitosan derivatives and functional 
materials are necessary to meet the requirements of food packaging application. It 
is believed that nanotechnology will be able to play this role and the incorporation 
of different types of nanofillers (e.g. cellulose nanowhiskers, chitin nanowhiskers, 
synthetic wollastonite nanofibre) into the chitosan-based materials will be worth 
investigating. Besides incorporating nanofillers into the chitosan-based materials, 
blending with other biodegradable polymers (e.g. polyhydroxybutyrate, polycapro-
lactone) is also an option to produce new materials with desired properties for prac-
tical usage in food packaging applications.

Furthermore, the study on the toxicity of chitosan-based materials need to be 
performed to ensure safety while in contact with food, for further practical usage in 
food packaging application. The impacts of these materials toward the environment 
in the aspect of degradation should also be further investigated, to guarantee they 
are harmless to our environment. In addition, the mass production of chitosan-based 
materials at a more competitive cost is one of the issues that is yet to be resolved. 
With the modifications, chitosan-based materials will have a bright future in food 
packaging applications, replacing petroleum-based packaging materials.
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Chapter 22
Metal-Insulator-Metal as a Biosensing 
Platfrom

Amir Syahir Amir Hamzah

22.1  Introduction

Since late 50’s theoretical works concerning nanotechnology had begun to seed, 
however, it wasn’t until two decades later that the technology started to bloom out. 
This is due to the availability of sophisticated machinery studying nano-sized mater, 
like scanning tunneling microscope and atomic force microscopy. Today, more than 
half a century later, many versatile applications of nanobio-devices like sensors, 
plasmonic nanomaterials, meta-materials, and chemically or biologically control-
lable nano-structure, flooded the scientific communications. Underpinning the dis-
coveries and innovations is the advances in nanofabrication methodologies, which 
are the key for growth in many areas of nanobio- and bionano- science and technol-
ogy. Therefore, substantial researches focus on constructing novel functioning 
nanobio-sensor devices were made possible during recent decades. It is more so for 
biosensors that function best in nanostructure to quantify biomolecular abundance 
and interactions.

In the late 1960’s Economou published fundamental concept for electromagnetic 
wave penetrating multilayer thin films of metal-insulator-metal (MIM) (Economou 
1969). In the metal surface where free electrons are readily mobile called surface 
plasmon, the oscillations are shown to match the motion quantity of an incoming 
photon from a free space (illuminated light) towards the MIM. In contrast with what 
is known as Kretschmann configuration, where the match of resonant oscillation is 
found at only critical angle, the MIM can achieve resonance at even a normal inci-
dence angle. Such finding was sitting in dormancy until the advancement in nano-
fabrication has developed, thus sparked a series of applications such as in biosensing 
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technology, metamaterials; superlenses, optoelectronic; nanometer circuits, and 
also in plasmonic devices (Ogawa and Kimata 2018; Jiang et  al. 2019; Kong 
et al. 2017).

22.2  The Metal-Insulator-Metal (MIM) Nanostructure

In the MIM, only by changing a simple parameter of the nanostructure like the 
thickness of the sandwiched insulator layer, one can control surface plasmon that 
is excited in the MIM waveguides. The MIM surface plasmon can be excited with 
propagating light without using ATR geometry. Hence, unlike the attenuated 
total reflection ATR-based SPR, the resonance condition can be achieved in a 
simple reflection geometry even at normal incidence. Such properties have been 
applied to the enhancement of photoemission from the insulator layer. Besides, 
the MIM geometry exhibits less-propagated surface plasmon that would be a 
suitable condition for preparing a highly condensed label-free detection method 
such as in a biochip format (Syahir et al. 2012; Syahir et al. 2010). The thickness 
of sandwiched insulator (dielectric layer) is adjustable to produce the optimum 
phase of light to maximize the detection signal. This is because SP modes in 
MIM structures are radiative and tunable. Therefore, externally incident light can 
transmit through the structure and the transmitted light can be tuned by altering 
the thickness or the refractive index of the insulator layer, or by changing the 
illumination angle.

We demonstrate theoretical consideration of a metal-insulator-metal nanosand-
wich geometry to be utilized as a biosensing platform. Although we previously 
report the anomalous reflection (AR) of gold that required a semi-infinite gold thin 
layer (>150 nm) as practical label-free biosensing platform, we considered the used 
of alternative coinage materials other than gold (ex. Ag, Al and Cu). The calcula-
tions involve a simple transfer matrix technique consisting 5 layer; (1) ambient, (2) 
biolayer, (3) Top MIM layer, (4) middle MIM layer, and (5) bottom MIM layer. 
Total reflection coefficient, r, is calculated as  - T21/T22 from the components of 
matrix T.
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Here, tij and rij are the transmission and reflection coefficient of light radiation 
from layer i to layer j, and ϕi is phase in layer i. From the calculations, optimization 
of the materials and thicknesses that can be used in actual biosensing assembly can 
be done. Alternative materials other than gold for a biosensor platform reduce the 
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preparation cost drastically. Previously we had reduced the amount of gold used in 
anomalous reflection (AR) of gold technique, from 300 nm thinlayer to 30 nm thin-
layer when using metal-insulator-metal (MIM) geometry (Syahir et al. 2016; Syahir 
et al. 2009; Watanabe et al. 2007; Watanabe et al. 2005). We decided to change the 
semi-infinite material layer 5; 150 nm of Au to other coinage metals (Ag, Cu, or Al). 
Changing metals in MIM-based biosensor will cause major effect in the optical 
behavior, however, the whole MIM system can be tuned back by changing the thick-
ness of the insulator and the top-layer metal. It is important that the top layer of Au 
(30 nm) in MIM stays as it is, because of chemical stability and the established 
surface chemistry knowledge of Au compare to other metals.

