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Preface

Polymer is one of the main commercial products that have the greatest impact on

the global market. It can be easily synthesized to produce smart materials and the

production cost is also lower. However, the polymer is weak in properties. The

incorporation of nanomaterials can improve the polymer properties such as tensile

strength, impact and scratch resistance, electrical and thermal conductivity, thermal

stability, and fire resistance. Polymer nanocomposite is a multiphase solid poly-

meric material comprising a polymer matrix and a dispersive phase of nanofillers

with one, two, or three dimensions of less than 100 nm in scale. The nanocompo-

sites are finding growing applications in industries ranging from sports and leisure

to biological, renewable energy, electronics, marine, automotive, and defense. The

research developments in polymer nanocomposites for industrial applications are

increasing rapidly both in scientific advancement and industrial innovations due to

the concern of eco-friendliness, recyclability, and sustainability. Thus it is necessary

to focus on exploring the different aspects of polymer nanocomposites.

This book contains fundamental knowledge and recent advances in the area of

science, technology, and applications of advanced polymer nanocomposites.

Through contributions of eminent editors and recognized authors from around the

world, this book should be vital source material for academics, practitioners, and

researchers both in academia and industry. It covers a wide range of topics on prop-

erties of advanced polymer nanocomposites such as rheological, biological, electri-

cal, optical, and thermal; it also covers versatile applications of advanced polymer

nanocomposites, for example, automotive, building, biomedical, packaging,

defense, drug distribution, microelectronic devices, adhesives and coatings, energy,

and textiles. Lastly, it concludes with the scopes, challenges, and recycling of the

advanced polymer nanocomposites.

The editors are sincerely grateful to the authors worldwide including Australia,

Bangladesh, India, Italy, Lithuania, Malaysia, Morocco, New Zealand, Saudi

Arabia, Thailand, and United States for their scholarly contribution. Last but not

least, the editors like to thank the Elsevier team for their persistent assistance and

cooperation at every stage of this book production.

Md Enamul Hoque

Kumar Ramar

Ahmed Sharif

Editors
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1.1 Introduction

1.1.1 Polymers

Polymers are the organic materials favored by researchers and industries due to

their low-energy processing, ease of handling, high strength-to-weight ratio, and

potential recycling. The term “polymer” originated from a combination of “poly”

meaning many and “mer” meaning bonds. Hence, the organic compounds compris-

ing a large number of bonds centered around carbon atoms emerged as polymers.

Based on their structure, the polymers may be classified into three broad classes:

linear, branched, and cross-linked, depicted in Fig. 1.1.

The linear polymer, shown in Fig. 1.2A, consists of a long chain of linear bonds

between carbon atoms and the hydrogen and oxygen atoms or the methyl (CH3)

group primarily attached to the C-atoms. Branched polymers, shown in Fig. 1.2B,

have transverse branches of C-atoms in addition to the linear ones. The structure

expands in two dimensions. Cross-linked polymers, shown in Fig. 1.2C, form bonds

in three dimensions, primarily the C6H5 group.

Polymers are broadly classified into three classes, depicted in Fig. 1.3, i.e., ther-

moplastics (TP), elastomers, and thermosets (TS). The TP have a linear or branched

structure. The word “thermo” means heat, and “plastic” indicates the permanent

deformation under heat. Examples of TP include day-to-day plastic materials such

as bottles, polybags, disposable bags, and packing sheets. They have a low toler-

ance to temperature, and plastic deformation (flow) initiates as the temperature is

Figure 1.1 Classification of polymers based on molecular structure.
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increased. The elastomers are branched and have some degree of cross-linked struc-

tures, which makes them highly elastic and stretchable; examples include bouncing

balls, surgical gloves, and rubber. The third class of polymers is TS. As the name

suggests, “thermo” means heat, and “set” means settlement or hardness.

Contrary to TP, the TS start polymerization and a high degree of cross-linking in

response to the heat, making them harder and stiffer. A few examples of TS include

superglue, epoxy resins, and tires. The TP are completely recyclable while the TS

are not. The recyclability of elastomers lies in between the two.

Fig. 1.4 summarizes the most common manufacturing processes for polymers and raw

materials. Extrusion requires TP or TS as raw materials, and long and continuous pro-

ducts are manufactured from this process, for example, rods, bars, and channels of the

different cross sections. Primarily, TP are the widely used raw materials for extrusion.

The injection molding process employs both TP and elastomers as raw materials in a

closed mold process. It is suitable for the mass production of limited-sized products, for

example, plastic parts such as electric plugs, pens, bottle caps, mobile and laptop, parts of

appliances, etc. The blow molding produces hollow products and has a large volume and

surface area by inflating air during molding, hence, the term “blow molding” comes.

Examples of blow-molded products include tanks, plastic bottles, and jars. The casting

process provides for the production of complex shapes and profiles in open or closed

molds. The parts for machines, housings, casings, etc. which contain seats, sockets, fix-

tures, and assembly with other components are produced by casting. Thermoforming is a

secondary manufacturing process that shapes the products from a plastic sheet by heating

it and giving it shape by the pressure of air or vacuum. Products such as cups, glasses,

and plates are produced by thermoforming.

Figure 1.2 Structure of polymers: (A) linear, (B) branched, (C) cross-linked (open source).

Figure 1.3 Types of polymers.
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This process provides an option to engrave text, images, grooves, etc. into the

product using a preform over which the heated plastic sheet takes shape.

Thermoforming includes a great deal of wastage as some part of the sheet has to be

clamped and cut away during finishing. The vacuum forming process is also a sec-

ondary forming process where a plastic sheet is given the desired shape by heating

it and then creating a vacuum to provide it with the desired shape using a preform.

Vacuum forming is used to produce very thin cross-sectional products such as pack-

ing materials for machine parts. Calendaring is a continuous manufacturing process

in which a continuous supply of semisolid plastic is maintained through extrusion

or injection molding. This semisolid plastic material is rolled between rollers to

produce sheet stock of desired thickness and size, for example, curtains, polyvinyl

chloride flooring, sheets for inflatable toys, etc. The compression molding process

employs TS materials in the form of powder or resin. The raw material is given a

shape using a closed die, and then it is compressed under pressure and heated

simultaneously until it becomes stiff. High-strength components such as automobile

bumpers, bonnets, machine parts, and fixtures are made by compression molding.

1.1.2 Polymer matrix composites

To enhance the properties of the materials and impart contrasting features to a

material, composites are made. Polymer matrix composites (PMCs) include a more

extensive constituent called base or polymer added with reinforcements in the form

of particles, fibers, and whiskers in relatively smaller concentrations. A typical

example of PMC is fiber-reinforced plastic, a commonly used material for making

lightweight and high-strength structural and storage products. PMC exhibits

Figure 1.4 Manufacturing processes of polymers and raw materials used.
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enhancement of tensile strength, corrosion resistance, fracture toughness, coefficient

of thermal expansion, and thermal resistance. Several factors that affect the proper-

ties of PMC include interfacial adhesion, which should be strong irrespective of the

shape and size of the reinforcement. The shape, size, and orientation of the reinfor-

cements play a significant role in the isotropy and homogeneity of the PMC. The

shape of the reinforcement may be angular, cubic, spherical, platelet, or random.

The orientation may be aligned, longitudinal, transverse, inclined at a specific

angle, and arbitrary. The size may vary from microns to several centimeters. The

next important aspect is the property of the matrix itself. The matrix is expected to

accommodate the reinforcement favorably, providing appropriate space and adhe-

sion. TP and TS are two primary matrix materials out of which TS are easy to pro-

cess. The matrix’s significant properties that affect the overall properties of the

PMC include cost, chemical resistance, and stability, ease of handling and proces-

sing, low specific gravity, high strength, high elastic modulus, and high thermal sta-

bility and operating temperature.

The TP exhibit strong intramolecular bonds but weak intermolecular bonds.

They have low thermal stability and low tolerance to temperature and pressure. TS

exhibit strong intermolecular covalent bonds with a network or cross-linking.

Fig. 1.5 summarizes the standard processes used for making PMC. Large products

such as boat hulls, domes, tanks, and containers are made by the open mold pro-

cesses. Hand lay-up is a primitive unmechanized process where polymer and rein-

forcement layers are layered up in an open mold. This process can be mechanized

Figure 1.5 Manufacturing processes of polymer matrix composites.
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to reduce variability and increase speed by using the spray-up method. Vacuum

bagging is used to develop laminates. The automated tape-laying process is used to

produce large flat parts such as the wings of an aircraft [1].

Closed mold processes produce distinct components of restricted size. The com-

pression molding is used to develop high-strength parts by compressing a mixture

of polymer matrix and reinforcement, called charge, in a closed mold. The transfer

molding is a process executed in two steps. The uncured polymer is forced from

one part of the mold (pot) into the other part (cavity) under pressure. This is done

by indirectly applying the pressure and filling the cavity to preserve the intrinsic

and complex shape or profile of the product. The injection molding process to

develop polymers is extended and modified to develop the PMC by mixing the rein-

forcement during the melt supply for the injector or forcing the melt from the injec-

tor into a preform of reinforcement placed in a closed mold. The filament winding

process is widely preferred and more reliable in developing PMC with TS resin as

matrix and fibers are reinforcement. The products made from filament winding

have high strength, and the process can be accurately controlled. The pultrusion

process is similar to extrusion as it is a continuous process, while it is different

from extrusion as ‘protrusion is made from two words: “pull,” which means the

reinforcement impregnated with polymer is pulled rather than pushed as in the case

of extrusion, and “trusion” indicates a continuous process. This process is used for

developing PMC products of uniform cross section. The performing process is a

replica of pultrusion in which the reinforcement impregnated with polymer is pulled

out from one mold and put in a heated mold, where it is given shape and cured.

Contrary to pultrusion, pulforming is a semicontinuous process. High-strength pro-

ducts of variable cross sections, for example, leaf springs, are made by pulforming.

1.1.3 Types of fiber reinforcements for polymer matrix
composite

The reinforcements used in PMC include fibers, particulates, and whiskers. The par-

ticulates may be spherical or angular, usually derived from metals, alloys, or cera-

mics. The fibers offer a great variety, given in Fig. 1.6. Two broad classes of fiber

reinforcement include natural and synthetic fibers. Natural fibers may be derived

from animals or minerals, while synthetic fibers may be organic or inorganic [2].

Fibers are often cut into a specific size to obtain whickers. Whisker-reinforced

PMC enables the designers to develop functionalized PMC.

1.1.4 Properties of materials: a comparison

The PMC, in comparison to polymers, metals, alloys, and metal matrix composites

(MMCs), is given in Fig. 1.7. The fracture toughness increases with Young’s modulus

almost linearly. The properties of PMC are higher than the polymers and lower than

metal, alloys, and MMCs [3]. The ceramic matrix composites (CMCs) exhibit lower frac-

ture toughness. Young’s modulus-to-density ratio of the PMCs is higher than the MMCs
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and CMCs, making them the most preferred choice for lightweight applications [4]. The

MMC dominates other composites in creep resistance. Fig. 1.7 gives useful information

for the selection of materials and the design of composite systems.

1.1.5 Polymer nanocomposites

In order to enhance and refine the properties further, nanocomposites are developed.

Here the size of the reinforcement is reduced to the nanoscale, and its concentration

is reduced. In very small fractions, the nanoreinforcements produce a better result

than the macro- or microreinforcement. The nanoreinforcements increase the inter-

face between the polymer (matrix) and the reinforcement, enhancing mechanical

and tribological properties such as toughness and wear resistance [5]. Moreover,

nanofillers that exhibit good electrical and thermal conductivity, such as carbon

nanotubes (CNT) and nanoalumina particles, develop electrically conductive and

thermally stable polymers. Fig. 1.8 gives the general classification of PNC. Four

types of PNC are popular among researchers due to nanofillers’ compatibility with

the polymer matrix. These are CNTs, silver, silica, and clay-based PNCs.

1.1.6 Advantages of adding nanofillers to a polymer matrix

The structural advantages of adding nanofillers to the polymer matrix are depicted in

Fig. 1.9. Due to the nanofillers’ small size, they have a large surface area but compara-

tively small volume, resetting the surface phenomenon such as van der Waals forces and

surface tension to supersede density and gravitational force. Nanofillers’ surface energy

increases, resulting in a significant improvement in the mechanical and thermal properties

of the nanocomposite despite small loading. The nanofillers with a loading fraction of

Figure 1.6 Types of fiber reinforcements used in PMC [2]. PMC, polymer matrix

composite.
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Figure 1.7 Comparison of properties of Young’s modulus and fracture toughness of PMC

with other materials [4]. PMC, polymer matrix composite.

Figure 1.8 Classification of PNC. PNC, polymer nanocomposite.

9Fundamentals of polymer nanocomposites



less than 5% may render superior properties to the composites than what 20%�50%

fraction of macro- or microfillers. The polymer chain’s mobility, crystallinity, curing

response, and general chemistry are profoundly altered due to excellent interaction

between the nanofillers and the polymer matrix [6,7].

1.1.7 Problems associated with the addition of nanofillers

The nanofillers’ integration to the polymer matrix includes specific processing difficulties

and significant challenges such as agglomeration and density difference. Due to the large

surface area-to-volume ratio, the nanofillers have a large number of surface charges

resulting in agglomerations of the nanofillers in the polymer matrix, leading to chunks’

formation at several places in the matrix and some areas devoid of nanofillers.

Agglomeration results in nonhomogeneity and nonuniform distribution of the functional

properties throughout the matrix. To address the issue of agglomeration, the nanofillers

are functionally coated to suppress the surface charges before their addition to the poly-

mer matrix to keep them away from each other. The density of the nanofillers is minimal

compared to the matrix material. As a result, the nanofillers float or tend to move toward

the top in the matrix resulting in failed or uneven dispersion. Ideally, the nanofillers

should be uniformly dispersed in the polymer matrix before curing. The surface and

interface properties, such as frictional and adhesive forces, are incredibly critical at the

reinforcements’ smaller size. The problems associated with the polymer matrix include

incomplete melting of pellets leading to the formation of blebs during extrusion and

injection molding processes [8].

1.2 Materials

1.2.1 Matrix of polymer nanocomposites

The matrix material is a crucial choice to develop a more robust and reliable polymer

nanocomposite (PNC). The option of selecting appropriate matrix material includes TP,

TS, elastomer, or a blend of these [9]. The selection of the matrix materials or their blend

Figure 1.9 Advantages of nanofillers in a polymer matrix; r is the radius, l is length, and t is

thickness.

10 Advanced Polymer Nanocomposites



depends on the desirable properties, processing priorities, and nanofillers’ type and

amount. A few examples of the widely used TP polymer matrices include polythene

(PE), high-density polyethylene (HDPE), low-density polyethylene (LDPE), polypropyl-

ene (PP), polyetherimide, polylactic acid (PLA), polyether, polyacetal (PA), polypheny-

lene sulfide, polysulfone (PS), polyoxymethylene (POM), acrylonitrile butadiene styrene

(ABS), ethylene�propylene�diene�monomer (EPDM), polyvinylalcohol (PVA), and

ultrahigh-molecular-weight polyethylene (UHMWPE. [10]. The commonly used TS poly-

mer matrices are epoxy resins, urea, silicone, polyamide, melamine, phenolics, polyesters,

acetal polyamide 6 (PA6), epoxy resin DER 331 [11], hydroxyapatite (Ca5(OH)(PO4)3),

known as HA, epoxy resin and hardener (Jointmine 905�3 S) [12], rigid polyurethane

RPU60, flexible polyurethane FPU50 [13], Nylon 6 by FDM (3DP) [14], recycled poly-

ethylene terephthalate (PETr), etc. TS polymers decompose on heating instead of soften-

ing or melting.

1.2.2 Nanofillers for polymer matrix

Several nanofillers used to reinforce the TP and TS polymer matrix include multi-

layer graphene nanoplatelets (MLNGPs), multiwalled CNTs (MWCNTs), single-

walled CNTs (SWCNTs) or CNTs [15�17], graphene oxide (GO) [18�20],

nitrogen-doped graphitic carbon (NC), graphene nanosheets (GN), nanoalumina,

and nanoclay [21]. Fig. 1.10A presents a typical scanning electron microscopic

(SEM) pictures of nanoalumina [22], Fig. 1.10B illustrates a transmission electron

microscopic picture of MWCNTs produced using chemical vapor deposition [23],

and Fig. 1.10C gives the SEM picture of GN [24]. The CNT may be functionalized

or nonfunctionalized [25]. Nonfunctionalized CNTs refer to a single graphite sheet

with stacks of numerous SWCNTs, one in the other. Such CNTs exhibit inferior

interfacial collaboration with the matrix, limiting their reinforcement potential.

1.2.3 Exceptional properties of nanofillers

Fig. 1.11 presents the exceptional properties imparted to the polymer matrix by the

nanofillers. The small size of the nanofillers enables their loading in relatively small

Figure 1.10 Images of a few nanofillers. (A) SEM picture of nanoalumina [22]. (B) TEM

image of MWCNT [23]. (C) SEM image of graphene nanosheets [24]. MWCNT, multiwalled

carbon nanotube; SEM, scanning electron microscopic; TEM, transmission electron

microscopic.
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quantities. Due to the small size, they hardly affect the optical clarity and hence

boost the electrical and thermal conductivity without affecting the transparency.

This enables the applications of PNC in optical, electrical, thermal, and mechanical

applications. They control the interface and offer a large interface area. They offer

a very large surface area-to-volume ratio in small loading fractions, providing large

interface junctions among the constituent phases. When there is a crack or a dislo-

cation front propagation, they get arrested at this large interface area, preventing or

prolonging the failure [26].

1.3 Fabrication of polymer nanocomposites

Several processes have been established to fabricate the PNC successfully. The

most simple process is wet dispersion, as shown in Fig. 1.12. The polymer is first

dissolved in a volatile solvent, for example, toluene, acetone, ethyl-acetate, n-

hexane, chloroform, etc. The polymer solution is agitated using a mechanical or

ultrasonic stirrer. The use of an ultrasonic stirrer for mixing is called ultrasonica-

tion. A typical ultrasonic tool vibrates at a very high frequency, of the order of

20 kHz and small amplitude. As the ultrasonic probe or tool vibrates in the polymer

solution, it creates many cavity bubbles, which move from bottom to top in the

polymer solution. At this moment, the nanofillers are introduced. A mechanical stir-

rer initiates a vortex, and the nanofillers are introduced along its walls for good

Figure 1.11 Exceptional properties of nanofillers.
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reception by the polymer solution. The nanofillers are then introduced into the poly-

mer solution, and the agitation is continued until a uniform dispersion on the nano-

fillers is achieved. Gradually, the solvent evaporates, leaving behind the PNC as a

thin sheet. The solvent aids in the mobility of the polymer chains to enable their

intercalation with nanofillers. A controlled supply of heat may expedite the evapo-

ration of the solvent and curing of the TP polymer, whereas in TS polymers, the

temperature rises during ultrasonication, which may be controlled using an ice bath

surrounding the polymer�nanofiller container. An extension of the solution method

is solution casting in which the polymer [most common is a polyurethane (PU)] is

melted in a container and stirred with a solvent. The nanofillers are introduced into

the agitated solution, and the solvent is evaporated. The process may be executed in

an inert gas environment to avoid porosity. The solvent gradually evaporates, and

the slurry is either cast in a mold if a particular shape of PNC is desired or intro-

duced on a spinning disk if a thin film or sheet is required.

Fig. 1.13 shows the melt extrusion process [27,28]. The granules of polymer

(TP) are mixed with the nanofillers by milling and fed into an extrusion machine’s

hopper. The polymer is melted with the heat inside the barrel, and the rotating

screw mixes the molten TP polymer with the nanoparticles. A typical temperature

of 240�C and an extruder speed of 100 rpm are used [27]. The mobility of the poly-

mer is due to thermal energy. The PNC is then extruded through a nozzle continu-

ously and given the desired shape using a die. An adapter is used to couple the die

with the extruder. This process is also called melt blending. In case a fixed shape is

required, in place of a continuous process, the extruded polymer�nanofiller mix is

introduced in a compression molding die, where it is frozen under compression.

The advantages of the melt blending process over solution casting include higher

gas barrier formation, restricting pinholes, the exfoliated structure of PNC instead

of intercalated structure, and high creep resistance. Moreover, melt blending is an

environment-friendly technique. In melt extrusion, it is better to employ an inter-

meshing twin-screw extruder instead of a single-screw extruder (Brabender) to

enable smooth addition of nanofillers and their uniform mixing with the polymer

matrix [29].

Figure 1.12 Fabrication of PNC by a solution method. PNC, polymer nanocomposite.
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Fig. 1.14 presents a schematic diagram of the spray drying process to fabricate

PNC [27]. The polymer is dissolved in a solvent, and the nanofillers are dispersed.

The polymer�nanofiller solution is then sprayed in a drying chamber in which the

solvent starts evaporating. A cyclone is created at the exit chamber, attached to the

drying chamber, to mix the nanofillers with the polymer thoroughly. The dried

PNC is finally collected in a collection chamber. Fig. 1.15 presents the fabrication

of HDPE/MWCNT PNC using a high-energy ball milling (HEBM) process [10].

The HDPE polymer granules and MWCNT nanofillers are introduced in an HEBM.

The granules of the matrix and the nanofillers are thoroughly mixed in the mill at

high speed. The mixture is then compacted using a mechanical press, or the mixture

may be supplied to an injection molding or extrusion machine to develop the

desired PNC.

The nanofillers can be particulates (0D), nanotubes or nanowires (1D), and thin-

film coating on quantum wells, nanosheets, or embedded networks (2D). To avoid

the problem of agglomeration, the nanofillers may be coated or impregnated before

adding to the polymer matrix, as shown in Fig. 1.16 [30,31]. The modified nanofil-

lers are then mixed with the polymer solution to develop the PNC using hot press-

ing, vacuum filtration, shearing, laminates, or electrophoretic deposition. A sol�gel

method may also be used to develop the PNC.

Fig. 1.17 gives alternative methods to develop PNC [30]. The nanowires are

impregnated with the TS resin and rolled over a rotating mandrel to develop PNC,

and the method is called spray winding. It is an extension of the filament winding

process. In shear pressing, an array or preform is made from the nanofillers, typi-

cally, CNT, in which the TS resin infiltrates to develop the PNC. Fig. 1.18 presents

the spinning process to develop PNC. Here, the nanofiller wire of CNT is impreg-

nated by a TS resin and stretched to get the fibrous nanocomposite. Another way to

fabricate the PNC during spinning is to wet the nanofiller wire with a solvent such

as PVA solution. The polymer is deposited layer by layer on the nanofiller wire

Figure 1.13 Fabrication of PNC by melt extrusion [27]. PNC, polymer nanocomposite.
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substrate as the spinning is continued. In situ polymerization includes both interca-

lation and exfoliation. In PNC, there are a lot of charges responsible for agglomera-

tion. To separate the nanofillers, functionalization is done by intercalation and

exfoliation.

Intercalation includes the insertion of an ion or molecule between the nanofiller

layers expanding the van der Waals gaps. The energy required to create these gaps

is derived from charge transfer between the host and guest molecules. Exfoliation

includes complete separation of the nanofiller layers, an extreme case of intercala-

tion. Aggressive polar solvents and reagents carry out exfoliation. A simple analogy

is to put spacers between the nanolayers to separate them. First, a nanofiller solu-

tion is prepared by dispersing the nanofillers in a low-viscosity monomer, a prepo-

lymer, and letting them swell by adsorbing the monomer on the surface. As the

Nanocomposite in
solu�on Gas Flow

Drying
chamber

Cyclone

Collec�on
Vessel

Dried
Nanocomposite

Figure 1.14 Fabrication of PNC by spray drying [27]. PNC, polymer nanocomposite.

MWCNTs

HDPE

Mterials

Grinding medium

Rotating Direction of Mill
Uniform composite

Figure 1.15 Fabrication of hybrid PNC by high-energy ball milling [8]. PNC, polymer

nanocomposite.

15Fundamentals of polymer nanocomposites



Figure 1.16 Scaffold impregnation combined with filler mixing methods to develop PNC

[30]. PNC, polymer nanocomposite.

Figure 1.17 Alternative methods for fabrication of PNC [30]. PNC, polymer nanocomposite.
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polymerization is initiated, the polymer chains facilitate the unbundling or delam-

ination of these swollen nanofillers. Fig. 1.19 describes a typical in situ fabrica-

tion of PU-carbon dot PNC in which the emulsion polymerization technique is

used as the medium is water [32]. A waterborne PU emulsion is functionalized

with 2-methyl-propionamide-dihydrochloride-functionalized clay, where clay acts

as nanofillers and an initiator for functionalization influencing polymerization as

cross-linking in TS polymers [33]. The monomer transforms into the polymer by

emulsion polymerization, and the coagulation of the polymer�nanoclay emulsion

acquires the PNC. Due to the monomer’s lower viscosity than polymer, the inter-

actions between the nanofillers and polymer chains are stronger and interfacial

interactions are stronger in in situ fabrication than the solution method yielding a

uniform dispersion of the nanofillers in the polymer matrix. In situ polymeriza-

tion excludes solvents and high energy requirements, so considered as an eco-

friendly technique.

Figure 1.18 Fabrication of PNC by spinning [30]. PNC, polymer nanocomposite.
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The nanofillers such as particulates (0D); wires, ribbons, tubes, fibers, or threads

(1D); and nanoplatelets or nanosheets (3D) are coated on the outer surface by poly-

mers as shown in the middle column of Fig. 1.20 by adsorption, grafting, sol�gel,

and hydrothermal methods. The coated nanofillers are then transformed into the

PNC by choosing methods such as casting and hot pressing. Such PNCs are

suitable for energy storage applications such as batteries and panels.

Researchers have explored several innovations in the fabrication of PNC by

combining two or more methods, called hybrid processing. More than one nanofil-

lers have also been introduced to achieve the benefits of both to develop hybrid

nanocomposites.

Fig. 1.21 presents one such example in which a combination of solution and

HEBM process has been employed together. The HDPE polymer is first dissolved

in a solvent, and hybrid nanofillers (MWCNT and nanoalumina) were dispersed in

the polymer solution. The solvent evaporated due to heating at 90�C leaving behind

a coagulated mix of hybrid nanofillers and HDPE polymer, which were hot-pressed

in a die to develop the desired PNC. Such PNC was evaluated for biomedical appli-

cations with promising results. 3D printing (3DP) offers immense opportunities to

innovate with the matrix and nanofiller compositions [36]. The polymer/nanofiller

wires may be produced using melt extrusion, and the wires may be used as filament

in 3DP equipment to develop the desired shapes [13].

Figure 1.19 In situ fabrication of PNC [33,34]. PNC, polymer nanocomposite.
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Fig. 1.22 depicts a model to describe the interactions between the ceramic nano-

particles and polymer in three layers, namely, loose, bound, and bonded, shown in

Fig. 1.22A. The layer binds the inorganic ceramic nanoparticles and organic

Figure 1.20 The interface design of PNC [35]. PNC, polymer nanocomposite.

Figure 1.21 Fabrication of hybrid PNC by solution�milling�hot pressing [29]. PNC,

polymer nanocomposite.
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polymer by hybrid bonding, including covalent, electrostatic, van der Waals, and

hydrogen. The bonding largely depends on the polymer chains, which interact with

the nanoparticles. The thickness of each layer is of the order of 1�10 nm. As shown

in Fig. 1.22B, the nanoparticles get electrostatically charged due to the electric

potential difference with the polymers. The surrounding layers screen these elec-

tronic charges. A double layer develops containing a positively charged

Gouy�Chapman and a negatively charged Stern layer. The charge distribution

across this layer depends on the electrical potential Ψ(r) at the interface where r is

the layer’s distance from the particle surface. Ψs represent the positively charged

layer, and Ψ represents the electrical potential [35].

1.4 Characterization of polymer nanocomposites

Characterization of PNC gives detailed information about the key parameters,

which govern the properties and performance of the PNC. Fig. 1.23 presents pri-

mary characterization techniques employed to analyze the composition, structure,

and defects in the PNC. Spectroscopes give surface and subsurface properties, nano-

fillers’ distribution, and defects such as agglomerations, porosity, and interface

properties. Depending on the magnification, a suitable spectroscope is selected.

Figure 1.22 (A) A model for PNC. (B) Distribution of electrical charge of the diffused

double layer [35]. PNC, polymer nanocomposite.

20 Advanced Polymer Nanocomposites



1.5 Degradation of polymer nanocomposites

Polymers have low creep resistance, and they deteriorate when exposed to the Sun,

chemicals, extreme temperatures, and changing weather conditions. Due to the

polymer matrix being the bulk of the material, degradation also affects PNS.

Fig. 1.24 gives the common degradation mechanisms of PNC. Exposure to oxygen

at high temperatures results in oxy-degradation and exposure to sunlight results in

photodegradation, and the combined exposure to oxygen and sunlight results in

photo-oxy degradation. Exposure to excessive heat and chemicals results in thermal

and chemical degradation, while cytotoxic activity results in biodegradation.

Coating and using hybrid nanofillers are effective means to prevent degradation

mechanisms.

1.6 Applications of polymer nanocomposites

The scope of the applications of the PNC is wide open. Fig. 1.25 highlights signifi-

cant fields in which the applications of PNC have been well established. The pri-

mary reason to select a PNC is less weight and more strength. Proven applications

of PNC are in energy storage [37], sensors and actuators, structural components and

Figure 1.23 Characterization techniques of PNC. PNC, polymer nanocomposite.
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tensioning cables, biomedical implants, thermal barrier applications [38], filtration

(functionalized PNC), biochemical separation, gas separation, catalysts, fast charge

and slow discharge capacitors, and low-friction and high-strength components

[39�41].

The lightweight and superior properties such as elastic modulus, strength, frac-

ture toughness, electrical and thermal conductivity, high surface area-to-volume

ratio, and good tribological performance make PNC the most preferred material.

Biocompatibility, resistance to impact and corrosion, and tailored stiffness are cru-

cial for compatibility with human tissues. Hence, prosthetic implants are one of the

Figure 1.24 Degradation of PNC. PNC, polymer nanocomposite.

Figure 1.25 Applications of PNC. PNC, polymer nanocomposite.
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brightest applications of PNC. Their lightweight makes them highly preferred

organic implant material.

1.7 Conclusion

Polymers are easy to process and offer high strength-to-weight options at the lesser

expense of energy. Three primary types of polymer are TP, TS, and elastomers. All

these polymers may be used as matrix materials to develop macro-, micro-, and

nanocomposites. Proven techniques to process polymers include extrusion, injection

molding, blow molding, casting, thermoforming, vacuum forming, calendaring, and

compression molding. In contrast, those to process macro- and microcomposites

include open and closed mold processes, filament winding, pultrusion, pulforming,

and prepreg processes. All these techniques offer opportunities for innovation and

exploration to develop PNC using nano-sized reinforcements. A comparison of

properties of polymers, metals, ceramics, and their composites reveals that the

PMCs offer the highest Young’s modulus-to-density ratio. These properties may be

further enhanced by using nanofillers instead of micro- or macrofillers. In very

small fractions, the nanoreinforcements produce a better result than the macro- or

microreinforcement. Due to the nanofillers’ small size, they have a large surface

area but comparatively small volume, resetting the surface phenomenon such as

van der waals forces and surface tension to supersede density and gravitational

force. Nanofillers’ surface energy increases, resulting in a significant improvement

in the mechanical and thermal properties of the nanocomposite despite small load-

ing. The nanofillers with a loading fraction of less than 5% may render superior

properties to the composites than what 20%�50% fraction of macro or microfillers.

The polymer chain’s mobility, crystallinity, curing response, and general chemis-

try are profoundly altered due to excellent interaction between the nanofillers and

the polymer matrix. The nanofillers’ integration to the polymer matrix includes spe-

cific processing difficulties and significant challenges such as agglomeration and

density difference. To address the issue, the nanofillers are functionally coated to

suppress the surface charges before their addition to the polymer matrix to keep

them away from each other. A few examples of the widely used polymer matrices

include PE, HDPE, LDPE, PP, polyetherimide, PLA, PA, polyphenylene sulfide,

PS, POM, ABS, EPDM, PVA, UHMWPE, epoxy resins, urea, silicone, polyamide,

melamine, phenolics, polyesters, PA6, HA, RPU, FPU, and PETr, etc. Examples of

popular nanofillers for polymer matrices include MLNGPs, MWCNT, SWCNT,

GO, NC, GN, nanoalumina, and nanoclay. The techniques used to develop PNC

have conventional methods such as solution method, wet dispersion, solution cast-

ing, melt extrusion, spray drying, and HEBM and alternative methods such as scaf-

fold impregnation, spray winding, in situ polymerization, vacuum filtration,

spinning, and hybrid processing, for example, solution�milling�hot pressing.

PNCs exhibit exceptional mechanical, thermal, electrical, optical, and biocompati-

ble properties making them suitable for energy storage, sensors and actuators,
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structural components and tensioning cables, biomedical implants, thermal barrier appli-

cations, filtration, biochemical separation, gas separation, catalysts, fast charge, and slow

discharge capacitors, and low-friction and high-strength applications.

1.8 Scope for future work

PNCs include the integration of reinforcements of nanosize into the matrix of the

polymers. The conventional fabrication processes offer a limited choice of TP and TS

matrices and a short range of nanofillers to choose from. The scope of future research

is unlimited in the areas of development, characterization, and applications of PNC.