The MIM structures in the format of; top layer metal---insulator---bottom layer 
metal listed below are considered; The calculated results were depicted into two 
form, (i) a 3-dimensional topography graph, and (ii) a contour plot graph. Upon 
1  nm biomolecular layer formation, ΔR, R0, and R0  - R1 values (z-axis in 
3- dimensional graph, and shown in tone color with a border-marker in contour plot 
graph) are plotted in percentage. For Au-PMMA-Au structure, Fig. 22.1(b) clearly 
shows improvement of the MIM detection signal, ΔR from less than 2% at (0, 0) 
coordinate that is gold only thinlayer, to more than 8% when using the MIM struc-
ture. The improvement is originated from the altered light phase that was produced 
as light passing through the top layer Au and the mid-layer insulator. In the results 
shown in Fig. 22.1(c) and 22.1(d), one can see that by lowering the R0 of the sub-
strate (in c), from around 40% to 10%, R0 - R1 decreases just scarcely (from 0.6% to 
0.2%). This made the signal larger as ΔR = R0 - R1 / R0. Here, one must not decreases 
the R0  - R1 into too close to 0%, because it will increase detection noise or even 
eliminate the detection signal.

Interestingly, if one changes the bottom layer of Au to other metals (Ag, Cu, Al), 
the enhancement effect can be found somewhere in the range of 50–80 nm insulator 
and 10–20 nm Au (top layer). In comparison to Au-MIM structure, the Ag-MIM, 
Cu-MIM, and Al-MIM require thicker Au (top layer, layer 3) thickness. The required 
thickness is 5–10  nm thicker than that of Au-MIM structure, in the manner of 
Ag-MIM > Al-MIM > Cu-MIM > Au-MIM. They can be compared at (b) section of 
Figs.  22.1, 22.2, 22.3, 22.4. As for the insulator layer (mid-layer, layer 4), the 
required thickness shifted about 10–20  nm thicker for Ag-MIM (Fig.  22.2) and 
Al-MIM (Fig.  22.3), compared to Au-MIM (Fig.  22.1) and Cu-MIM (Fig.  22.4) 
structures that require almost the same thickness.

The ΔR, R0, and R1/R0 profiles can be calculated for both in air (n1 = 1.0), and in 
water (n1  =  1.33) with the whole visible wavelength spectrum. In this case, the 
thickness parameters of d2 (Au) and d3 (insulator) are fixed after optimization is 
found. For example, the calculated R0, sensitivity, s, and mass resolution, σm, for d2 
(Au) = 15, 20, 25, and 30 nm are summarized in Table 22.1 for in-air calculation. 
The sensitivity is defined as a decreasing rate in reflectivity with respect to R0 upon 
adsorption of a biomolecular layer as layer 1 (1 nm thick and dielectric constant of 
2.25), namely s = 1-R1/R0. The mass resolution is calculated by σm = σ/s, assuming 
unity mass density of layer 1. Among samples tabulated in Table 22.1, Ag-MIM (25, 
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Fig. 22.1 The schematic drawing of the Au-MIM structure consists of Au (top layer, layer 3), 
insulator (mid-layer, layer 4) and a semi-infinite Au thinlayer (bottom layer, layer 5). A 3- dimesional 
graph with a contour plot of the MIM detection signal ΔR (b), bare substrate reflectivity R0 (c), and 
R0 minus the reflectivity when 1 nm bio-layer (n = 1.5) exist on the substrate surface R0 - R1 (d) are 
shown here. Values at the boundary are shown in %, while lamda = 470 nm
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Fig. 22.2 The schematic drawing of the Ag-MIM structure consists of Au (top layer, layer 3), 
insulator (mid-layer, layer 4) and a semi-infinite Ag thinlayer (bottom layer, layer 5). A 3- dimesional 
graph with a contour plot of the MIM detection signal ΔR (b), bare substrate reflectivity R0 (c), and 
R0 minus the reflectivity when 1 nm bio-layer (n = 1.5) exist on the substrate surface R0 - R1 (d) are 
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Fig. 22.3 The schematic drawing of the Cu-MIM structure consists of Au (top layer, layer 3), 
insulator (mid-layer, layer 4) and a semi-infinite Cu thinlayer (bottom layer, layer 5). A 3- dimesional 
graph with a contour plot of the MIM detection signal ΔR (b), bare substrate reflectivity R0 (c), and 
R0 minus the reflectivity when 1 nm bio-layer (n = 1.5) exist on the substrate surface R0 - R1 (d) are 
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Fig. 22.4 The schematic drawing of the Al-MIM structure consists of Au (top layer, layer 3), 
insulator (mid-layer, layer 4) and a semi-infinite Al thinlayer (bottom layer, layer 5). A 3- dimesional 
graph with a contour plot of the MIM detection signal ΔR (b), bare substrate reflectivity R0 (c), and 
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70), Ag-MIM (25, 90), Ag-MIM (30, 70), Ag-MIM (30, 90), are among those that 
have good mass resolution. Then, we had experimentally prepared the Ag-MIM 
substrates as described in experiment procedure below.

22.3  Biomolecules Immobilization

The MIM substrate is used as a solid support for protein/biomolecule detection 
platform. The use of Au thinlayer as the top layer for the MIM substrate made it 
easy to use the well-established gold surface chemistry to immobilized capturing 
agent or biomolecule of interest. There are several kinds of surface chemistry that 
could be utilized. One the most common methods using a self-assembled mono-
layer (SAM) molecules (Love et al. 2005). SAM can act as a biocompatible inter-
face as it typically has a long hydrocarbon chain (-CnHn  +  1, which n  =  6 to 18) 

Table 22.1 Theoretical reflectivity R0, calculated sensitivity s, measured error σ, and calculated 
mass resolution σm, of Ag-MIM substrate at their sensitive wavelength λ, in air

 d2(nm) d3(nm) R0(%) s (% nm-1) σ(%) σm (pg mm-2) λ(nm)