With the future perspective, the innovations in selecting materials and the processes

both offer great opportunities. Researchers may explore hybrid matrix materials and

newer combinations of hybrid nanofillers. The innovations and integration of proces-

sing techniques also open new avenues by combining two or more processes together

to achieve a more uniform PNC. The opportunities in the nanofillers’ functionaliza-

tion to avoid defects and inhomogeneity may be further explored as well. To summa-

rize, research know-how on the PNC is far from saturation, and this thrust area of

research has great potential for innovation in materials, methods, and applications.
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2.1 Introduction

Nanocomposites are a new type of composite material that has fillers that have at least

one-nanometer dimension. Polymer nanocomposites are made up of a variety of inor-

ganic nanomaterials that can be combined with polymer or monomer on a nanoscale

scale [1�5]. They have sparked a lot of interest because they theoretically promise to

improve a variety of properties; including thermal and acoustic isolation, as well as

mechanical, electrical performances, and flame retardant properties, by adding a slight

amount of nanofiller [6�9]. The nanofiller surface properties and the interfacial inter-

action of the nanofiller with the host polymer can be attributed to this improvement

[10�12]. Oftentimes, the nature of application demands modifications of properties of

polymer nanocomposites. The properties of mechanical, and electrical or thermal con-

ductivity all improve dramatically when nanofillers are used in between 0.5 and 5 wt.

% in the polymer matrix [13�16]. In contrast, the addition of nanofillers to polymer

causes an increase in melt viscosity, which may cause processing issues. As a result,

manufacturing these materials necessitates a thorough understanding of their rheologi-

cal behavior. It was recently demonstrated that adding trace amounts of nanofiller to a

polymer can reduce its viscosity [17�21].

According to theoretical assumptions, the foundation for polymer nanocompo-

sites is thought to be a broad interface between nanosized heterogeneities and pure

polymer macromolecules. In contrast to usual microfilled polymer composites, the

broad interface between nanofillers and macromolecules is expected to provide

novel properties. Nanofillers are frequently used in nanocomposites to provide sub-

stantial reinforcement while also improving other properties such as flammability

and conductivity [22,23]. Montmorillonite (MMT) clay, for example, has been

employed as a nanofiller in polymer nanocomposites [24], cellulose nanocrystals

[25] or, carbon derivatives as carbon nanotubes (CNTs) [26] and grapheme [27,28].

The use of such nanofillers into polymer matrices has been shown to significantly
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improve the mechanical, thermal, and electrical characteristics of the polymer

matrices [29,30]. However, the use of this kind of nanofillers for the manufacture

of polymer nanocomposite materials comprising controlling the orientations and the

dispersion of the nanofillers is a huge challenge due to the high manufacturing cost

with the presence of some difficulties in the polymer matrix (isotropic) as like dis-

persion, dispersion and orientation [27,28,31].

Nanocomposites containing certain nanoparticles display a diversity of distinct

properties, including electrical, optical, magnetic, thermal, mechanical, and surface

wear. The huge surface area of the nanofillers is the major explanation because of

its prediction to have a substantial influence on polymer crystallization behavior.

The polymer processing (film blowing, injection molding, and extrusion) does not

always involve isothermal crystallization conditions, knowing the factors driving

crystallization is essential for improving processing conditions and ultimate product

quality [32]. The crystallinity degree and the morphology (crystal sizes and crystal-

line structure) of semicrystalline polymers are heavily affected by crystallization

circumstances. The most well-known crystallization effects include heterogeneous

nucleation and transcrystallinity [33]. By lowering the required enthalpy of recrys-

tallization at the melt solid interface, the surfaces of the nanofillers may induce the

heterogeneous nucleation effect in a polymer at the melting state. Chain mobility at

the particle surface may have a significant impact on crystallization because nano-

particles have such a large surface area [34]. The shape of the polymer chain is also

affected by the interfacial adhesion and/ or polarity of the used nanoparticles and

the chain of the polymer matrix.

This chapter describes recent developments in understanding the crystallization

and rheological behavior of polymer nanocomposites. It all begins with the most

popular nanofillers, then examines how the integration of nanofillers in polymer

matrix impacts polymer chain topologies, and enhances the performances and func-

tionalities of polymer nanocomposites, particularly rheological and crystallization

characteristics [34,35]. Technical challenges and future perspectives are discussed

at the end of this chapter.

2.2 Classification of nanofillers in polymer
nanocomposites

Several publications on polymer nanocomposites have been published in recent

years, covering a wide range of topics such as preparation, processing, and proper-

ties (physical and mechanical as well as thermal and mechanical properties and

functional applications). There are three types of nanofillers: one-dimensional (1D;

rod-like), two-dimensional (2D; sheetlike), and three-dimensional (3D; nanoparti-

cles). There are three fundamental types of nanoreinforcements, as classified by

Ramanathan et al. [36] and highlighted in Fig. 2.1:

1. One-dimensional nanofillers or fillers with cylinder or rod-like dimensions, such as MMT clay

and nanographene platelets, as well as CNTs, are characterized with at least one dimension
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sized lesser than 100 nm. They are frequently shaped as nanosized sheets with thicknesses

around a few nanometers and with length may attain hundreds of thousands of nanometers in.

One-dimensional nanofillers are available in a varied choice of forms and sizes.

2. Two-dimensional nanofillers or nanotubes and nanofibers which diameter is lower than

0.1 μm. Nanofillers with a size less than 100 nm in two dimensions are named two-

dimensional nanofillers. They typically are tubes, fibers, or filaments in the shape.

3. Three-dimensional nanofillers or nanoparticles, despite their lengthy history, are not

novel types of nanofiller. Spherical particles occur when all three dimensions of the parti-

cles are inside the nanometer range (100 nm). Because of their reduced size, these nano-

particles outperform 1D and 2D nanofillers.

2.3 Use of nanofillers in nanocomposite materials

The science of reinforced composites has revealed that filter materials’ size and shape

have a tremendous effect on the final composite qualities [7,37]. The size and form of

a nanofiller influence its surface interactions with the matrix, as well as its adherence

and filler movement. This is particularly true at the nanoscale, where many of these

effects become more pronounced as the size of the nanofiller decreases [38,39]. To

address the limitations of conventional micrometer�scale polymer composites, nano-

scale filled polymer nanocomposites with filler smaller than 100 nm and an aspect

Figure 2.1 Classification of Nanofillers[36].
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ratio of at least 100 were created. It is well known that there is a thin interphase layer

around the fillers in polymer matrix composites, in which the polymer chains have a

different conformation than their bulk counterparts [5,6]. The significance of nano-

composites materials stems from their multifunctionality and capacity to create new

combinations of characteristics that are not achievable with traditional materials. The

inclusion of nanomaterials in polymeric structures allows for the modification of

mechanical, thermal, electrical, or barrier characteristics, thus broadening their applica-

tion areas. As previously mentioned, the dispersion of the nanofiller and its interaction

with the matrix are two of the controlling factors for the characteristics of nanocompo-

sites. Both are affected by the use of chemical treatment on the filler’s surface. This

surface treatment applies to all types of nanofillers. Pretreatment is required for the

usage of nanofillers in thermoplastics and thermoset resins to enhance the interfacial

interactions between the filler and the matrix. Functionalization enhances the intercala-

tion of polymer chains between layers by introducing suitable organic connections

between the matrix and the filler. Nanofillers may be readily distributed in polymer

matrices. Using the solution blending method, many polymer nanocomposites contain-

ing nanofillers such as graphene, clay, and CNT were created. To produce nanocom-

posites, nanofillers and water-soluble polymers such as poly(vinyl alcohol) (PVA) and

chitosan were mixed. This technique of generating polymer nanocomposites via solu-

tion processing is efficient. However, the molten mixing technique is the most cost-

effective and interesting approach for dispersing nanofillers in the polymer matrix.

This technique is also suitable for compounding nanofillers with polymer matrices.

Tiouitchi et al. [40] have developed, using a micro-twin-screw extruder, a nanocompo-

site based black phosphorus (BP) as nanofillers, and polyvinylidene fluoride (PVDF)

matrix. The results (Fig. 2.2) indicated the BP nanofillers were altered without aggre-

gation formation inside of the polymer chain matrix. The surfaces are generally level

and smooth which may designate that BP nanofillers were dispersed uniformly inside

PVDF. The nonappearance of the filler agglomeration on the nanocomposites’

Figure 2.2 SEM micrograph of nanocomposites based on 2.5 wt.% black phosphorus

nanoparticles [40].
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surfaces also confirms their good dispersion and distribution. This result shows that

suitable processing conditions have been utilized to attain a uniform distribution as

well as an excellent affinity of BP nanofillers to the PVDF matrix.

New nanofiller dispersion and distribution methods, on the other hand, are continu-

ously being developed. To optimize their advantages as effective reinforcements in

high-strength nanocomposites, nanofillers must not form aggregates and be dispersed

properly to prevent slippage. Only a few strategies of improved nanofiller dispersion in

polymer matrices include optimized physical mixing, in situ polymerization, or chemical

functionalization. The easiest and best strategy to improve the scatter of nanofillers in

the polymer matrix is to use optimal physical mixing techniques, such as ultrasonic and

high-speed shearing, for high-energy dispersion. It is conceivable to function both cova-

lent and noncovalent. Chemical bonds are created on nanofillers, whereas noncovalent

functionality involves methods such as enveloping nanofillers via numerious electromag-

netic interactions or adsorption forces like as van der Waal forces, hydrogen bonds, π-π
interaction, and electrostatic interactions. Zhou et al. [41] synthesized silane-

functionalized multiwalled CNTs and dispersed them in a suitable solvent such as etha-

nol using ultrasonication. The composites were then created using a melt mixing method

with polypropylene. The effects of kaolinite bleaching and functionalization on the

mechanical and thermal characteristics of polyamide 6 nanocomposites were studied by

Raji et al. [42]. Using a displacement technique, bleached kaolinite was changed with

dimethylsulfoxide and then methanol (MeOH) (Fig. 2.3). Thus triethoxy(octyl)silane

and cetyltrimethyl ammonium bromide molecules were intercalated into kaolinite nano-

platelets. Using pure, bleached, or intercalated kaolinite, seven different kinds of nano-

composites were created. Results show that kaolinite intercalation improves distribution,

improves interfacial adhesion, and increases kaolinite nanoparticle aspect ratio; this pro-

vides remarkable improvements to the nanocomposite properties, with a high Young’s

modulus value of 4.68 GPa with a maximum percentage growth of 80.6% in the silane

grafted kaolinite nanoparticles at 8 wt.%.

The surfactant or polymer can thread or wrap around a CNT surface and impair the

interaction between Van der Waals that causes nanotubes to aggregate into a group.

The effects of different surfactants in natural rubber (NR)-based nanocomposites rei-

forced with single-walled carbon nanotubes (SWNTs) were investigated by Anand

et al. [43]. They employed different surfactants including sodium dodecylbenzene

(NaDDBS), sodium dodecyl sulfate, PVA, and sodium benzoate. Due to the presence

of aryl groups and the comparatively lengthy alkyl chain, NaDDBS was discovered to

be a very good surfactant. The homogeneous dispersion and adjustable matrix align-

ment of the CNTs are critical for mechanical properties enhancement.

2.4 Crystallization properties of polymer
nanocomposites

Crystallization is the phase of transformation into a selected crystal structure, which

generally is made at temperatures lower than the balance temperature of the melting
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(Tm) [44,45]. The entire process can be detached into three phases: starting by

nucleation phase, crystal growing, and secondly perfection/crystallization [46]. The

process of creating a crystal nucleus in the melt state is known as primary nucle-

ation. Nuclei can be formed homogeneously by the statistical fluctuation of chain

segments in the melt, or heterogeneously by the presence of heterogeneities.

Polymer nucleation is frequently heterogeneous, beginning on the surfaces, cavities,

or fractures of insoluble impurities [47]. Following the formation of the nucleus,

crystalline lamellae arise and can build a variety of superstructures. Spherulite is

the most typical semicrystalline shape found during melt solidification [42].

The formation of bubbles from a liquid is an example of nucleation or the begin-

ning of a phase transition in a small region. The existence of a second phase in the

solution, such as a surface from an additional polymer or foreign particle, deter-

mines whether the nucleation is homogeneous or heterogeneous. The intermolecular

interactions of parallel arrays of polymer chains first produce a stable nucleus

[48,49]. When the temperature goes below the melting point (Tm), the molecules

prefer to migrate to their lowermost energy conformation, which leads to a stiffer

Figure 2.3 Schematic of the chemical treatments of the kaolinite nanoparticles [42].
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chain segment. As a consequence, the development of a stable polymer chain, and

therefore a stable nucleus, will be promoted. Small particles stimulate secondary

nucleation and increase the stability of the nuclei formed. In polymer melts, nucle-

ation is typically heterogeneous, with impurity surfaces, voids, or fissures serving

as initiators. Homogeneous crystal nucleation is the formation of small aggregates

from a few parallel chains known as nuclei, which are sufficiently stable if they

have a supercritical size to begin the crystal growth of their surface [48]. The cryp-

tographic temperature determines the minimal nucleus required for stability, which

lowers as supercooling increases (Tc). Increased supercooling or lowered crystalli-

zation temperature allows for the crystallization of smaller nuclei. This corresponds

to kinetic constraints such as an increase in the feature time of transit to the growth

front of chain segments or a drop in the mobility scale. The assessment and man-

agement of crystallization behavior is a critical topic in polymer manufacturing.

The crystallization rate can affect both the productivity of a manufacturing line and

the product quality. Polymer crystallization speed may be adjusted by altering the

material composition or formulation, as well as process parameters, depending on

the kind of processing (e.g., extrusion, injection, or blow-molding) and the desired

characteristics of the finished products. Crystallization can be accelerated by using

nucleating or clarifying agents, for example. Similarly, crystallization rates may be

influenced by changing processing temperatures. Material characteristics vary as a

result of changes in material formulation and processing conditions, which influ-

ence crystallinity, crystal thickness and morphology, crystal structure, and other

variables, all of which have an impact on bulk material attributes [50,51].

Analyzing polymer crystallization behavior is critical for identifying whether pro-

cessing or formulation changes are necessary to adapt to crystallization circum-

stances. To monitor, measure, and simulate polymer crystallization, a variety of

calorimetric techniques, including temperature-modulated differential scanning calo-

rimetry, differential scanning calorimetry (DSC), and rapid scanning chip calorimetry,

can be utilized. Calorimetry is most utilized for studying polymer crystallization. The

overall crystallization processes are measured via the superposition of crystal nucle-

ation and evolution of growth, which is most commonly measured using DSC

[52�54]. This known method investigates the time requirement for enhancing the

crystallinity at numerous crystallization temperatures. Optical methods are often

employed to measure nucleation rates and densities, which allow for a quantitative

assessment of the number of crystals formed per unit volume of nuclei. Differential

scanning calorimetry is used to determine the polymer’s degree of crystallinity as

well as the temperatures of crystallization and melting. In general, the mechanical

properties of semicrystalline thermoplastic polymers are directly linked to the micro-

structure and crystallinity of the polymer. To look into the effects of BP as nanofillers

(for PVDF matrix) [37] on fusion characteristics and crystallization of neat polymer,

heating/cooling/heating cycles at a rate of 10�C per minute were carried out.

However, because nanocomposites hardened at ambient temperature after extrusion,

the thermal history of the samples may be deleted before investigating by eliminating

the first heating cycle. The first cooling cycle produced crystallization data, whereas

the second heating cycle produced melting data [55].
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Results of this study conducted by Tiouitchi et al. [40]. The crystallization enthalpy

of the PVDF matrix varies as the concentration of BP nanoparticles grows from 1 to

5 wt.% (Fig. 2.4). Furthermore, compared to pristine PVDF, nanocomposites with

2.5 wt.% BP concentration have the maximum crystallization enthalpy; however,

when the BP level (5 wt.%) is increased, the crystallization enthalpy drops. The PVDF

crystallization influence of the reduction is related to the crystallization degree and the

impact of the dispersed nanofillers acting as nucleating agents. Molecular polymers

can crystallize either on their own (homogeneous nucleation) or with the help of a

nucleating agent (heterogeneous nucleation). In our case, the nuclear impact is good at

low concentrations (1% and 2.5), but at higher concentrations (5%), the high particle

quantity cannot create nuclear power efficiently owing to nanofiller interactions and a

limited area for crystal nucleation/growth. The temperature of crystallization, on the

other hand, follows the same trend as the enthalpy. The temperature of crystallization

peaks at a pure PVDF (137.8�C) concentration of BP at 2.5 wt.% (139.1�C). A greater

temperature for crystallization indicates that germination/nucleation has begun, and

the material crystallizes more quickly than at a lower temperature. Given the effect of

BP on the crystallization rate of PVDF, the higher crystallization (Tc) at 2.5 wt.% con-

centration may be explained. Because of the heterogeneous nucleation influence in

nanocomposite materials, BP plays a key role in the rapid crystallization of PVDF

when it is cooled out of melt as a nanofiller.

Figure 2.4 Crystallization of nanocomposites based on black phosphorus as nanofiller and

PVDF matrix [40]. PVDF, Polyvinylidene fluoride.
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In this context, Bhadu et al. [56] have studied the impact of the state of disper-

sion of trisilanolphenyl (TSP)-polyhedral oligomeric silsesquioxane (POSS) melt

blended with poly (trimethylene terephthalate) on the rheological, melting, and

crystallization properties via the utilization of the corotating twin-screw extruder

with three kneading zones. The inclusion of TSP-POSS increased the crystallization

degree and led to producing a crystal with limited distribution�dispersion, accord-

ing to DSC findings. TSP-POSS serves as a nucleating agent and a flow promoter

at lower concentrations, according to the findings. The features of a polymer matrix

influencing the characteristics of the nanocomposites with an emphasis on crystalli-

zation were examined by Kaur et al. [57]. Their results demonstrate the substantial

relationship between the crystallization temperature and the loading and dispersion

level of nanoparticles. This has been attributed to the unable to rearrange the poly-

mer chains because of limited mobility in the fusion. In other words, as the quantity

of additional nanoparticles increases the viscosity of the polymer melt. As a result,

the larger the level of crystallinity in the material, the fewer nanoparticles have

been loaded. El Achaby et al. [58] studied nanocomposites based on nanofillers of

graphene and polypropylene (PP) matrices have been studied for their crystalliza-

tion properties. Crystallization enthalpy (Hc) increases with increased graphene

content. The crystallization enthalpy enhancement in the nanocomposites is associ-

ated with a greater degree of crystallization of neat PP matrix as the scattered filler

works play the role of nuclear agent during PP crystallization. Graphene nanosheets

(GNs) change the crystallization performances of PP, which is essential to under-

standing the mechanical characteristics of such nanocomposites. Adding GNs

impacts the melting temperatures of neat PP by increasing the concentration of

GNs. However, the impact of bleaching treatment and functionalization process of

kaolinite on the mechanical and thermal properties of reinforced polyamide 6 nano-

composites was investigated by Raji et al. [42]. The nanofillers employed in this

study did not play the role of nucleating agent, which is a substance that helps crys-

tal nuclei form. In comparison to the conventional PA6 polymer, the crystallinity

degrees (Xc) of the nanocomposites increased. This is because the kaolinite nano-

particles interacted with PA6 chains; this reduce the mobility of the PA6 chains,

causing the crystallization procedure to be hindered. The addition of multi-walled

carbon nanotubes (MWCNT) may alter the nonisothermal crystallization kinetics of

PVDF, but it did not affect the polymer’s crystalline polymorphs [59]. The inclu-

sion of nanoparticles has been shown to affect the polymer’s initial properties,

either positively or negatively. Because all of these characteristics are crucial to

material performance, the influence of such nanoparticles on the crystallization pro-

cedure, the types of morphology generated, and the crystalline structure formed is

of significant interest. Understanding such processes, however, necessitates famil-

iarization with mechanisms in the creation of a pure or single polymer in polymers

including nanoparticles. Nucleation, development of spherulite, and subsequent

growth were all described as crystallization stages. The nuclear procedure is used to

explain the stage restricting the crystallization. The optimization of the nucleation

process thus impacts kinetic crystallization. There is still a discussion on the usage

of nanoscale components in polymer mixes. On the other hand, surface chemistry,

37Rheology and crystallization of polymer nanocomposites



particle dimension, and the type of modifications to nanoparticles may all impact

crystallization and kinetics.

2.5 Rheology of polymer nanocomposites

Studying the rheological properties of polymer nanocomposites in a molten state is

fundamental to both their processing and the comprehension of their microstructure

and dynamics. Processing of polymer nanocomposites requires, thus, information

on the rheological properties which depend on the interactions between nanofiller

and polymer chains [60�62]. Increasing the viscosity of the melt by adding nanofil-

lers to the polymer causes processing issues. This necessitates a thorough under-

standing of their rheological behavior during the manufacturing process. The most

challenging problem during the production of nanocomposites is the aggregation

propensity of the nanofillers [63,64]. Because of their enormous specific surface

area, nanoparticles can aggregate extremely fast, and the aggregation can be a

defect center and occasionally cause a deterioration of the polymer’s mechanical

properties [38,65,66].

The type of the structure formed by the interactions between components, the

amount of intercalation/exfoliation, the applied stresses, and the form of phase dis-

tribution and flow domain orientation all influence the rheology of a nanofiller-

based nanocomposite. Intercalant attachment of macromolecules to nanofillers may

result in “end-tethers,” which resemble highly branched nanofillers and are signifi-

cantly influenced by the external flow field. The interfacial strength of the filler

and polymer is an important factor in the production of filler/polymer nanocompo-

sites [67,68]. The absence of adherence between the filler and polymer might lead

to the creation of nanocomposite aggregates that are tightly bound, or it can lead to

an early interface defect, and therefore change the physical characteristics. To avoid

nanofillers aggregation, it is important to know the kinetics of this process [69,70].

The linear viscoelastic behavior of polymer nanocomposites has recently been

explored in the literature since it was revealed to be very sensitive to the micro-

structure of the nanofiller�polymer nanocomposite. Because of their exceptionally

high aspect ratio (length-to-diameter ratio), nanofillers (1D, 2D, or 3D) can alter

the rheological characteristics at very low loadings, with a significant rise in the

storage modulus and the detection of apparent yield stress at low frequencies

[71,72]. The higher viscoelasticity modulus, among other things, indicates the lim-

ited mobility of the nanofillers. The existence of a percolated network structure,

which contributes to nanocomposite viscoelasticity, leads the polymer nanocompo-

sites to transition from a viscous fluid to a solid-like behavior as the nanofiller con-

tent rises. In nanocomposites, the dispersion state, aspect ratio, and nanofiller

alignment all affect the linear viscoelastic behavior [39].

A thermoplastic polymer’s complex viscosity (n�) often consists of two different

behaviors: Newtonian behavior and resolidifying activity (shear thinning). The first

characteristic is found at low frequencies and is defined by the viscosity’s
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independence from frequency. Rheofluidifying behavior, on the other hand, is

observed at high frequencies and is characterized by a linear reduction in viscosity

with increasing frequency. El Achaby et al. [58] The rheological properties of nano-

composites based on polypropylene reinforced with GNs at various concentrations

were investigated (0.2, 0.5, 1, 1.5, 2, 3 wt.%). At 200�C and frequencies ranging

from 1022 to 102 Hz, the nanocomposites were exposed to small-amplitude oscil-

latory shear flow. Fig. 2.5 depicts the measured dynamic viscosity. The complex

viscosity was found to increase with increasing graphene content. The neat PP

demonstrates Newtonian behavior at low frequencies (1 Hz) and shear-thinning

behavior at high frequencies (1 Hz). The Newtonian plateau began to disappear at

1% GNs content, indicating that the nanosheets began to form a continuous net-

work. And when GNs content is greater than 1.5%, the Newtonian behavior is

completely disappeared. The development of a GN network in the PP matrix and

the shift to a solid-like viscoelastic answer are all accompanied by this. The thresh-

old of rheological percolation is around the GNs level of 1 wt.%. These measure-

ments were carried out to characterize the quality of the dispersion GNs in the PP

matrix, the degree of surface interaction among the GNs and the PP chains, and the

structure of the rheological percolation threshold.

Numerous factors including the clay�matrix interactions and clay�clay network

that may influence the viscoelasticity and the manufacturing process of the epoxy/

clay (MMT) nanocomposite were investigated by Wang et al. [71]. The incorpo-

ration of clay nanofillers leads to a significant change in viscosity. The low shear

region is a distinguishing of nanofiller, whereas the matrix’s behavior dominates in

the high shear region. In most cases, the neat polymer displays a Newtonian flow at

all shear rates; (however, the use of clay as nanofillers may create predominant

non-Newtonian comportment with a strong shear-thinning effect). Adding colloidal

fillers (clay) of 1% weight to Newtonian fluid (epoxy) improves the medium’s vis-

cosity by exercising quadrupolar stress on the fluid. The reduction of the Melt Flow

Figure 2.5 Complexes viscosity measurement as a function of GNs content and frequency [58].
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Index is due to changes in nanofillers or processing conditions indicates an

increased degree of nanofiller dispersion. Viscosity control during thermoset pro-

cessing is especially important because viscosity varies not only with temperature

and flow conditions but also with time due to polymerization reactions.

The impact of maltaised propylene in the rheology of nanocomposite polypro-

pylene based on organophilic MMT clay compatible with polypropylene maltaised

(PP-g-MA) has been investigated by Wang et al. [73]. The results reveal that the η�

range in all samples is much higher at a low frequency. The complicated viscosity

of nanocomposites at low frequencies significantly change depending on the filler

network, the behavior of η� shows the change from fluid to pseudosolid. The long-

lasting characteristic is due to the existence of randomly oriented anisotropic stacks

in silicate layers, which form a percolated network structure unable to fully relax.

The distinctive structure of the network becomes more evident as the degree of clay

dispersion increases.

For nanocomposite, dynamic shear flow, also known as nonterminal viscoelastic

behavior, was often found. Furthermore, the initial slopes of the G’ and G" moduli

are entirely independent of the nanocomposite structure, that is, whether it is end-

tethered or intercalated, but are mainly determined by the number of nanofillers

loaded [74,75]. As the nanofiller loading rises, the dynamic moduli increase signif-

icantly, particularly in the low-frequency region. The slopes of G’ and G" for

nanocomposites, on the other hand, are much smaller than for traditional micro-

composites and unfilled resin. The form and size of the filler, the filler loading,

and the degree of any particle interactions are all critical factors to consider

[74,75]. In addition to the filler network and the interaction of filler-matrices, the

study group of Kalfus and Jancar [76] It was discovered that a stiff interface with

restricted mobility of matrix chains could be addressed, causing the nanocomposite

structure to be disrupted at high strain amplitudes. G’ does not fall monotonically

as frequency drops but rather exhibits a little plateau with the lowest frequencies.

This apparent plateau, which might impede the molecular rearrangement of the

epoxy matrix, could be justified by a percolated micronetwork of anisometric clay

feuillets. The absence of this peak after the hardener mix could be related to the

hardener’s lubrication or plasticization effect on the clay and epoxy resin at lower

temperatures. The activity of the clay network at higher temperatures compensated

for this influence by reemerging at lower frequencies of the G’ plateau.

This was also seen by El Achaby et al. [58] for the clear PP, whereas G’ and G"

begin to decline with frequency dropping and display a clear terminal area at low

frequencies values (Fig. 2.6). However, the G’ of PP-nanocomposite rises with

increasing GNs content across all frequency ranges (0.01�100 Hz). At low frequen-

cies, the PP chains are completely loosened and exhibit normal homopolymer

behavior. G’ has been somewhat enhanced in nanocomposites with 0.2% and 0.5%

GNs content, but the material has the same viscoelastic behavior as PP, suggesting

that 0.2�0.5 wt.% is inadequate to limit polymer chain relaxation. But at 0.5 wt.%,

with rising GN content, storage increases and shows a low-frequency pseudo pla-

teau. This nonterminal behavior showed at low frequencies is attributed to the for-

mation of a 3D network of GNs with a variable density depending on the GNs
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concentration, resulting in polymer chain restriction. This seems to happen at a per-

colation threshold attained between 0.5 and 1 wt.% particle content. Fig. 2.6, on the

other hand, reveals that the G” follows a similar pattern to the G’, where G” grows

as the number of contents GNs increases.

In this respect, Prolongo et al. [77] conducted a comparative examination of the

influence on rheological and electrical features of epoxy resins of carbon nanofibers

(CNFs) and nanotubes CNTs, as well as the nanofiller content of epoxy adhesives.

For the same amount of carbon nanofiller, the authors conclude that the viscosity of

CNT is considerably larger than that of CNF. The viscosity at 0.5% of CNT content

is showing a value greater than that at 1% CNF. This effect might be ascribed to

CNTs having a higher specific surface area, which leads to better dispersion. The

viscosity measurements are useful for establishing the appropriate amount of nano-

fillers, and the viscosity of the nanocomposites resin should be close to that of

epoxy resin to ease the manufacturing process and give a high dispersion and distri-

bution of nanofiller into the resin. In the case of CNT, the nanofiller content must

be less than 0.25 wt.%, whereas the CNF percentage could attain a value close to 1

wt.% [77]. This difference in nanofiller content is due to the greater specific surface

area of CNT (approximately 300 gm22) versus that of CNF (150�200 g m22),

which produces significant viscosity increases at lower nanofiller concentrations.

The use of more nanofillers than is recommended may result in an increase in vis-

cosity, which will make it harder to make excellent joins owing to a reduction in

adhesive wettability.

2.6 Conclusion

This chapter has covered the rheology and crystallization of polymer composites. The

linear viscoelastic of polymer�composites melt at low frequencies revealed that the

polymer matrix still dominates the viscoelastic properties of the nanocomposites at

low nanofillers contents, whereas increasing the nanofillers loading causes the nano-

composite to transition from liquid to solid-like behavior. Rheological measurements

Figure 2.6 The melt rheological results of the nanocomposites versus the GNs content and

frequencies: (A) storage modulus (G’); (B) storage modulus (G") [58].
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are used to determine the “rheological percolation threshold,” which is determined by

polymer chain immobility in a mixed nanofiller�polymer network. The nanofillers’

dispersion state was observed to impact the percolation threshold. However, the com-

plex modulus was primarily influenced by the matrix’s viscoelasticity in the high-

frequency results. The crystallization conditions have a significant impact on the final

structure and physical properties of polymeric nanocomposites. The crystallization

kinetics of polymer nanocomposites has attracted the interest of researchers because

nanofillers function as an effective nucleating agent in the polymer matrix. As nano-

technology advances, the emphasis is shifting toward understanding the crystalline fea-

tures of materials in nanodimensions and, as a consequence, adjusting the properties

for a variety of tailored applications.
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3.1 Introduction

The use of nanotechnology is increasing day by day, including its fabrication and

uses in the preparation of various nano-sized devices. Nanotechnology plays a

major role in biomedical areas as it helps in the prevention and cure of certain dis-

eases. The polymer-based nanocomposites (PNCs) create much interest among the

researcher for their great properties developed when a polymer is combined with

the inorganic nanomaterials. The mixture of polymer and organic/inorganic fillers

helps in the formation of PNCs at the nanometer scale. PNCs have remarkable

properties such as reusability, high toughness, biodegradability, excellent biocom-

patibility, and certain biofunctionalities. Biomedical application comes into action

via proper linking between the biomolecules and functional polymers.

Polysaccharides such as starch, chitosan, alginates or the proteins such as fibrin

gels and collagens are the natural polymers that can be used in biomedical applica-

tions [1]. Similarly, the synthetic polymers used in biomedical applications are

mainly poly(lactic acid) (PLA), poly(glycolic acid) (PGA), poly(caprolactone), etc.

The rate of degradation of PNCs is less as compared to other similar materials. The

soluble polymers mainly used in this application are poly(acrylic acid), polyvinyl

alcohol (PVC), polyethylene glycol (PEG) [2]. Some polymers which can conduct

electricity (polyaniline, polypyrrole) can also be used for this purpose. There are

also other polymers that show similar applications for biomedical uses are polyeth-

ylene (PE), polypropylene (PP), polyurethane (PU) [3]. Greater surface-to-volume

ratio of nanoparticles (NPs) leads to excellent magnetic properties and is more

effective than that of larger particles, which is the reason behind the wide use of

NPs recently in different fields such as electronics, biology, and chemistry.

Moreover, nanocomposites are increasingly used more in the field of science for

their tunable properties [4,5]. As there are many advantages, there are also certain

limitations of the NPs in certain fields such as the loss of the size of the nanocom-

posites due to aggregation and inadequate stabilities [6,7]. In some solvents, disso-

lution/dispersion takes place instead of aggregation due to stabilization of the metal

nanocomposites. The metal NPs are embedded in polymer matrices by which aggre-

gation of nanocomposites is avoided leading to many effective and efficient proper-

ties. So, in case of PNCs, the polymer phase behaves as a stabilizer or we may say
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it the protecting agent which shows many needed applications. The NPs can be

used in different emerging fields such as sensing, dye removal, drug delivery,

photoablation therapy, bioimaging, and so on. Among all the NPs, iron oxide has

some more efficient applications in drug delivery, bioimaging, gene delivery, and

cell labeling for its outstanding performance on stability, nontoxicity, great mag-

netic susceptibility, saturation magnetization, as well as biocompatibility. As the

alternative to iron oxide, we may use other nanocomposites such as Cu�Ni,

Mn�Fe2O4, Co�Fe2O4, and Fe�Ni for bioimaging, drug delivery, etc. [8].