10 30 6.3 7.3 0.015 2.1 380
10 50 0 13.0 — — 415
a10 70 5.0 -6.5 0.017 -2.6 455
a10 90 26.3 -2.2 0.012 -5.5 500
10 120 50.2 -0.8 0.010 -12.5 580
15 30 10.0 -19.0 0.013 -0.7 380
15 50 3.2 5.0 0.020 4.0 440
15 70 0 4.9 — — 490
15 90 7.6 -4.5 0.014 -3.1 505
15 120 28.0 -1.8 0.012 -6.7 565
20 30 16.0 3.0 0.013 4.3 420
20 50 9.3 4.2 0.013 3.1 470
20 70 1.0 11.5 0.025 2.2 490
20 90 0.4 -14.9 0.050 -3.4 505
20 120 12.2 -2.8 0.013 -4.6 560
25 30 22.5 2.0 0.012 6.0 470
25 50 14.8 3.3 0.013 3.9 480
a25 70 5.1 5.4 0.017 3.1 495
a25 90 0.2 18.0 0.055 3.1 510
25 120 3.9 -6.0 0.018 -3.0 560
30 30 26.3 1.6 0.012 7.5 480
30 50 17.6 2.4 0.013 5.4 485
a30 70 10.2 3.2 0.013 4.1 495
a30 90 3.9 5.9 0.018 3.1 510
30 120 0 14.3 — — 555

A. S. A. Hamzah
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anchored with an active sulfide. The Au-S covalent bond formation is expected due 
to strong affinity (48 kcal/mol) of thiol group (-SH) towards gold surface. SAM 
molecule can have variety of ω-functional group that could be of interest to the 
researchers, depending on the immobilization purposes. As example maleimide 
functional group is used to anchor a cysteine ended designed peptide.

The measured signal in MIM measurement can be directly converted into a dry 
mass (mass that does not take hydration into account). For example, the height of 
SAM is typically not more than 2 nm thinfilm, but it can vary depending on the 
SAM molecules. In a MIM measurement involving SAM, one can assume the 100% 
coverage of the molecule. Therefore the surface density (number of molecule / 
mm2) can be calculated using the equation ΔRMIM•d / (5.7•Mw). Here, the density of 
the adsorbates, d, is set at 1 ng nm−1•mm2 for the convenience of the calculation 
process. In the case that 100% coverage assumption is not valid, e.g. protein adsorp-
tion, a maximum coverage has to be estimated first. The maximum amount of pro-
tein per unit surface area, M, (ng•mm−2) can be estimated by using the eq. M = 1014/
(π·r2)/(109NA/Mw), where r, Mw, and NA denote the radius (in Å), molecular weight 
of a molecule, and Avogadro’s number, respectively. The radius of a protein, r, can 
be estimated using r = 108(3Mw/4πdNA), where d corresponds to the density, which 
is a function of molecular weight and calculated to be 1.41–1.52 g•cm−3. It is under-
stood that 90% surface coverage of protein is considered as a full coverage of the 
two-dimensional surface area, considering a honeycomb- like arrangement model 
(Lahiri et al. 1999; Heyman et al. 2009).

22.4  Important Criteria for the Development of Biosensor

For development of the next generation biochip, certain criteria have to be met;

 i. Sensitivity: A biochip with label-free detection format is about how to visualize 
the target molecule, but without a visible label. In other word, the development 
in this particular field requires a highly sensitive method, so that it can distin-
guish a sub nm to nm order of molecular adsorption. Thus, it is not surprising 
that the most cited figure of merit for any biosensor is the sensitivity. However, 
there are several opinions that is universally acceptable to define sensitivity of 
biosensor. In includes limit of detection (LOD), resolution, and signal-to-noise 
(S/N) ratio. In most literatures, sensitivity is often associated with the LOD. The 
LOD can be determined by measuring the sensor response to a dilution series. 
It is defined as the smallest concentration at which the sensor response is clearly 
distinguishable (before the response reaches undistinguishable signal) (Haes 
et  al. 2005). Nevertheless, many researchers calculate a limit of detection as 
three times of standard deviation of the blank response, without actually dem-
onstrating reproducible detection at the stated concentration. Therefore it is nec-
essary for a particular author to clarify the definition used. On the other hand, 
another factor that should be given attention to is the sensor resolution. 
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Resolution is the smallest detectable change of a particular biosensor, defined as 
irreducible measurement noise divided by the slope of the response curve.

 ii. Linear dynamic range: The dynamic range is the ratio of the largest measurable 
target concentration and the limit of detection. If the sensor is to be used to 
quantify the target protein being immobilized, the linearity between sensor 
response and the range of measurable layer thickness is important.

 iii. Practicality: Practicality of a biosensor includes less sophisticated system, so 
that it is suitable for various conditions, and less labor needed. It also includes 
the issue of low in fabrication cost.

22.5  Conclusion and Future Remarks

The tracking of protein structural changes is a vital aspect towards understanding 
the fundamental of a molecular event. It is important that the measurement (if pos-
sible) be done under a label-free condition, in which the target protein is in a native 
state without any label attached to it. This is extremely challenging because label 
molecules are needed to access the molecular depth and therefore convey out the 
structural information. To this end, above presented the MIM biosensing platform is 
capable to measure changes at near-surface resulting molecular interactions, which 
have been observed using such technique. Moreover, the MIM nanosandwich struc-
ture has the potential to provide Fano resonance condition, which is a favorable for 
measuring sub-nm changes at near-surface with unprecedented spatial resolution, 
and broader dynamic range. This phenomenon arose from the interference of subra-
diant and superradiant plasmon modes. In the near future, this can be further manip-
ulated using structural symmetry breaking to produce molecular ruler. This will 
help to open new avenues towards understanding many protein biophysical features.
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microcrystalline cellulose, 374
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nanocelluloses (see Nanocelluloses)

lignocellulosic biomass, 372
plant, 372–373
sources, 371–372

Cellulose microfibrils (CMFs), 377
Cellulose nanocrystal (CNCs), 270, 376, 378
Cellulose nanofibers (CNFs), 270
Cellulose nanofibrils (CNFs), 