The NPs used in biological applications improve the technologies and implemen-

tation of medical equipments and their designs. In this chapter, we targeted various

utilization of the advanced PNCs in different biomedical fields such as antibacterial

applications, drug delivery, gene therapy, tissue engineering, biosensing, bioima-

ging, and dental applications. The growth of microorganisms is prevented by the

implementation of antibacterial agents. It also helps to reduce many harmful effects.

We should develop new methods for the treatment of infections, as serious pro-

blems faced by the world recently due to the enhancement of antibiotic resistance

of microorganisms [9]. Without affecting surrounding healthy cells, anticancer

drugs can treat tumor cells, which is an important biomedical application of PNCs

[10]. Among all the applications, gene therapy brings more interest in researchers.

In this approach, genetic functions of the cytoplasm and nucleus of the cell are cor-

rected by the transfer of nucleotide-based therapeutic agents into the cells [11]. The

specific cellular behaviors are regulated by biomimetic scaffolds which are formed

through controlled structures and certain properties. In cartilage tissue engineering,

the specific cells that are present on the 3D matrix are separated and are implanted

in the injury site [12]. In wound healing, the destroyed tissues are replaced by the

newly regenerated tissue. In case of biosensing, the biosensor is a device that needs

to analyze the biological sample. It changes a chemical, biological, or biochemical

signal to an electrical signal. Magnetic resonance imaging (MRI), computed tomog-

raphy (CT), and ultrasounds are the different bioimaging techniques used for the

diagnosis of certain diseases. Some high-resolution images of the internal organs

can also be produced from bioimaging devices.

3.2 Nanocomposites

In 1982�83 Roy et al. coined the term “nanocomposites” to understand the concept

behind sol�gel processes [13]. Nanocomposites consist of continuous matrix phase

and discontinuous reinforcement materials to obtain the best version of composite.

Based on the size of reinforcement, composites are divided into three classes, that

is, nanocomposites, microcomposites, and macrocomposites. Among all, nanocom-

posites are more efficient and have outstanding applications. The connection

between the matrix and reinforcement is very high as it has a high surface-to-

volume ratio [14]. Terms “nanocrystalline” and “nanophase” are different from the

nanocomposites, which shows a single-phase in the nanometer range. In nanocomposites,
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the solid phase is in a range between 1�20 nm. The solid phase we discussed here

may be crystalline, semicrystalline, or amorphous. Similarly, these solid phases can

be organic, inorganic, or both. For the past 20 years, PNCs are used in a vast

amount in industries and also in research works. So, the rapid growth of PNCs is

seen from the last 10 years. The great implementations of nanocomposites in engi-

neering, plastics, rubber, adhesive, coating industries, etc. owes to its outstanding

advantages. It also has certain disadvantages due to its late decomposition time. We

can irradiate this problem by the use of nanocomposites prepared from biorenew-

able resources. We can obtain biorenewable resources by the utilization of

vegetable oils, starch, cellulose, chitosan, natural rubber, and proteins etc. The

nanocomposites, we got from biorenewable resources, have a great greener

approach than petroleum-based composite, and they are specially used in food

packaging, and in different biomedical industries. Based on the materials’ functions,

nanocomposites are grouped into sol�gel nanocomposites, intercalation-type nano-

composites, entrapment-type nanocomposites, electro ceramic nanocomposites, and

structural ceramic nanocomposites [15]. The nanocomposites derived from poly-

mers are formed by different methods. There are four routes for the preparation of

nanocomposites such as melt intercalation, template synthesis, exfoliation, and

adsorption. The nanocomposites are then characterized by different techniques such

as UV�Vis, fourier-transform infrared spectroscopy (FTIR), X-ray powder diffrac-

tion (XRD), scanning electron microscopy (SEM), and transmission electron

microscopy (TEM).

3.3 Biological aspects of nanocomposites

The self-assembly strategy helps in the construction of PNCs into nanostructures,

which tend to create functional materials with great applications in biomedical sec-

tor. From the literature review (Fig. 3.1), it is found that the numbers of published

Figure 3.1 Publication of articles in journals during one decade (2011�20) from “Web of

Science” with searching different keywords mentioned in legends in the title.
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articles are progressively increased in one decade which explores the applications

of present work. Hence, this chapter may be an asset to the literature complying

with biomedical applications.

The energy storage property of biomedicine is also an application of PNCs. The

self-assembly of PNCs helps in the development of practical biomedical devices.

There are certain techniques used in the fabrication of biomedical devices such as

soft lithography, nanoimprinting, and hot embossing lithography. We can prepare a

hydrogel with superior properties and with superior functions for applications in the

biomedical and biotechnological area from the carbon-based ceramic, metallic,

polymeric nanomaterials. Among nanocomposites, magnetic PNCs draw attention

due to their outstanding magnetic properties, compatibility, and good stability. The

formation of organic and inorganic magnetic nanocomposites can be done by cer-

tain techniques such as ex situ, in situ, coprecipitation, microwave reflux, melt

blending, plasma polymerization, and ceramic�glass processing. These nanocom-

posites are used as drug carriers in several biomedical fields [16]. Other excellent

nanocomposites are formed by combining the magnetic and fluorescent properties

having multifunctional behavior, with outstanding biomedical applications in cell

tracking, biological imaging, magnetic bioseparation, bio and chemosensoring, and

nanomedicine [17]. Some smart biopolymers-based nanocomposites show some

self-regeneration properties and can be implemented in different biomedical areas.

Self-healing is a route that can repair or regenerate the degradation, damage, or fail-

ure of the tissue [18]. A comprehensive discussion is given found on the current

progress reported in various biomedical fields such as antibacterial applications,

drug delivery, gene therapy, tissue engineering, biosensing, bioimaging, and dental

applications. Graphene-based PNCs due to their remarkable properties, such as

superior mechanical properties, high thermal conductivity, and excellent electronic

transport have prompted flexible emerging applications in many biomedical fields,

particularly in antibacterial applications, drug delivery, tissue engineering, gene

therapy, wound healing, biosensing, bioimaging, dental applications, etc. portrayed

in Fig. 3.2 by representing graphene PNCs as a net, capturing all principal biomedi-

cal applications depicted as fishes for better understanding.

3.3.1 Antibacterial aspects

The enhancement in optical, electronic, mechanical, and antimicrobial properties is

carried out by combining various properties of the polymer and NPs. By increasing

the antibacterial applications of polymeric matrix or by including nanomaterials

which have antibacterial properties, we can get nanocomposites with antibacterial

properties. Owing to the synergistic effect of two components in composites, the

increment of biocidal capacity takes place. Polymer provides antibacterial proper-

ties and the supporting matrix for NPs [19]. Cell wall, translational machinery, and

DNA replication are the three major bacterial targets to which molecular antibiotics

affect the bacteria. There are certain processes through which NPs react, that is,

production of the reactive oxygen species (ROS), ion releases, electrostatic interac-

tion with the cell membrane, and internalization. So, the NPs have a great influence
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on the antibacterial activity over molecular antibiotics, especially for the bacteria

which can resist antibiotic. Against the pathogenic bacteria, noble NPs are found to

have effective antibacterial activity for their prominent surface area to volume

ratios and impressive physicochemical properties. Silver nanoparticles (AgNPs) are

the most used NPs among all noble metal NPs for their better antibacterial activity.

AgNPs are different kinds of NPs that can affect bacteria through all the antimicro-

bial mechanisms we discussed before. So, they can be treated as antimicrobial

agents [20]. Human beings are affected by many diseases such as infections, aller-

gies, and toxic reactions by airborne and waterborne pathogens. For the negligible

formation of aerosol and hydrosols, the mechanical filtration by nano- and microfi-

bers gives a cost-effective, chemical-free, and environmentally friendly approach to

increase the performance and efficiency of filtration. As we discussed above,

graphene-based nanocomposites such as graphene oxide (GO), reduced GO and

porous graphene nanosheets have enormous antibacterial properties. Matharu et al.

[21] demonstrated the antibacterial behavior of GO nanocomposite fibers. The con-

tamination of bacteria on different surfaces of wound dressings, medical devices,

industrial pipes, separation membranes, and food packages is a serious problem. So,

the bacteria get attached to these places and grow at a faster rate under

suitable conditions of the environment and form biofilms, the removal of which is

difficult. So, an antibacterial coating is developed to kill the bacteria and to control

the formation of the biofilms [22]. Alam et al. [23] designed a coating material

named polyesteramide [LMPEA] nanocomposite by using N,N-bis (2-hydroxyethyl)

fatty amide which is obtained from nonedible Leucaena leucocephala [LL] seed oil

[LLO], and maleic anhydride, strengthened with the AgNPs, biosynthesized in

L. leucocephala leaf extract, having outstanding antimicrobial efficiency. The

Figure 3.2 Graphical representation showing biomedical applications of graphene-based

PNCs. PNCs, Polymer-based nanocomposites.
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hydrogels which have large voids in the cross-linking networks act as a reservoir

for the NPs and help in the growth of NPs and nucleation by the nanoreactor tem-

plate. The synergetic effects produced by the insertion of the AgNPs between

organic and inorganic components improve the applications via increment in

mechanical toughness, swelling/deswelling rates, deformability, transparency, elec-

trical conductivity, as well as antibacterial activity. Syed et al. [24] developed a

nanocomposite having antibacterial applications, that is, almond gum-poly(acrylam-

ide)/Ag hydrogel nanocomposites. Jayaramudu et al. [25] designed hydroxypropyl

methylcellulose (HPMC) nanocomposite hydrogel films which got strengthened

with HPMC capped copper nanoparticles (HCuNPs) for employment in antibacte-

rial applications. The development of efficient antibacterial surfaces is important to

achieve control on the arrangement of the biocides across the thickness of PNCs

films. It is the way to increase the biocide quantity at the top of the surface of the

film to ensure attachment with the bacteria. Martı́n-Fabiani and his co-workers used

a method to control the vertical arrangement of the biocides in the polymer com-

posite film formed from the zinc oxide (ZnO) nanoparticles and a colloidal blend of

the polymer known as evaporation driven colloidal self-assembly [26]. To resist the

release of substances into the environment, the mechanism may differ in the pro-

duction of heat, pH variation, generation of ROS, photoinduced and/or photoexcita-

tion acidification, photodynamic therapy, for which the researchers designed smart

nanomaterials with significant antibacterial properties, which are activated by the

light irradiation. Ballesteros et al. [27] designed a nanomaterial containing AgNPs

on the surface of the biodegradable and biocompatible polycaprolactone (PCL)

nanofiber mats prepared by electrospinning method and composed by a photore-

sponsive nanogel which shows some antibacterial behavior on the gram-negative

Escherichia coli and gram-positive Staphylococcus aureus. Factori et al. [28]

adopted microwave-assisted sol�gel synthesis method to design ZnO nanoparticle/

poly(vinyl alcohol) nanocomposites which have potential application in the prepara-

tion of antibacterial films opposing gram-positive and gram-negative bacteria.

3.3.2 Drug delivery aspects

Because of the surface and rheological properties, drug delivery through nanocom-

posite systems becomes an emerging area of research interest not only in nanomedi-

cine but also in material science research field. In the conventional way of drug

delivery, there is no control over the release of therapeutic agent that results in a

rapid increase of drug dosage in the bloodstream and then drops and the possibility

of the desired amount of drug to reach predetermined site decreases. Because of the

above fact, repeat administration of a drug is required to maintain the therapeutic

level in the body avoiding which leads to life-threatening side effects. Therefore

recent research works in drug delivery are based on the fabrication of controlled

and targeted drug delivery systems. The drug carrier system should release the req-

uisite amount of therapeutic agent at the targeted site without causing any harmful

effect to other sites [10]. A nanostructured system can be a preferred choice for the

controlled and sustainable release of drugs to reduce the lethal aftermath of taking
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medicine. For anticancer therapeutic agents, drug delivery carriers should possess

longer circulation period to target cancer cells and can release the therapeutic agent

into the cytoplasm. The most advantageous carrier systems that are used as antitu-

mor carriers are NPs, dendrimers, microspheres, and liposomes, whereas for anti-

cancer drug delivery, nanomaterials are used as drug delivery carriers since

nanomaterials can penetrate highly into tumor vasculatures and have multivalent

effects [29]. Javanbakht et al. [30] prepared an anticancer nanostructured drug

delivery carrier by incorporating doxorubicin (DOX) drug in carboxymethylcellu-

lose/Zn-based metal�organic framework/GO bionanocomposite using green one-

pot synthesis method. Currently, investigation related to nanocomposite drug deliv-

ery systems is not confined to the synthesis of drug delivery systems. Many aspects

are now considered to prepare nanocomposite drug delivery, that is, capability to

encapsulate therapeutics and to release them upon stimulus, ability to generate heat

using external signals, and to produce highly oxidative species, for combinational

therapies [31]. Graphene becomes a dominant nanocarrier material for drug admin-

istration application due to its two-dimensional structure, excellent stability, large

surface area, easy surface modification, and high biocompatibility. Drug delivery

application using nanoscale GO was first reported by, Sun et al. in 2008 [32]. They

have successfully prepared a nanosystem drug delivery carrier by incorporating

anticancer drug DOX onto PEG functionalized GO to kill cancer cells in vitro.

Graphene can be a potential drug delivery carrier because the drug loading mass

can reach 200% of the graphene-based drug nanocarrier [33]. Hydrogels are consid-

ered as one of the most significant biomaterials and have its dominance over other

biomaterials in a variety of biomedical applications such as drug delivery because

of their ability to encapsulate and protect therapeutic agents and most importantly

the capability to release the drug in control and sustainable manner [34].

Unlike traditional chemotherapy, chemotherapy carried out using nanomaterials

as a drug carrier system has excellent outcomes as drugs can reach the predeter-

mined targeted site instead of even being distributed in the whole body and diffus-

ing freely in the bloodstream. Chemotherapy using nanocarrier able to release

therapeutic agents in a controlled way because of two types of stimuli: exogenous

stimuli such as magnetic fields, temperature, ultrasound, electric fields; and light

and endogenous stimuli such as enzyme concentration, pH, and redox. Drug admin-

istration carried out using these approaches helps to overcome a physical barrier,

increase drug bioavailability, and minimize dosages of medicines that reduce the

lethal aftermath of uptaking excessive drugs [35]. Nowadays various stimuli-

responsive PNCs are used in drug delivery applications. The stimuli, light has sev-

eral advantages that increase the efficacy of the drug delivery system, as it is cost-

effective and can tune with wavelength and intensity along with spatiotemporal

control. Huang et al. [36] engineered photoresponsive mesoporous silica PNCs

using the atom transfer radical polymerization (ATRP) process for controlled drug

delivery application. The most significant and typically used stimuli in the drug

administration process is temperature because the physiological temperature has a

great impact on thermoresponsive polymer. Poly(N-isopropylacrylamide) and Poly

(N-vinylcaprolactam) (PNVCL) are the two most used temperature-responsive
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polymer. The phase transition temperature of a polymer should consider while using

it as a part of the drug carrier system. The phase transition temperature of PNVCL

is close to the physiological temperature [37]. An in vivo drug release of a

therapeutic agent from thermoresponsive polymeric matrix based on PPG, PEG,

and tetraphenylethene with chromophore has been monitored using the aggregation-

induced emission (AIE) concept [38]. Another exogenous stimulus is the electric

field which allows drug release by deviating the binding force present between the

drug model and nanodrug delivery carrier. Weaver and co-workers fabricated a

drug administration carrier using GO nanosheets and conducting polymeric film.

Drug delivery by using an electrically controlled system showed collinearity with

time and voltage [39]. Mallakpour and Khodadadzadeh investigated the administra-

tion of zolpidem, a hydrophobic drug model from starch/multi-walled carbon

nanotubes (MWCNT)�glucose nanocomposites carrier system using ultrasonic

stimulation [40]. Magnetic-responsive drug delivery carrier plays a vital role in the

treatment of cancer using the hyperthermia method. Paramagnetic materials such as

superparamagnetic NPs are used in the preparation of composites to make the car-

rier system magnetically active. pH-responsive behavior of drug carrier system

depends on the functional group present on the polymer that is used in composite

preparation. Mdlovu et al. [41] have engineered a multiresponsive drug administra-

tion system by incorporating iron oxide nanoparticles (IONPs) into Pluronic F127

shell using DOX as a drug model, for neuroblastoma treatment. The in vitro drug

release rate showed faster release of drug models in an acidic environment than

others. Different concentrations and activities of enzymes can be employed for

drugs delivery to tumor tissues [42]. Chen et al. [43] prepared a nanocomposite

drug delivery system to release DOX in GSH-regulated environment using GO and

AgNPs. This carrier system was redox stimulus responsive. Multiresponsive drug

delivery system offers outstanding ability in multiple deliveries of different pay-

loads and greater control over the release of drugs than a single responsive carrier

system. It also provides sensing and imaging possibilities along with curative nature

[44]. Song et al. [45] synthesized a dual-responsive, that is, pH and photoresponsive

drug delivery carrier for the release of DOX using GO and gold nanorod. The pre-

pared hybrid nanocomposite can release DOX in the near-infrared irradiation (NIR)

region and acidic environment. Falcone et al. [46] engineered a pepti-

de�polydopamine nanocomposite hydrogel for laser-induced drug delivery inhibit-

ing the growth of gram-negative E. coli bacteria. Different PNCs reported having

applications in drug delivery are summarized in Table 3.1, with their fabrication

techniques and characterization methods adopted.