376–378, 380–382
Cement mortars, 94
Cement nanocomposites, 95
Central line-associated bloodstream infections 

(CLABSIs), 334
Centrifuged clay (CMMT), 92
Ceramic matrix composites (CMC)

performance, 37
Characterization of EC materials

DC magnetron sputtering, 221
electrochemical, 224
optical characterization, 224
physical characterization

cross-sectional morphology, 223
crystalline structure, X-ray diffraction, 

222, 223
film thickness, surface profilometry, 222
surface, 223

Chemical activation, 10
Chemical vapor deposition (CVD)

bamboo charcoal, 5
catalyst-assisted decomposition, 

hydrocarbons, 5
diamond, CNT and graphene, 11
growth temperature, 5
PECVD (see Plasma enhanced CVD 

(PECVD))
plasma enhanced, 5

Chitosan functionalization
crosslinking

2,3-dialdehyde cellulose (DAC), 443
aGSA, 441
citric acid, 445
CMC films, 440, 444
food packaging application, 446
genipin, 440, 441
glutaraldehyde (GL), 439
glycerol, 443
LED-UV irradiation, 446
LSE and NSE, 442
poly(ethylene oxide) (PEO), 444
PVA, 446
sodium alginate, 444
sodium hydroxide (NaOH), 440

food packaging application, 432–433
grafting, 435–439
hydroxyl groups and amine groups, 431
linear semi-crystalline polysaccharide, 431
nanofillers, 449–453

Chitosan-genipin films, 441
Chloro-trimethyl-silane (CTS), 275
Citrate-reduction technique, 237
Clay, 92

minerals, 92
MMT, 92

Climate change, 18
Cloisite commercial OMMT products, 101
CNT-based composite materials

arc discharge and laser ablation method, 5
CVD, 5
development, 6
hybrid materials, 6
hybrid nanocomposites, 6
MWCNT-epoxy composites, 6
quantity, 5
research and development, 4
supercapacitor applications, 7
waste plastic, 5

Colloid-imprinted mesoporous (CIM) 
carbon, 362

Colouration efficiency (CE), 219
Commercial bleached Kraft soft wood 

(BKSW), 402, 403
Compatibilizers, 188
Composite coatings

bio-based polymers, 399
biodegradable composites, 408–409
biodegradable polymers (see 

Biodegradable polymers)
casing films, 408–409
composite preparation, 403
DSC, 404
fibers’ morphology, 404
fibre preparation, 402
materials, 402
sample obtaining, 403
sustainable materials and processes, 400
TGA, 404

Composite for medical devices, see Polymer- 
based composites

Composite materials
fibers

aramid, 208
basalt, 209
carbon, 208
glass, 208
hybrid composites, 209
natural, 209
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Composite materials (cont.)
fire environment, 149, 151–155, 164
high temperature, 149
matrix material, 91
nano-engineered polymers, 210
physical/chemical properties, 207
polymer-based, 91
rotor blades, 208
thermoplastics, 210
thermosets, 209

Composite materials in fire
chemical processes, 150
composite laminates, 150
failure modes, 150
fire reaction and resistance 

capability, 151–153
fire reaction properties, 150
fire resistive properties, 151
fire scenarios, 149, 150
organic matrix, 149
physical processes, 150
post-fire behaviour, 161–163
protection system, 164
reaction processes, laminates, 151
simultaneous loading, 153
structural fire behaviour

behaviour, composites, 157
compressive structural integrity, 

155, 156
failure, 156, 157
full-scale fire test, 156
glass/polyester laminate, 161
mechanical responses, 155
sandwich composites, 157, 158
softening processes, 157
temperature and compressive 

strength, 156
tensile loading, 158–160
thermal-mechanical models, 155–157

structural properties, 150
thermal process, 150
thermal response, 153–155

Composites
Airbus A380 aeroplane, 36
CFRP (see Carbon fibre reinforced plastic/

polymer (CFRP))
characteristics, 36
CNT-based materials (see CNT-based 

composite materials)
development, 4
formation, 4
groups, 37
high-tech industries, 35
macrocomposites, 3

modern manufacturing industries, 36
nanocomposites, 3
structures, 149
types, 36

Composites properties, 210
Composition materials, 207
Compound annual growth rate (CAGR), 370
Cone calorimeter, 128, 130
Covalent functionalization, 69, 73
C reactive Protein tests (CRP), 289–290
Cure characterization studies, GNP, 76–80
Cyclic voltammetry (CV) test, 224, 249

D
Delamination mechanisms, 47
Density functional theory (DFT), 259
Deposition-participation method, 237
Diamond-like carbon (DLC), 11, 13
Differential pulse voltammograms (DPV), 258
Differential scanning calorimetry (DSC), 404
Discontinuous chips, 42
Dopamine (DA), 259
Doubly-fed asynchronous generators, 207
Drilling composite materials, 43
Drug delivery system (DDS), 277, 278

E
EC oxides, 219

anodic colouration, 218, 219
cathodic colouration, 218
CE, 219
electrochromism, 218
“rocking chair”, 219
smart window, 219

Eco-friendly materials, 178
E-glass fibre-reinforced epoxy composites, 39
Elastomer, 69
Elastomeric blends, NR, 70
Electric field stimulated polymer-based 

materials, 7
Electrical conductivity, 235
Electrical discharge machining (EDM), 50
Electricity generation, 210
Electrocatalysis, 252, 253
Electrochemical double layer capacitor 

(EDLC), 249
Electrochromic (EC) devices

automation, 214
characterization (see Characterization of 

EC materials)
coating technique, 217
conventional materials, 215
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EC oxides, 218–220
electrochemical reaction, 216
electrochromic windows, classification, 

215, 216
electrochromism, 214
electrolyte, 216
energy efficiency, 214
energy savings, 214
fossil fuels, 214
generic five-layer, 216, 217
ion conductor, 220
ion storage layer, 216
LSPR, 217
plasmon resonance, 217
plasmonic electrochromism, 215
plasmonic nanomaterials, 217
smart window, 214
sputtering, 217
statistical analysis, 213
TCO, 221
thin film electrical battery, 216
total energy production, 214
transparent conductor layers, 216
unsustainable resources, 214
windows, 214

Electrochromic thin films
implementation, 226, 227
nanocomposite electrolyte, 225, 226
nanostructure designs, 224, 226

Electrochromism, 214, 218, 226, 227
Electro-deposition

barium chloride and carbonate, 19
carbonaceous materials, 19
electrolysis, 20, 21
molten salt electrolyte, 19
process temperature, 20
solid carbon via electrolysis, 21

Electrolysis, 21
alkali metal ions, 19
application of carbon, 22
carbon deposition, 19
deposition of carbon, 22
electrical energy, 21
electro-deposition, 22
electrolytic generated carbon, 19
molten salt electrolytes, 19
nano-sized carbon particles, 21

Electronspinning, 304
Energy savings, 214
Energy shortage, 232
Energy storage, 245, 247, 249, 250
Environmental pollution, 232
Epigallocatechin gallate (EGCG), 437
Epoxies, 38

Ethylene-propylene-diene-monomer 
(EPDM), 70

and NR, 70
European Food Safety Authority (EFSA), 392
Extracellular Matrix (ECM), 325

F
Fe2O3/g-C3N4 nanocomposites, 256
Fibers

aramid, 208
basalt, 209
carbon, 208
glass, 208
hybrid composites, 209
natural, 209

Fibre reinforced plastics, 169
Fibre reinforced polymers (FRP)

characteristics, 36
fibres, 37
mechanical machining (see Mechanical 

machining, FRP)
strength, 37
types, 38

Fibre-reinforced composites, 37
Field Emission Scanning Electron Micrograph 

(FESEM), 72
Film stacking, 188
Fire damage, 162
Fire performance, 149
Fire protection, composite materials, 164
Fire reaction

burn-through resistance and mechanical 
integrity, 152

definition, 151
fire resistance, 152
flame spread rate, 152
heat release rate, 152
ignition time, 152
oxygen index, 152
properties, 151, 152
resistance to fire, 152
simultaneous heating and loading, 153
smoke density and gas toxicity, 152
time-to-ignition, 152

Fireproof rigid polyurethane foams
GFf application

heat flux application, 136
medium-sized fire simulation, 135–138
polyol and isocyanate mixture, 134
procedure, 134
PUR with GFf, 134, 135
small-sized fire simulation, 135, 139–141
thermogravimetric analysis, 135, 136
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Fireproof rigid polyurethane foams (cont.)
IFR application

APP, 125
char structure, 133
CO2 emissions, 131–133
compressive strength, 126
compressive strength and thermal 

conductivity, 125
cone calorimeter, 128, 130
decomposition processes, 127
density of foam, 126
HRR, 129
laboratory-scale batch process, 125
NO emission, 133
PHRR, 131
polyol/IFR and isocyanate, 125
PUR and IFR, 128
rising of foam, 125
SEM, 127
smoke and CO emissions, 131, 132
thermal conductivity, 127
thermal degradation, 127
thermogravimetric analysis, 129

laboratory-scale batch process, 134
Flame retardancy

calcite, clay and fly ash, 119
environmentally-friendly flame 

retardants, 119
fGO, 119
fluidized bed combustion fly ash, 120
halogen, 117
HPHPCP, 117
hydrotalcite effects, 119
imide and oxazolidinone, 118
intumescent flame retardant systems, 119
LOI, 118
magnesium hydroxide and aluminum 

hydroxide additions, 120
micro calorimetry test, 119
multi-walled carbon nanotubes, 120
nanoscale titanium dioxide, 120
non-reactive flame retardants, 117
PTDA and e-DOPO, 118
reactive flame retardants, 117
retardant materials and fillers, 116
RP, 118
silica aerogels, 120
solid phase combustion, 116
TCPP and MAF, 118
TDHTPP, 118
thermal decomposition, 116
Zn-AMP, 118

Foamed titania-carbon nitride (FTCN), 241

Food and drug Administration (FDA), 392
Food packaging, 418–420, 427
Food safety, 388, 395
Fossil fuels, 202
Fourier Transform Infrared (FTIR), 374, 375
Fourier-transform infra-red (FTIR) 

spectroscopy, 72
Freeze-thaw cycling method, 180
Functionalized graphene oxide (fGO), 119
Functionally graded materials (FGM), 7

G
Gas sensors, 255–257
g-C3N4/ZnO (CNZ), 256
g-C3N4-LaNiO3 (CNL), 252, 253
Gear box, 206, 207
Gedser wind turbine, 204
General Recognized as Safe (GRAS), 423
Genipin-crosslinked chitosan, 444
Glass fiber fabric (GFf) application

glass fiber fabric, 134
heat flux application, 136
medium-sized fire simulation, 135–138
polyol and isocyanate mixture, 134
PUR with GFf, 134, 135
small-sized fire simulation, 135, 139–141
thermogravimetric analysis, 135, 136

Glass fibers, 208
Glass-Fibre Reinforced Plastics (GFRP), 38
Glassy carbon electrode (GCE), 258
Graphenated CNTs (g-CNTs), 15
Graphene, 210
Graphene-based composite materials

bottom-up approach, 8
CVD process, 9
GOs, 9
on glass slide, 9
and graphene hybrid materials, 9
growth, 9
isolation, 8
oxide-based composites, 9
preparation, 8
production, 9
separation, 8
sheets, 8
solvent-phase exfoliation process, 8
top-down approach, 8

Graphene nanoplatelets (GNP), 70
ATPS-dehydration, 71
characterizations, 73–75
comparison, mechanical properties, 85, 86
cure characterization studies, 76–80
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description, 68
dispersion, 68
dynamic mechanical thermal analysis, 