3.3.3 Gene therapy aspects

In past decades, researchers are more interested to do investigations on therapeutic

approaches such as gene therapy. Gene therapy is a technique or process to treat or

cure human disease by relocating genetic material into certain cells of the patient.

The rectification of genetic functions in the cell nucleus or cytoplasm by adminis-

trating nucleotide-based therapeutic agents into the desired cells is an important
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Table 3.1 A summary of different PNCs reported for drug delivery with their fabrication techniques and characterization methods.

No. Polymer-based nanocomposites

(PNCs)

Fabrication

techniques

Characterization/properties Applications References Ref.

no.

1 Polyvinyl alcohol (PVC)/CuO

nanocomposite hydrogel

Immersion

Process

fourier-transform infrared

spectroscopy (FTIR), X-ray,

scanning electron microscopy

(SEM)

Drug delivery

agent

Ahmadian

et al.

[47]

2 ZnS�cellulose nanocomposite In situ method X-ray powder diffraction

(XRD), FTIR, SEM,

transmission electron

microscopy (TEM), EDX,

UV�Vis

Drug delivery,

antibacterial

and

photocatalytic

activity

Pathania

et al.

[48]

3 Gelatine-based biodegradable

hydrogel nanocomposite

Immersion

process

FTIR, XRD, energy dispersive

X-ray spectroscopy, and SEM

Drug delivery

agent

Bakravi

et al.

[49]

4 Polymer nanocomposites-coated

magnetic nanoparticles

In situ method FTIR, VSM, TEM, SEM Drug delivery Prabha et al. [50]

5 Carbon dots decorated

carboxymethyl cellulose-

hydroxyapatite nanocomposite

One-pot synthesis

method

FTIR, XRD, TGA, FESEM,

TEM, and DLS

Drug delivery,

tissue

engineering,

and Fe31 ion

sensing

Sarkar et al. [51]

6 Poly (2-hydroxyethyl

methacrylate)/clay composites

In situ

free-radical

polymerization

FTIR, DSC, TGA, XRD Drug delivery

systems of

paracetamol

Bounabi

et al.

[52]

7 Chitosan-g-poly(acrylamide)/ZnS

nanocomposite

Microwave

radiations

technique

FTIR, XRD, EDX, SEM, TEM,

TGA

Drug delivery and

antimicrobial

activity

Gupta et al. [53]

(Continued)



Table 3.1 (Continued)

No. Polymer-based nanocomposites

(PNCs)

Fabrication

techniques

Characterization/properties Applications References Ref.

no.

8 Structural nanocomposite

consisted of tamoxifen citrate

and polyvinylpyrrolidone as

core and shellac as shell

Modified coaxial

electrospraying

process

SEM, TEM, XRD, FTIR Colon-specific

delayed drug

delivery

Wang et al. [54]

9 Doxorubicin loaded

carboxymethyl cellulose/

graphene quantum dot

nanocomposite hydrogel films

Incorporation of

graphene

quantum dot

FTIR, UV�Vis, SEM Potential

anticancer drug

delivery system

Javanbakht

et al.

[55]

10 5-Fluorouracil loaded chitosan/

polyacrylic acid/Fe3O4

magnetic nanocomposite

hydrogel

In situ method FT-IR, XRD, VSM, TGA, and

SEM analysis

Potential

anticancer drug

delivery system

Mohammadi

et al.

[56]



process in gene therapy [11]. In the last few decades, gene therapy technique has

been significantly enriched by the development occur in nanotechnology-based

applications such as medicine and consequently, nonviral gene therapy becomes an

important factor in biomedicine [57]. The utilization of synthetic polymer as vectors

in gene therapy has created opportunities in the research area related to gene ther-

apy and in targeting oncogenes. Gene-based therapeutics technique uses synthetic

polymers, such as polyethyleneimine (PEI) and poly(amidoamine) (PAMAM) den-

drimers and poly(b-amino ester) as vectors. Numerous types of polymers have been

fabricated to overcome the barriers and to get the desirable outcomes through gene

therapy. The various designing criteria such as biocompatibility, DNA packaging

and stability in vivo, and endosomal escape, must consider during the designing of

polymers. The cationic polymer carrier has been used to create a range of drug

delivery activities in the intracellular and extracellular transport of DNA vectors,

for polyplex-mediated gene delivery [58]. The successful administration of in vitro

nonviral gene delivery of primary amines [dithiobis(succinimidylpropionate) or

dimethyl-3,30-dithiobispropionimidate. 2HCl] cross-linked PEI to Chinese hamster

ovary (CHO) cells has been demonstrated by Gosselin et al [59]. By utilizing a

luciferase reporter gene below cytomegalovirus promoter, the transfection efficien-

cies were evaluated in CHO cells. Zhong et al. [60] employed PAMAM dendrimers

for gene delivery.

The integration of gene therapy with photodynamic therapy has shown an

enhancement in therapeutic effectiveness. Lou and co-workers prepared a nanocom-

posite based on MnO2-DNAzyme-photosensitizer with AIE characteristics for cell

imaging and photodynamic-gene therapy for combined treatment [61]. To overcome

the challenges faced during targeted tumor imaging and to improve the efficacy of

specific gene delivery in cancer-based gene therapy, many scientists have prepared

nanovectors. Wang et al. [62] engineered multifunctional bioactive citric acid-

based nanovectors for intrinsical targeted tumor imaging and specific administra-

tion of siRNA gene delivery which has applications in both in vitro and in vivo.

The efficacy of gene delivery could be significantly enhanced by using magnetic

nanostructures due to their distinctive properties than other nanostructures. Xu and

his co-workers fabricated one-dimensional magnetic NPs based on IONPs and sili-

con oxide along with p-FS for the imaging-guided gene therapy without using any

templates and magnetic stirrer [63]. The release of biomolecules from hydrogels is

much more challenging and less effective because this may lead to rapid diffusion

and degradation of biomolecules. Gene therapy offers an alternative medium for

the sustainable production of proteins by transfected cells. Wang et al. [64] devel-

oped a nanocomposite-based system, which is capable of repairing tissues along

with gene delivery, consisting of DNA-PEI-silica NP complexes coencapsulated

with fibroblasts within collagen hydrogels.

3.3.4 Tissue engineering aspects

The replacement or the repair of damaged tissue can be done by tissue engineering.

New tissue regenerates artificially by the applied methods of life science and
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materials engineering by tissue engineering. The damaged or failing organs can

also be repaired by tissue engineering. Cells are growing on scaffolds which act as

temporary support for them during regeneration, without harming the 3D structures

[65]. Tissue engineering deals with the combination of molecular biology and mate-

rials engineering. The scaffolds are mainly having high porosity, biocompatibility,

biodegradability, proper size of the pore, and have a good degradation rate. [66].

There are also few more advantages of the scaffolds like it gives sufficient mechan-

ical support to overcome stresses and the harm produced during in vitro or in vivo

regeneration. The polymeric scaffolds play an important role in tissue engineering

such as cell seeding, proliferation, regeneration of the new tissues in 3D. For bone

tissue engineering, the designing of poly(propylene fumarate)-based nanocomposite

with the PEG functionalized GO by sonication and thermal curing is one of the best

preparation methods [67]. The synthetic biopolymer-based nanocomposites are the

first choice of researchers to use in tissue engineering scaffolds for their biocompat-

ibility and controllable biodegradation kinetics. Synthetic biopolymers can mostly

be implemented for the treatment of patients having organ failure, or with damaged

or lost tissue are mainly the saturated poly(α-hydroxy esters), PGA, PLA, poly(lac-

tic acid-co-glycolic acid), and PCL [68�71]. A simplified representation for PNCs

in tissue engineering is given in Fig. 3.3.

Other efficient bioscaffolds for tissue engineering are the stimuli-responsive

hydrogels [72]. To develop a strong hydrogel for the treatment of patients by tissue

engineering, Boere et al. [73] combined the temperature-induced physical cross-

linking with native chemical ligation. Good biocompatible behavior is shown by

the conducting polymers (polyaniline, polypyrrole, polythiophene, and their deriva-

tives). An electric signal is stimulated due to its conducting nature which allows

Figure 3.3 Application of PNCs in tissue engineering. PNCs, Polymer-based

nanocomposites.
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cells or tissues cultured on them. There are also certain disadvantages that restrict

their uses like their mechanical brittleness and low processability. So, the polymeric

composites having good biocompatibility and biodegradability rate were developed

using the conducting polymers [74]. PPY/PCL was prepared by first putting PCL

film into polystyrene sulfonic acid and then mixing it with pyrrole DI water mix-

ture. Then as an oxidant, the ferric chloride was added to it. Then there is the for-

mation of the PPY-coated PCL conducting film. The resistivity of the film is found

to be 1.0 6 0.4 kΩ cm [75]. The reinforcement of nanomaterials in biopolymers

leading to 3D structures shows great properties along with multifunctionality [76].

Different shaped structures, that is, hemisphere, cube, human nose, human ear, pyr-

amid, and bundle, are designed from ternary PEG�alginate�nanoclay composite

hydrogels, with great advantages like these are suitable for 3D printing and in long-

lasting cell cultures [77]. Lalwani et al. [78] designed a polymeric nanocomposite

that is biodegradable and reinforced by 2D nanostructure polypropylene fumarate

for bone tissue engineering. Similarly, Zhang and co-workers prepared a well-

structured cellulose nanocrystal piercing in an uniaxially alignment cellulose nano-

fiber by the spinning of an electron by a rotating drum which acts as a collector, for

the application as a scaffold for tissue engineering [79].

3.3.5 Biosensing aspects

Because biosensor has advantageous qualities in terms of simplicity, time, and cost-

efficiency, it emerges as an excellent technology in sundry types of applications.

According to the sensing nature, sensors are typically categorized into two types:

chemical sensor and physical sensor. Due to the overlapping of sensing methods,

biosensors come under the chemical sensors category. Biological sensing elements

can generate selective and sensitive analytical signals and these elements are used

as a significant material to manufacture biosensors as analytical devices. The inter-

actions between a target and the corresponding biorecognition element, such as

enzymes, antibodies, and proteins, produce physiological changes and these changes

are converted to an electrical signal by a transducer. The analyte concentration is

responsible for the production amount of signals. Biosensors are employed in multi-

various applications, mainly drug discovery, medical diagnosis, environmental

monitoring, and food safety. Based on its limit of detection, sensitivity, selectivity,

linear dynamic range, response to interferences, reproducibility, and other features

the performance of a biosensor is evaluated [80]. Recently, biosensor research is

attracting many important interests of researchers because of outstanding sensing

capabilities, such as blood pressure, heart, body motions, pulse rate, blood glucose

level, oxygen, antibodies, cholesterol, proteins, nucleic acids, cancer cells, heavy

metals in drinking water and toxins in food products. Many types of biosensors

including potentiometric biosensors, colorimetric biosensors, fluorescent biosensors,

electrochemical biosensors, and Raman spectroscopy-based platforms have been

reported [81]. Fig. 3.4 stands for various types of biosensors made from PNCs and

their applications in different biomedical fields.
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On account of enhanced biocompatibility, rapid electrode kinetics, excellent con-

ducting properties, and environmental stability, PNCs can be a potential candidate

in the electrochemical analysis process. Graphene-based materials, among several

materials, are the prominent materials in the fabrication of biosensors and recent

biosensors research-based studies. Graphene-based materials, which are synthesized

by using biomolecules such as protein, peptide, DNA, and enzyme, play a signifi-

cant role in improvising biosensing characteristics of graphene [82]. Graphene sur-

faces can be functionalized covalently, that is, chemically and noncovalently. A

molecularly engineered graphene surface has been investigated by Liu et al. [83]

for varieties of sensing applications such as electrochemical, electrical, and optical

sensing. Electrochemical biosensors are superior to other biosensors, due to flexibly

designed sensor architecture, easy operation, low cost, and high sensitivity. The

poly(Lys) and hemoglobin functionalized graphene, for enzymatic detection of

H2O2, has been fabricated by Wang et al. [84]. Due to rapid detection time, high

sensitivity, and easy operation, fluorescence-based biosensors grow as a dominant

material in the biological, biochemical, and medical research fields. The modified

fluorescent biosensors offer direct recognition of molecular localization in various

living cells and biological organisms. In addition to the above qualifications, the

detection of several biological molecules, mainly H2O2, glucose, food toxins, dopa-

mine, and metal ions by fluorescent biosensors, makes it a key element in medicinal

Figure 3.4 Types of biosensors made from PNCs and their applications in different

biomedical fields. PNCs, Polymer-based nanocomposites.
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applications [81]. Chen et al. [85] fabricated a label-free fluorescent sensor for the

detection of dopamine utilizing GO that is easily detectable in NIR region. For bio-

sensing applications, chemiluminescence is a competent technology because of its

outstanding sensitivity and insignificant interference by background scattering light.

To detect bisphenol in water, a sensitive method was produced based on a system

using luminal, KMnO4, and CuNCs (copper nanoclusters) [86]. Conducting poly-

mer was first reported by Shirakawa et al. [87] in 1977. Considering the factors

such as cost efficiency, easy processability, and immobilization through the

stable and porous matrix, conducting polymers are widely used in electrochemical

biosensors techniques. Conducting polymers like polypyrrole, polyaniline, polythio-

phene, and so on are extensively used in sensing applications [88]. Wang et al. [89]

engineered poly(3,4-ethylenedioxythiophene)/hyaluronic acid (PEDOT/HA) nano-

composites with good antifouling activity and high porous microstructure by using

a simple electrochemical method. An immunosensor was developed by immobiliz-

ing a carcinoembryonic antigen (CEA) antibody onto PEDOT/HA nanocomposites

to detect tumor biomarker CEA. This combined effect uses to produce immunosen-

sors with high sensitivity and low fouling activities. The excess glucose accumula-

tion in human blood could lead to a life-threatening metabolic disease called

diabetes mellitus. To reduce its unfavorable effect on people, real-time monitoring

of glucose levels and quantitative detection is needed and is possible through sens-

ing techniques. Xu et al. [90] fabricated a highly sensitive enzymatic glucose bio-

sensor bionanocomposites using MWCNTs and glucose oxidase-loaded polymeric

NPs. Mishra et al. [91] demonstrated the biosensing application of a plasmon-active

polymer�NP composite triethylene glycol dimethacrylate-AuNPs.

3.3.6 Bioimaging aspects

Bioimaging is an excellent visualizing technique to create an image and to detect

life activities in situ at a cellular or even subcellular level, and it also stands as a

principal way for tumor monitoring and drug tracking in the biomedical area.

Compared with other imaging techniques, biomedical optical imaging techniques

give crucial data for the clinical and preclinical assessments of biochemical and

biological processes [92]. Electromagnetic radiations have a significant contribution

to bioimaging technology. For in vitro cell microscopic imaging, visible light is

used. For in vivo small animal imaging, electromagnetic radiation with a greater

wavelength than visible light is required for efficient penetration in tissue and lower

autofluorescence. NIR light having a wavelength of 7002 900 nm is suitable for

this purpose. The liaison of nanomaterials in imaging techniques has created more

opportunities to generate various methods for imaging with enhancing features,

than traditional materials, which include improved brightness, that is, inertness to

their microenvironment, absorbance times quantum yield, and a more even distribu-

tion. Nanomaterials frequently used in bioimaging involve NPs prepared from

organic hydrophilic and hydrophobic polymers, silica as well as organically modi-

fied silica, semiconducting organic polymers, carbonaceous nanomaterials including

carbon nanotubes and nanoclusters, carbon (quantum) dots, upconversion materials,
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nanodiamonds, metal oxides, metal particles, and others. Hybrid materials produced

by cross-linking NPs with polymers are used in bioimaging applications. Polymers

used in the preparation of hybrid materials include PUs, poly-(hydroxyethyl metha-

crylamide), polyacrylamide, certain PEGs or specialty polymers such as pluronic [a

commercial poly(ethylene glycol)-co-poly-ethylene oxide] [93]. Bioimaging tools

are prepared by using a certain type of contrast agents or functional components for

specific imaging. Various substances, namely fluorescence components, X-ray

absorbing agents, infrared absorbing agents, and paramagnetic components, are

used in fluorescence imaging, CT imaging, photoacoustic imaging, and MRI,

respectively. Jia et al. [94] prepared visible-light-induced clay-based lanthanide

PNCs having excellent photoluminescence stability and high luminescence lifetime.