72, 84, 85
mechanical properties, 80–83
monolayer graphene, 68
non-covalent functionalization, 69
NR/EPDM rubber blend, preparation, 71
PEI-adsorption, 71, 75
properties, 68
reinforcement, in polymeric matrix, 68
surface modification, 68, 69
tensile tests, 72
unmodified and APTS- and PEI-modified 

GNP, 72, 73
vulcanizate NR/EPDM based 

nanocomposites, 72
Graphene oxide (GO), 9, 16, 18, 182
Graphene quantum dots (GQDs), 18
Graphitic carbon nitride (g-C3N4)

application (see Applications of g-C3N4)
carbon, 235
characteristics, 232, 233
composites, 234
electronic band structure, 233
history, 232, 233
metal-oxides (see Metal oxides/g-C3N4 

composites)
metals composites, 236, 237
multifarious applications, 232, 233
photocatalytic degradation 

mechanism, 233–234
thermal treatment, 233, 234

Green composite materials
advantages, 169
application

aerospace and military industries, 184
agro based materials, 183
automotive anti-roll bar, 184
automotive application, 183
commercialization, 183
innovative design approach, 184
market application, 183
MAS laminate, 184
natural fibres, 183
R&D and commercialization 

purpose, 183
description, 169
eco-friendly material, 178
formulation, 170, 171
hybrid (see Hybrid green composite 

materials)
limitations, 170

manufacturing process (see Manufacturing 
process, green composite materials)

matrix, 173, 174
mechanical properties, 185–188
natural resources, 169
reinforcement and matrices, 171
reinforcement material, 171–173
research opportunity, 193
using nanomaterials, 181, 182
using recycled polymer matrix, 179, 180

Green technology, 227
Greenhouse gases, 213

H
Healthcare-associated infections (HAIs), 

333, 334
Heat deflection temperature (HDT), 401
Heat release rate (HRR), 129, 131
Heat treatment, 10–12
Hexa-(phosphite-hydroxyl-methyl-phenoxyl)-

cyclotriphosphazene 
(HPHPCP), 117

High Speed Steel (HSS), 48, 52
High-speed shaft, 207
High-temperature resin, 149
Hybrid composite

scaffolds (see Bone scaffolds)
Hybrid green composite materials

BVWS green composites, 177
development from natural resources, 

178, 179
Grewia optiva/Bauhinia vahlii fibre 

reinforced epoxy composites, 177
hybrid reinforcement, 176
hybrid sisal:luffa fibre loadings, 176
hybridization method, 175
intralaminar, 176
jute fibre loadings, 176
kenaf and jute fibres, 178
laminate stacking sequence, 177
natural fibres, 176
thermoplastic matrix, 177

Hybridization method, 175
Hydrophilic clay, 102
Hydrothermal carbonization (HTC), 15, 16, 18
Hydroxyapatite (HA) based composite

biomedical applications, 300
bone regeneration (see Bone regeneration)
carbonaceous, 300, 302–303, 314
characterization techniques, 312–307
hybrid, 303–304
metal matrix, 301
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Hydroxyapatite (HA) based composite (cont.)
polymer matrix, 301–302
scaffolds, 312, 313
synthesis and fabrication approaches, 

299, 304–306
Hydroxypropyl methylcellulose (HPMC), 388

I
Indium tin oxide (ITO), 216
Indoor comfort, 213
Inorganic materials, 67
Inorganic nanofillers, 67
Inorganic nanoparticles, 4
In situ polymerization, 98
Insulin growth factor (IGF), 323
Intumescent coatings, 164
Intumescent flame retardants (IFRs)

APP and PER, 120
components, 120
compressive strength, foams, 124
compressive tests, 123
fillers, 119
fire resistance, PUR, 121
fire retardant mechanism, 121
foam rising, 121, 122
insulator and mass transfer barrier, 121
laboratory-scale batch process, 125
mechanism, 122
PUR, 121
ratio of APP to PER, 121
thermal conductivity, 123, 124

Ion conductor, 220
Ion-selective electrodes (ISEs), see All-solid- 

state ISEs (AS-ISEs)
Ion-selective membrane (ISM), 352, 353, 356, 

357, 359, 363
all-solid-state transducers, 363
conductive polymers, 358–361
ionic additives, 357–358
ionophores, 354–355
nanomaterials, 358, 362
plasticizer, 355–357

Isophthalic polyester, 174

J
JCDPS-International Centre for Diffraction 

Data (ICDD), 222

K
Kevlar fibres, 48
Kevlar-Fibre Reinforced Plastics 

(KFRP), 38, 48

L
Label-free detection method, 460
Lamination frequency, 43
Laser ablation method, 5
Limited oxygen index (LOI), 118
Linear Elastic Fracture Mechanics (LEFM), 43
Liquid electrolytes, 220
Lithium ion batteries (LIBs), 247, 249
Lithium-oxygen (Li-O2), 252
Localized surface plasmon resonances 

(LSPR), 217
Loss modulus (E”), 84
Low-clinker slag cement mortar, 95
Low-speed shaft, 207

M
Maleic anhydride polypropylene (MAPP), 186
Manufacturing process, 39
Manufacturing process, green composite 

materials
hand layup method, 190
injection moulding machine, 189
kenaf fibre, 190
layering sequences, kenaf fibre and 

Kevlar, 191
molten polymer, 189
polymer, 188
production, 188
production costs, 189
rapid prototyping, 191
selection, manufacturing process, 189
SLS method, 189, 191, 192
synthetic polymer, 188

Matrix, 173, 174
Matrix materials, 4
Maximum curing time (tc90), 76
Mechanical machining, FRP

cutting mechanisms
axial force, 43
CFRP, 48
chip formation process, 43
chips, 41
chips with built-up edges, 42
continuous chips, 41, 42
damage, drilling composites, 46
delamination damage, 44
delamination mechanisms, 47
discontinuous chips, 42
drilling composite materials, 43
fibre orientation, 47
fibre orientation and cutting 

velocity, 48
GFRP, 48
KFRP, 48
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lamination frequency, 43
LEFM, 43
mechanisms of delamination, 46
metal machining, 45
oblique cutting, 40, 41
orthogonal cutting, 40
push-out delamination, 46
spatial and temporal temperature 

gradients, 46
thermal energy, 46
tool materials, 45
tool produces, 40
torque mechanism, 44, 45
unidirectional laminates/composites, 47

cutting, CFRPs, 39
damage to FRP

circumferential up-cut milling 
process, 52

conventional carbide drills, 51
cutting parameters, 54
delamination, 54, 55
diamond and carbide drill bits, 52
drilling operations, 54
drilling, CFRP composites, 51
fibre orientations, 52
hole chip evacuation, 55
horizontal cutting force, 52
input variables, 50
thermo-mechanical load, 53
thrust force, 52
tool life and hole quality, 51
twist drill bits, 51
uncoated tools, 51
vertical force, 52
workpiece damage, 54

drilling tools
brad point drill bit, 49
cutting and chisel edges, 50
diamond tooling, 50
drill bit geometries, 49
EDM, 50
PCD, 50
saw drill bit, 49
step drill bit, 48
tool materials, 48
typical drill bits, 48

machinability, 39
tungsten carbide, 48

Mechanical properties, green composite 
materials

aligned natural fibres, 187
alkali treatment, 186
BFRP and BGRP composites, 186
bio-based products, 187

chemical modifications, 187
coating bamboo fibres, 185
compatibilization, 188
EFB composites, 186
isocyanates, 187
kenaf–PLA composites, 187
low-temperature plasma treatments, 186
MAPP, 186
mechanical tests, 185
mercerization, 186
parameters, 185
polypropylene (PP), 185
PU/PDSP films, 185
starch-based plastic mixtures, 185

Mechanical properties, nC
epoxy/MMT composites, 99, 100
exfoliated structure, 98
factors, 92
insertion of nCs, 106
loading of nC, 94–95
optimum enhancement, 98
size of the particles, 92

Melt intercalation, 98
Mercerization, 186
Metal cutting theory, 45
Metal hydroxides, 117
Metal-insulator-metal (MIM)

biomolecules immobilization, 466–467
biosensor, 467–468
Kretschmann configuration, 459
nanobio-devices, 459
nanostructure

Ag-MIM substrates, 466
Al-MIM structure, 465
ATR-based SPR, 460
Au-MIM structure, 461–463
biochip, 460
biosensor platform, 460
Cu-MIM structure, 464
nanosandwich geometry, 460

Metal machining, 45
Metal matrix composites (MMC), 270

continuous fibres, 37
strength vs. stiffness, 37

Metal nanoparticles, 426, 427
Metal oxide nanoparticle (MNPs), 334
Metal oxides-based gas sensors, 255
Metal oxides/g-C3N4 composites

α-Fe2O3, 245
CuO, 245
FTCN, 241
MnO2, 246
NiO, 246
photocatalyst, 239
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Metal oxides/g-C3N4 composites (cont.)
synthesis methods, 246
TiO2, 240, 241
type-II heterojunction photocatalyst, 240
types, heterojunctions, 239
WO3, 243, 244
ZnO, 241, 242

Metals/g-C3N4 composites, 236, 237
Microwave plasma irradiation technique, 15
Modified aramid fiber (MAF), 118
Montmorillonite (MMT), 449

alkyl-ammonium modification, 101
and CMMT, 92
disc-like MMT nCs, 98
Na-MMT nC into epoxy 

nanocomposites, 102
Na-MMT reinforcements, 102
polymeric composites, 92
use, OMMT, 104
with octadecyl amine, 102

Multicriteria design making tools, 184
Multilayered Armor Systems (MAS), 184
Multi-walled carbon nanotubes 

(MWCNTs), 5, 182
TEM image, 6

N
Na+ montmorillonite (MMT) nanoclay, 182
Nacelle, 205
Nanobio-science and technology, 459
Nanocellulose-based composites

active packaging, 381–382
cellulose (see Cellulose)
edible coating, 382–383
food additives and stabilizers, 379–380
functional food ingredients, 380–381
renewable and sustainable resources, 369

Nanocelluloses, 375–376
Nanoclay (nC)

adhesive properties, 98
agglomerations, 97
aluminosilicate layers, 95
aluminosilicates, 93
application, green composites, 181
bentonite reinforced biocomposites, 97
cement matrix, 93
clay modifier, 101
composite structures, 98
direct mixing, 100
disc-like MMT, 98
effect, 103
epoxy composite, 104
fabricated polypropylene/wood flour 

composites, 93

fabrication methods, 98
grouping, clay fillers, 96
halloysite nC reinforcements, 103
in situ-polymerization, 99
ion exchange reactions, 91
kaolin nC, 97
matrix, 104, 106
mechanical properties (see Mechanical 

properties, nC)
melted intercalation process, 100
minerals, 95
MMT, 182
modification, 100
nanosized particles, 93
OMMT, 101, 102, 104
organoclay contented composites, 105
packaging materials, 92
particles arrangement, 96
platelet, 96
polymer composite, 93
porosity, 104
reinforced polymer composites, 99
rod-like nCs, 97
solvent intercalation process, 99
tensile modulus, 93
tetrahedron arrangements, 95
thermoset polymer/nC composites, 99
type, 93
waste polymer treatment, 105

Nanocomposite films
antimicrobial activity (see Antimicrobial 

activity)
food packaging (see Food packaging)

Nanocomposite materials
barrier resistance, 390
challenges, 391–392
definition, 388
food packaging, 389
nanotechnology (see Nanotechnology)
preservation/shelf-life, 391
safety assessment, 392–395
traceability and authenticity, 390

Nanocomposites
composite materials, 3
inorganic nanoparticles, 4
polymer, 6

Nano-engineered polymers, 210
Nanofiber-based composite

air jet spinning, 273, 274
biomedical applications

DDS, 277, 278
gene delivery, 278–279
tissue engineering (see Tissue 

engineering)
centrifugal spinning technique, 274
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classification, 270
electrospinning, 271–273
nano-scale fibres, 269
phase separation, 276
self-assembly technique, 275
template synthesis, 274–275