Owing to their high suspension stability, outstanding luminescence, and low cyto-

toxicity in cell studies these PNCs acts as a potential candidate for biological cell

imaging. Functionalized nanoscale graphene, as well as GO, has been employed in

several molecular imaging techniques such as MRI, photoacoustic, optical, and

radionuclide-based (e.g., positron emission tomography) imaging. Covalently func-

tionalized nanoscale GO with PEG showed photoluminescence in the infrared and

visible range [95]. GO having B-cell specific anti-CD20 antibody produce imaging

in live lymphoma cells by using NIR radiation [96]. Wang et al. [97] designed

nanoscale MOF@microporous fluorescent organic polymer composites for bioima-

ging along with improved intracellular uptake.

3.3.7 Dental aspects

Nowadays, the selection of suitable materials for the preparation of nanocomposite

to mimic dental tissue and restoration of original dental esthetic is an arduous task

for many dentists. The possibility to explore materials at the nanoscopic range has

created several opportunities to investigate materials having pharmaceutical proper-

ties and to utilize these materials in the field of medicine. On account of their dis-

tinct physical and chemical properties, NPs are superior to larger-scale particles in

terms of surface area which has gained attention in various dental applications [98].

Outstanding surface, biological and mechanical properties, cost-effective produc-

tion, and simple processing makes polymeric films and polymeric materials highly

promising to be employed in a wide range of medicinal and dental applications.

Polymers generally used in dentistry are polymethyl methacrylate, PE, polycarbon-

ate, polydimethylsiloxane, PEG, PU, PCL (poly(e-caprolactone)), polylactic acid,

PPY (polypyrrole), etc [99]. Fig. 3.5 represents the application of PNCs in dental

tissue regeneration. In recent times, GO has gained attention in the dental and

restorative dentistry research area due to the biomechanical properties of GO.

Given the above properties, Ramadas et al. [100] fabricated a biocompatible

HAp�GO nanocomposite to utilize in drug delivery, orthopedic, and dental applica-

tions. Replication of columnar structure and analyzing the mechanical properties of

enamel are the most investigated areas in dental applications. Yeom et al. [101] rep-

licated enamel-inspired ZnO nanocomposites by reversing the sequence of enamel

biosynthesis process.
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3.4 Conclusion

This chapter is a concise article summarizing the biological applications of different

polymer nanocomposites. Biomedical applications such as drugs delivery, tissue

engineering, gene therapy, and dental treatment are included in this chapter. The

effects of nanostructured fillers are noticed as the key points for enabling the poly-

mer towards biomedical applications. Although lots of methods have been adapted

to design PNCs for biomedical applications, even now there are numerous chal-

lenges are required to be studied to reach their complete potential. The biodegrad-

ability and biocompatibility of the PNCs must be analyzed appropriately to elude

false expectations. Efficient modification and functionalization of both nanomaterial

and polymer drive novel prospects toward more impressive applications of PNCs. It

will be very engrossing to see the swift maturing of this juvenile’s extensively

divergent research field in the next decade. This chapter can be a good asset for the

readers having an interest in the biocompatibility of PNCs.
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4.1 Introduction

The incrementing interest for biodegradable and environmentally friendly materials

provokes the advancement of techniques to implement renewable feedstock from

lignocellulosic components [1�5]. The vast quantities of lignocellulosic debris

developed in the transformation of sugarcane in mills highlight the possibility of

this component as feedstock to fascinate the developing interest for new bio-based

ingredients [3,6�8]. Along with straw and sugarcane bagasse that is partly left in

the sector for generation of bioenergy and soil protection [9], it could also be a pos-

sible feedstock for nanocellulose formation, where the fiber morphology and chemi-

cal constituents are similar to sugarcane plant [10�12]. The nanocellulosic

components separated from plants consist of cellulose nanocrystals and cellulose

nanofibrils that vary in their applications and characteristics. The cellulose nanofi-

bril structure has widths and lengths of 5�60 nm and 0.1�2 µm, respectively, with

disordered and crystalline phases and is generally collected by mechanical/chemical

techniques.

In contrast, cellulose nanocrystals have cross-sections and lengths of 5�70 nm

and 100�250 nm, respectively, extracted primarily from the acid hydrolysis tech-

nique [13]. The properties of these components are higher stiffness and strength,

chemical functionalization/modification capacity, biodegradability, hydrophilicity,

and lower weight [14,15]. The recent research advancement from nanocellulose has

informed its possible applications in regions such as pharmaceutical and medical

products [16,17], electronic devices [18], packaging, cosmetics [17], and composite

fabrication [19]. The separation of nanocellulose from sugarcane bagasse has been

formerly studied using different techniques containing a combination of enzymatic
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hydrolysis with mechanical modification [20], acid hydrolysis [21], and mechanical

modification [22]. The chemical method utilizing strong acids such as sulfuric acid

is the broadly applied technique for separating nanocellulose as cellulose

nanocrystals.

Furthermore, the limitations of this technique have the complexity of the devel-

opment of a vast quantity of salts during the process of neutralization, higher con-

sumption of water during neutralization, corrosion of the hydrolysis reactor, and

recovery of acid. Even though the hydrolysis technique to extract cellulose nano-

crystals can be imposing, some industries are presenting creating kilograms to tons

per day capacity of this component [23]. The cellulose nanocrystals emerging from

sulfuric acid reaction provide shattered stability because of the appearance of sul-

fate components, whereas these constituents also decrease the thermal characteris-

tics of the nanocellulose [24]. Hence, specific investigations have nominated the

utilization of methods that target to create cellulose nanocrystals with more excel-

lent thermal characteristics such as reaction from enzymes and phosphoric acid

[17,25,26]. The fabrication of nanocellulose from enzymatic hydrolysis has the ben-

efits of not producing hazardous waste, the potential of utilizing the soluble carbo-

hydrates discharged in the reaction to collect other bio-based components, and

decreased the utilization of water in the method [27]. In addition, the manufacturing

of nanocellulose from the enzymatic reaction has been recorded to outcome in sim-

ple functionalized nanosized with higher aspect ratio and thermal characteristics

[28]. Nonetheless, the utilization of enzymatic reaction as a surface to collect nano-

cellulose from the sugarcane biomass consisting of straw and bagasse prevails to be

studied. However, a schematic comparison between possible renewable sources pro-

viding a similar examining procedure could help exemplify their potential utiliza-

tion as feedstock for the fabrication of nanocellulose.

Presently, the hairy cellulose nanocrystals are produced from the periodate oxi-

dation method to damage the C2�C3 strong bonds in the glucose restate [29�32],

which has also achieved more attention. Furthermore, the periodate oxidation tech-

nique investigation is still in the inception stage and few published articles on regu-

lating reaction cases for many raw materials [29]. For the different kinds of

cellulose, the production of varying cellulose nanocrystals (crystallinity, functional

groups, microstructures, etc.) to contact additional requirements still endures

issues in the advancement of cellulose science and their respective sectors. In addi-

tion, the cellulose nanocrystals deficiencies such as lower thermal stability also

restrict their more utilization. Hybrid conversion is one of the fundamental ways of

altering cellulose. Hybrid components are a new type of matter that comprises

physical or electrostatic interactions to produce materials possessing good charac-

teristics and various components via solid covalent bonds [33�35]. The investiga-

tion on inorganic�organic hybrid component with cellulose nanocrystals as the

organic region has been observed in recent decades. The inorganic materials contain

gold nanoparticles, silicon dioxide, ferroferric oxide, cerium oxide, titanium car-

bide, alumina�zirconia, and graphene oxide [36�48]. These hybrid components

comprise the superior characteristics of both constituents to present identical

properties.
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Furthermore, problems such as schematic investigations for various cellulose

nanocrystals structures and the examination for novel hybrid components are imper-

atively required to be assigned. Differently, the polyhedral oligomeric silsesquiox-

ane has been eliminated in producing cellulose nanocrystals mixed nano-based

materials with good flame-retardant characteristics, higher mechanical and thermal

features [49,50]. Furthermore, it has been applied to produce inorganic�organic

elastomer with better self-healing and shape memory alloy [51�53]. However,

comprehensively, it is still an issue to produce cellulose nanocrystals and hybrid

schemes adequate for different sectors from a wide variety of biomass sources.

Here, we studied the usefulness of the nanocellulose fiber obtained from waste

sugarcane bagasse using a mechanical milling process. The performance of the

method assigned was determined using a wide variety of examining ways. The

chemically treated and untreated sugarcane bagasse and aluminum silicon carbide

(Al-SiC) [54�56] as a reinforcement material to epoxy polymer were analyzed in

electrical and dielectric characteristics. The outcome signifies the possibility of

applying the mechanical method as a surface to create cellulose nanocrystals with

improved electrical and dielectric properties that are essential factors for utilization

of this material in various applications such as printed circuit boards, insulating

materials. The nanocellulose material collected fascinates the growing interest for

new biomaterials and can share to free up a wide palette of valuable components

within the feedstock.

4.2 Materials and method

4.2.1 Materials

The epoxy polymer (LY556) and hardener (HY951) were supplied from Sakthi

Fiber Glass Inc. Chennai, India. The sugarcane bagasse was collected from the sug-

arcane manufacturing industry in the form of stalks. The aluminum powder (10 µm)

and silicon carbide (150 µm) have been procured from Shri Ganapathy Colours

Inc., Chennai, India and Carborundum Universal Ltd., Kochi, India.

4.2.2 Preparation of sugarcane nanocellulose fiber

The obtained sugarcane bagasse was cleaned with fresh tap water to remove the

soil, dirt, and other foreign materials from the stalk fibers. After washing with fresh

tap water, the stalk fiber was soaked in a salt solution for 2 days, as discussed in

our previous investigation [57,58]. Then, the salt solution-treated sugarcane bagasse

was shifted with 0.1 N NaOH solution at 100�C for the removal of lignin content

from the structure of the bagasse fiber. After these chemical treatments, the sugar-

cane bagasse has been milled using an industrial grinder and transferred to the

nanosieve of 70 nm (average size) to extract the nanocellulose particles as a rein-

forcement material.
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4.2.3 Fabrication of Al-SiC nanoparticles

The supplied aluminum and silicon carbide particles were mixed in a horizontal

type of high-energy ball mill, which drum is made up of aluminum�silicon carbide

to avoid contamination with the milling material. The processing techniques were

10:1 as balls to powder weight ratio, 150 rpm as milling speed, and 3 hours as mill-

ing time with an interim period of 30 minutes per hour to avoid the overheating of

the machine. After the milling process, the mixed powder is separated from a nano-

sieve of 55 nm (average size) and kept separately [59].

4.2.4 Production of sugarcane nanocellulose/Al-SiC epoxy hybrid
composites

The 5 wt.% of chemically treated or untreated sugarcane nanocellulose and 5 wt.%

of Al-SiC nanoparticles are combined using low energy planetary-type ball mill. In

addition, silica gel was infused during the ball milling process in the mixture to pro-

duce strong bonding within the nanocellulose and inorganic fillers. Finally, the sep-

arated ball-milled sugarcane nanocellulose-Al-SiC particles were transferred into

the epoxy polymer and homogeneously dispersed with an ultrasonicator probe

under the frequency of 24 MHz and power of 20 kW, as discussed in our previous

study. After the ultrasonication process, the 10 wt.% of hardener HY 951 has been

combined with the resin mixture and mechanically stirred for 3 minutes. We then

subjected it to poured into the die mold for the production of epoxy laminate. After

6 hours, the laminate has been removed from the die mold and placed in a heating

furnace under 606 3�C for 48 hours to remove the residual moisture content

[45,60,61].

4.3 Epoxy polymer nanocomposite characterization

4.3.1 Electrical properties

The space charge characteristics were analyzed from the pulsed electro-acoustic

technique under the 40 kV mm21 of direct current electric field and ambient tem-

perature of 306 2�C. The specimen was nearly 400 µm thick and a 20 mm diameter

of the aluminum electrode on both surfaces. Silicone oil was used between the

specimen and electrode to reduce the outer interference.

The electric field versus current density graphs of the epoxy hybrid nanocompo-

sites under ambient temperature were determined from a specimen of 250 µm thick-

ness. Then, a three-electrode scheme was vapor-deposited in silver particles to

collect guard and electrode on one surface and a higher-voltage electrode on

another surface; this electrode scheme was placed in the oven and stored for

60 minutes under 50�C before starting the circuit. Finally, the picoammeter

(EST122) was applied to determine the direct current, and the charging current
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60 minutes after starting the circuit was reported at 5�40 kV mm21 of an electric

field.

The direct current breakdown for a specimen of 100 µm thickness was applied

during the breakdown experiment and vapor-deposited in aluminum foil to produce

20 mm diameter of an aluminum electrode on both surfaces of the specimen. The

specimen was sandwiched between two electrodes of 70 and 20 mm diameters.

The dielectric breakdown was calculated under ambient temperature by increasing

the voltage by 1 kV s21. The whole structure was soaked in silicone oil to avoid

flashover. Weibull expression was analyzed from experimental outcomes to collect

data discursiveness and breakdown.

The thermal stimulated current spectroscopy of the specimen was measured by setting

in the vacuum chamber and polarized under an electric field of 30 kV mm21 at 60�C
and half hours. Then, the specimens were rapidly cooled down below subzero tempera-

ture using nitrogen in liquid form. Furthermore, polarization voltage was eliminated, and

the specimen was circuit-break for 600 seconds to remove the interface charge.

Furthermore, the circuit break current was lower than one picoamemeter, and the ther-

mally stimulated current was reported from 0�C to 90�C with 1�C min21 of heating rate.

4.3.2 Dielectric properties

The electrical conductivity and dielectric characteristics of a specimen with 1 cm2

of the area were calculated from an impedance analyzer (Agilent 4294A) under the

frequency ranges between 1 kHz and 10 MHz. Before the dielectric test, the thick-

ness of the specimen was reported, and then the specimen was silver plate sputter

coated. As a result, the loss parameter and dielectric permittivity of epoxy hybrid

nanocomposites can be estimated.

4.4 Results and discussion

4.4.1 Space charge distribution

The electric field and distribution of space charge in chemically and untreated sug-

arcane nanocellulose fiber epoxy hybrid nanocomposites under ambient temperature

was collected from the pulsed electroacoustic technique.

Fig. 4.1A and B presents the space charge in chemically and untreated epoxy

hybrid nanocomposites within 1 hour at 40 kV min21 of an electric field. For

untreated epoxy hybrid nanocomposites, apparent uniform charge injection around

the cathode possessed, and both injection depth and amount of the aggregated con-

stant charge increment with polarization period. The aggregated space charge tends

to exaggeration of the electric region. Such critical electric region exaggeration is

inadequate for insulation utilizations and postures crucial hazard to high voltage

direct current wires. While comparing with untreated and chemically treated sugar-

cane nanocellulose, epoxy hybrid nanocomposites exhibit lower charge aggregation

in the specimen.
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A uniform charge injection is efficiently prohibited, and charge presents no

proper validation with polarization period. Dispersion of charge after circuit breaker

presents similar properties, as observed in Fig. 4.2A and B.

In this context, the amount of charge is decreased in chemically treated ones.

Similarly, the deviation of charge with a period is correspondingly lower in chemi-

cally treated than the untreated epoxy hybrid nanocomposites [62].

4.4.2 Direct current conductance analysis

The electric field based on conduction current (E�J) properties was evaluated to

discard ignite on the influence of the broad traps in chemically treated epoxy hybrid

Figure 4.1 Distribution of space charge of sugarcane nanocellulose/Al-SiC epoxy hybrid

nanocomposites (A) untreated and (B) chemically treated.
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nanocomposites on the transport properties and charge detrapping/trapping. In

Fig. 4.3, the E�J graphs of chemically and untreated epoxy hybrid nanocomposites

are presented, and it was examined that both charts can be separated into two

regions.

Under a lower temperature range in Fig. 4.3A, the current density improves con-

tinuously with the utilized electric field with ramps a bit greater than one at the

lower electric field. This variation is assigned to improvement in carrier density

with increment in electric field. Slopes for chemically and untreated sugarcane

nanocellulose epoxy hybrid nanocomposites achieved greater in the higher electric

field. The slopes at higher and lower electric field m1, m2, and the required electric

field (Fc) are given in Table 4.1.

Figure 4.2 Short circuit distribution of sugarcane nanocellulose/Al-SiC epoxy hybrid

nanocomposites (A) untreated and (B) chemically treated.