Nanofiller dispersion, 67
Nanomaterials, 390–394

green composite materials, 181, 182
Nano-modified polymers, 210
Nanoparticles (NPs), 388
Nanoparticles rubber composites, 67
Nanotechnology, 232, 283, 294, 295, 

387–392, 395
Natural biopolymer, 369
Natural fibres, 209

acetylation, 187
advantages, 173
aligned, 187
alkali-treatment process, 177
as reinforcement materials, 169, 176
hybrid natural fibres, 178
physical and mechanical properties, 173
plasma treatment in oxygen, 186
properties and quality, 173
resources, 172
synergetic combination, 176
thermoplastic polymers, 188
utilization, 183
wood fibres, 183

Natural fibre composites, 169
Natural fibre-thermoplastic pultrusion, 188
Natural resources, 169

agro based materials, 183
applications, 184
biopolymer, 175
commodity plant fibres, 172
formulation, green composites, 170
green composites formulation,  

170, 171
green composites matrices, 173, 174
green composites reinforcement 

material, 171–173
growth, green composites, 183
hybrid green composites, 178, 179
plant originated natural fibres, 172
reinforcement and matrices, 171
type, 172

Natural rubber (NR), 70
and EPDM synthetic rubber, 70
practical applications, 69

Near-infrared (NIR) radiation, 214
Net negative charge, 101
Nickel oxide (NiO), 257
Non-covalent functionalization, 68, 69

Non-crystalline materials, 222
Non-reactive flame retardants, 117

O
Oblique cutting, 40, 41
Octylphenol (OP), 257
Optical characterization, 224
Optical transmittance, 225
Organically MMT nC (OMMT), 101–103
Organically modified sepiolite (OSEP) 

reinforcements, 101
Orthogonal cutting, 40
Orthophthalic polyester, 174
Osteoconductive, 319
Osteoconductivity, 322
Osteoinductive, 319
Oxygen evolution reaction (OER), 235
Oxygen index, 152

P
Particle-reinforced composites, 37
Passive insulation, 164
Peak heat release rate (PHRR), 131
Pentaerythritol (PER)

as carbonific agent on fire resistance, 141
as carbonizing agent, 120
decomposition, 121
thermogravimetric analysis, 121

Perishable plastic, 412–413
Perishable polymers, 405–407
Personal protective equipment (PPE), 334
Photocatalysts, 254
Photocatalytic hydrogen generation, 254, 255
Plasma enhanced CVD (PECVD)

decomposition and carbonization, 12
DLC films, 11
field emission, 13
graphene-based materials, 14
microwave PECVD techniques, 12
plasma, 11
VG films, 14

Plasmon resonance, 217
Plasmonic electrochromism, 215, 224
Plasmonic nanoparticles, 217
Plasticity retention index (PFU), 70
Poly (glycolic acid) (PLGA), 326
Poly (lactic acid) (PLA), 326
Poly (lactic-co-glycolide) (PLGA), 326
Poly(e-caprolactone) (PCL)

nanoclay composite, 92
Poly(ethyleneimine) (PEI), 69
Poly(lactic acid) (PLA), 400
Poly(vinyl alcohol) (PVA), 446
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Polyaniline (PANI), 359–361
Polycrystalline diamond (PCD), 50
Polycrystalline materials, 222
Poly-d, l-lactic acid (PDLLA), 302
Polydimethylsiloxane (PDMS), 302
Polyester resins, 174
Polyether ether ketone (PEEK), 302
Polyethylene glycol (PEG), 302
Polyhydroxyalkanoate (PHAs), 175, 399
Polyhydroxybutyrate (PHB), 399
Polylactide acid (PLA), 175
Polymer-based composites

antimicrobial polymer composites, 
334, 336–339

biomedical field, 343–345
diverse, 336–340
drug delivery, 333, 336, 341–344
HAI (see Healthcare-associated 

infections (HAIs))
polymeric biomaterials, 340
synthetic polymers, 340, 341, 345

Polymer-based nanocomposites (NCs)
bioactive composite materials, 293–286
bioactivity assay, 286
biocompatibility assay, 286–290
biomedical applications, 284
greener and biodegradable polymers, 284
hemocompatibility assay, 290–285
nanotechnologies, 283
nosocomial infections, 284
safety assessment, 290, 295
toxicity of biodegradable, 294–292

Polymerization-depolymerization, 235, 236
Polymer in daily life

characteristics and application, 418, 419
importance, 417
monomer, 417
natural polymers, 417
polymer evolution, 418–419
synthetic polymers, 417

Polymers
base polymer, 69
CNTs, 5, 7
development, 4
macrocomposites, 3
matrix materials, 4
molecular size, 4
nanocomposites, 3, 4
VG structures, 14

Polypyrrole (PPy), 359
Polythiophene (PT), 361
Polyurethane (PU), 302

Polyurethane foams
flame retardant materials and inorganic 

fillers, 113
flammable materials, 113
ignition and combustion, 113
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superior properties, 113
use, 113

Polyvinyl alcohol (PVA), 302
Polyvinyl chloride (PVC), 174, 180
Polyvinyl pyrrolidone (PVP), 237
Polyvinylidene difluoride (PVDF), 302
Post-fire behaviour

composite materials, 161–163
Post-fire models, 162
Potassium boron hydride (KBH4), 237
Programmed Cell death (PCD), 425

Q
Quality assessment and evaluation, 

drilling process
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58–60
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R
Reactive insulation, 164
Reactive oxygen species (ROS), 336, 

420, 422–426
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Recycled synthetic polymers, 179, 180
Red phosphorus (RP), 118
Reinforcement length scale, 3
Reinforcing plastics, 37, 38
Renewable carbon-based resources, 5
Renewable energy, 204
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Rigid polyurethane foams (PUR)
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cell structure, 116
cell structure and thermal conductivity 

coefficients, 114
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