79Electrical properties of polymer nanocomposites



Figure 4.3 Electric field versus current density graphs of untreated and chemically treated

sugarcane nanocellulose and Al-SiC epoxy hybrid nanocomposites (A) 32�C, (B) 50�C, and
(C) 60�C.



The appearance of the necessary electric field is described from the restricted

charge current principle [63]. The conduction current and required electric field

pursue ohm’s law, as shown in Eq. (4.1):

K5
f0μl0V

d
(4.1)

where f0, V, and d are the charge of an element, applied field, and specimen thick-

ness, respectively. l0 is the equilibrium density of charge carrier. Carrier movement

(μ) is assigned to parameter of the field.

From the ohm’s expression (1), the current density is directly proportional to the

field. For illustration, m15 one. When the electric field improves, carriers in broad

traps capture dependent role and currently accept compared restricted space charge

current expression, as given in Eq. (4.2) [64,65].

K5 l0μf 12g
0

βg
Hðg11Þ

� �g
2g11

g11

� �g11
Vg11

d2g11

� �
(4.2)

where l0, β, H, and g are efficient density, permittivity of the sample, whole trap

density, and consistent inverse to the temperature measured, respectively.

It may be forecasted that child’s principle completely gratified if temperature or

electric field is large. From Fig. 4.3B and C, the slopes of the conductivity graphs

under more excellent electrical fields attain lower again and accept quantities nearly

two. Chemically treated sugarcane nanocellulose/Al-SiC epoxy hybrid nanocompo-

sites are higher than the untreated specimen, stating many traps in chemically trea-

ted composite samples that are persistent with the different density functional and

thermally stimulated current principal evaluations.

The distribution of charge in a polymer is directly related to the movement of

charge and detrapping/trapping. Thermally stimulated technique efficiently and

broadly applied by analyzing trap regions of epoxy polymer. Regional trapping

stages in epoxy have a drastic influence on composite’s electrical characteristics.

Thermal stimulated current properties of chemically and untreated epoxy hybrid

nanocomposites are presented in Fig. 4.4A. Both untreated and chemically treated

specimen are nonpolar epoxy polymers, and only the captured carrier is shared with

Table 4.1 Slopes at higher and lower electric field m1, m2, and the required electric

field Fc.

Specimen m1 m2 Fc

(kV mm21)

Untreated sugarcane nanocellulose/Al-SiC epoxy hybrid

nanocomposite

4.27 1.31 12.67

Chemically treated sugarcane nanocellulose/Al-SiC epoxy

hybrid nanocomposite

5.29 1.35 18.96
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the stimulated current. The thermally stimulated current properties found that there

are higher captures in chemically treated than the untreated ones. The thermal stim-

ulated current line of untreated attained its peak at nearly 55�C, exhibiting the dis-

charge of a vast quantity of captured carriers. For the chemically treated specimen,

two peaks were observed between 45�C and 75�C. When the temperature rises, the

captured charge carriers collect sufficient energy for rescue trap regions. Larger

thermal peak states broader carriers’ captures in chemically treated samples. The

broader traps would arrest the carrier charge nearly the insulator-electrode and

hence increment the protection from injection charge. To highlight the trap stages

in both untreated and chemically treated epoxy hybrid nanocomposites, the technol-

ogy to observe the capture level depends on the hypothesis of linear trap level of

dispersion and injection of electrons as discussed in a previous investigation [66].

Figure 4.4 Untreated or chemically treated sugarcane nanocellulose and Al-SiC epoxy

hybrid nanocomposites (A) thermally stimulated current and (B) distribution of capture level.
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The capture level density of untreated and chemically treated epoxy hybrid nano-

composites can be collected from Fig. 4.4B. The capture range density line of

untreated specimen attains the peak at 0.93 eV, which is persistent with the out-

come of the 0.922 eV collected from previous investigation [67].

While comparing the untreated epoxy hybrid nanocomposites, both broader and

shallower carrier charge traps have been suggested from the polymer in the nano-

composites that is persistent with the previous investigation [62].

4.4.3 Direct current breakdown

Direct current breakdown was studied to determine insulation characteristics of

chemically treated or untreated epoxy hybrid nanocomposites. The testing informa-

tion was examined from the Weibull distribution that is comprehensively applied to

resolve the insulating materials’ breakdown properties. The following expression

given in Eq. (4.3) is used:

R5 12 e 2F=F0ð Þγ (4.3)

where R is the probability of breakdown, F is breakdown evaluated, F0 is break-

down under 64.5% of total probability, and γ is shape factor corresponding to scat-

ter characteristic. As per International Electro-technical Commission (Technical

committee 56), the total probability of breakdown is collected from the expression

given in Eq. (4.4) when the scheme has lower than 25 specimens were applied:

Rj 5
j2 0:5

o1 0:25

� �
3 100% (4.4)

J is the ordinal quantity of the specimen organized in incrementing step as per

the strength of breakdown and o is the cumulative number of the specimen that is

14 in the current investigation. The outcomes of the direct recent breakdown experi-

ments of both chemically treated or untreated increments between 363.2 and

455.8 kV mm21 with the improvement by 25.5% still the shape factor reduces from

12.2 to 10.8.

4.4.4 Dielectric properties

The frequency based on the dielectric permittivity of chemically treated and

untreated epoxy hybrid nanocomposites is shown in Fig. 4.5A. As predicted, both

epoxy hybrid nanocomposites showed a significant reduction with frequency, signi-

fying robust frequency confidence of dielectric permittivity. The required frequency

dependency of dielectric permittivity is assigned from the influence of interfacial

polarization of Al-SiC. Sugarcane nanocellulose is concluded by aggregating differ-

ent carrier charges under the interior interfaces between the inorganic and inorganic

natural fillers [68,69]. As a result, the dielectric permittivity of chemically treated
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Figure 4.5 Untreated or chemically treated sugarcane nanocellulose and Al-SiC epoxy

hybrid nanocomposites (A) dielectric permittivity, (B) loss parameter, and (C) electrical

conductivity.



epoxy hybrid nanocomposites starts to more significant improvement, signifying

the development of a threshold of dielectric percolation that is followed by a region

from an insulating to conducting medium. While comparing with untreated epoxy

hybrid nanocomposites, the dielectric permittivity of the chemically treated one is

improved to 170 under 1 kHz of frequency five times larger than the untreated one.

The more significant improvement of dielectric permittivity around the threshold of

percolation is affected by the influence of microcapacitor [70,71]. A burrowing per-

colation chain has been employed within the nanocomposites when the chemical

treatment outstripped the percolation threshold. Hence, the injection of charge at

the interfaces could not be eliminated combined with the interfacial polarization

that decreases dielectric permittivity [72].

The loss parameter as the function of frequency for untreated and chemically

treated epoxy hybrid nanocomposites is exhibited in Fig. 4.5B. It can be observed

that the loss parameter of epoxy hybrid nanocomposites is considerably improved

because of the addition of chemically treated sugarcane nanocellulose and conduc-

tive Al-SiC nanoparticles. The dielectric loss parameter of untreated epoxy hybrid

nanocomposite is 0.004 under 1 kHz that is highly improved after reinforcing Al-

SiC nanoparticles. The loss parameter of chemically treated epoxy hybrid nanocom-

posites attained up to 10.5 at 1 kHz. The high increment of loss parameter has

emerged from the unavoidable improvement of electrical conductivity of chemi-

cally treated epoxy hybrid nanocomposites. Chemically treated epoxy hybrid nano-

composites are primarily affected by the leakage current. Higher conductive

expressways can be established with the effect of the chemical treatment process.

Subsequently, higher dielectric loss and more significant leakage current will be

developed.

Fig. 4.5C exhibits the electrical conductivity as the function of the frequency of

chemically treated and untreated epoxy hybrid nanocomposites. The electrical con-

ductivity of untreated epoxy hybrid nanocomposites conceded a robust frequency

dependency due to their insulating behavior [73]. The electrical conductivity of

epoxy hybrid nanocomposites is improved with the rising frequency. A noticeable

transition presented with the effect of chemical treatment. Then chemically treated

epoxy hybrid nanocomposites suggest a conducting characteristic, and their respec-

tive conductive persists around the independence of frequency after enduring the

chemical treatment. This signified that the interconnection between nanocellulose

and inorganic fillers initiates to produce at this concentration, and the percolation

threshold was also attained. This outcome is well established with the above dielec-

tric characteristics of epoxy hybrid nanocomposites. When the untreated nanocellu-

lose fiber is reinforced, the electrical conductivity is no longer improved. The

potential logic is that the balance Al-SiC nanoparticles will be withdrawn from the

surfaces of sugarcane nanocellulose, which tends to restrict the influence on devel-

oping conductive paths. As observed in system 1, encapsulation of Al-SiC on epoxy

hybrid nanocomposites will tend to produce inorganic network-based epoxy nano-

composites after the hot-pressing process. The separated shape of Al-SiC in an

epoxy matrix can advantage the higher electrical conductivity and dielectric

constant.
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4.5 Conclusion and future perspective

The conclusion exhibited that nanocellulose can be efficiently separated from the

sugarcane bagasse using the mechanical milling process. The chemically treated

and untreated sugarcane nanocellulose/Al-SiC epoxy hybrid nanocomposites have

been fabricated using the ultrasonication-assisted wet layup method. The Al-SiC

nanoparticles improved the space charge reticence capability. The direct current

breakdown of epoxy nanocomposites is noticeably enhanced with the improvement

by 25.5% while comparing untreated ones. Both the thermal and direct current con-

ductivity properties exhibited increment of carrier charge captures. The quantum

chemical evaluation examined that implanted epoxy molecules contain both broad

and shallow trapping stages of both hole and electron kind. The trapping regions

occur between 0.45�2.09 eV for hole and 0.04�0.62 eV 2.11�3.21 eV for the elec-

tron. Also, the apparent enhancement of the dielectric characteristics, the chemi-

cally treated epoxy hybrid nanocomposites, deceives nanoparticle accumulation,

which tends to restrict the uniformly meshed percolating shield in the wire fabrica-

tion technique. The dielectric permittivity of chemically treated epoxy hybrid nano-

composites was improved up to 14.7 under 1 kHz of frequency. In this context, the

dielectric loss parameter was regulated at a lower level. The production of Al-SiC-

reinforced epoxy nanocomposites with lower dielectric loss and higher dielectric

permittivity by reinforcing Al-SiC-encapsulated epoxy microsphere is an effortless

technique to manufacture higher dielectric characteristics polymeric materials.

From the research mentioned above, investigations and conclusions, the future per-

spective as it is essential to clarify the current techniques and compositions to

expand customized electromagnetic interference shielding applications. Higher

interest should be given to be hybrid nanoparticles and laminates with their more

excellent interfaces, which can be applied for a broad region for shielding and pro-

tection purposes. Also, such laminates develop the considerable influence of polari-

zation and dielectric assignments for higher electromagnetic energy absorption.

Therefore it is more suitable to examine the synergy between laminate regions to

interpret the potential change of various physical characteristics permissive

enhanced application possibility. Also, the manufacturing of electromagnetic inter-

ference shielding materials on conducting inorganic fillers reinforced in polymers

with different multifunctional applications can be fascinating.
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5.1 Introduction

Nanotechnology has a probable impact on science and technology, such as nanoma-

terials, manufacturing processes, bioengineering, and the global economy.

Nanoparticles, such as gold (Au), silver (Ag), copper (Cu), rhodium (Rh), titanium

(Ti), lead (Pb), nanoclay, silica (Si), layered silicates (LS)—phyllosilicates, mont-

morillonite (MMT), hectorite, and saponite—carbon nanotubes (CNTs), and biona-

noparticles like cellulose nanoparticles or nanowhiskers, may be available in pure

form or consist of two or more different nanoparticles, having the particles size of

10�100 A or 1�100 nm [1�6]. The effectiveness of nanoreinforcements may be

characterized by the ratio of surface area (A) to volume (V) (. 107:1) of nanoparti-

cles. In addition, the formation of oxides on nanoparticles, such as zirconium diox-

ide (ZrO2), silicon dioxide (SiO2), zinc oxide (ZnO), titanium dioxide (TiO2),

strontium zirconate (SnZrO3), zinc titanate (ZnTiO3), also improves the mechanical,

electrical, and optical properties [7�10].

Polymers are rarely used in pure form for product development; it is generally

reinforced with nanoparticles/additives/fibers to improve their mechanical and opti-

cal properties. The polymers are generally classified as thermoplastics, thermosets,

and elastomers. The thermoplastic polymers, such as acrylonitrile-butadiene-styrene

(ABS), polycarbonate, polyvinyl alcohol (PVA), polystyrene (PS), polymethyl

methacrylate (PMMA), polyvinylidene fluoride, polyimides, polyaniline, and nylon,

biodegradable polymers such as polycaprolactone, polylactic acid, polyhydroxybu-

tyrate, polybutylene succinate (PBS), natural rubber, starch, cellulose, polyglycolic

acid, poly(3-hydroxybutyrate), have unique properties, including excellent mechani-

cal strength, high-impact strength, easy to process, chemical resistance, appearance,

transparency, electrical properties, and dimensional stability [11�14]. However,

one of the significant drawbacks of thermoplastic polymers is their lowest thermal

stability and highest flammability. Recently, advanced techniques have been

applied to modify the thermoplastic polymers that may offer improved mechanical

properties, including scratch resistance and optical clarity.

The concept of polymer nanocomposites came into existence to manufacture

intelligent devices such as medical catalepsy, windmills, electronic circuit boards,

battery, microchips, single-electron transistors, optoelectronic devices, photonic
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crystals, depolarizes, scattering displays, compact disk, universal serial bus storage,

windows with adjustable transparency, solar cells, light-emitting diodes, photo-

diodes, light-stable color filters; optical sensors, optical fibers, planar waveguide

devices, and many more, due to their properties such as high strength, accuracy,

precision, lightweight, good dimensional stability, and low cost [15�20]. The opti-

cal properties of polymer nanocomposites depend on particle size, shape, and chem-

ical compositions. Polymer nanocomposites are usually transparent due to the

nanometer length of reinforcement, which minimizes light scattering [21�24]. The

properties and applications of different compositions of polymer nanocomposites,

such as PVA/Argentum (PVA/Ag), PVA/silver nitrate (PVA/AgNO3), polymethyl-

methacrylate/copper oxide (PMMA-CuO), PMMA/silicon dioxide (PMMA/SiO2)

[25], PVA/MMT [26], poly (p-phenylene vinylene)/SiO2, polystyrene/strontium zir-

conate (PS/SnZrO3) [27], are mentioned in Table 5.1. The hybrid polymer nano-

composites such as PP1 PbS/CdS [2] have also been developed with improved

mechanical and optical properties. The interfacial region between the polymer and

nanoparticles are formed between 2� 50 nm. The critical parameters of the interfa-

cial region are particle size distribution, interfacial interactions, manufacturing pro-

cesses, melting temperature of nanoparticles, etc. The thermoset polymers such as

epoxy resins, acrylic resin, polyurethane (PU) resin, and unsaturated polymers have

been reinforced with clay, diamond, graphite, alumina, and oxides to make the ther-

moset nanocomposites for high strength and high-temperature applications [10].

The elastomer reinforced with silica nanoparticles, LS, carbon black, and CNTs has

been used to make elastomer nanocomposites [28,29].

In this chapter, the fabrication method, characterization techniques, and optical

properties of polymer nanocomposites have been reviewed. The optical parameters

such as absorption, refractive index, and energy band gap, affecting the polymer

nanocomposites, have also been described.

5.2 Production method

Various approaches, such as solution casting, melt intercalation, in situ, and ex situ

polymerization, were used to prepare the polymer nanocomposites [19�21].

Solution casting is one of the oldest methods for the preparation of polymer nano-

composites. The polymer and the nanoparticles are mechanically mixed to fabricate

polymer nanocomposites. It is difficult to disperse nanoparticles into the polymer

homogeneously due to the stress-free agglomeration of nanoparticles. The fabrica-

tion process can be done at a low temperature; hence, it is processed very fast. For

example, solution casting is used to prepare nanocomposite based on polystyrene

(PS) and strontium zirconate (SnZrO3) as filler. The polystyrene solution is pre-

pared by adding 1.0 g weight of PS powder into 40 mL toluene and stirred via a

magnetic stirrer for 3.0 hours to achieve a homogeneous solution. The solution cast-

ing process of PS:SnZrO3 is performed in a different glass pot and then permitted

to evaporate at ambient temperature for 2 weeks until nanocomposites were
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prepared [16]. In another study, the PVA/Ag polymer nanocomposites were pre-

pared by 3.0 g weight of PVA and dissolved in 100 mL of deionized water

with stirring at 90�C. The freshly prepared AgNO3 solution (0.1 M) is added drop-

wise in an aqueous PVA solution with continuous stirring for 2.0 hours to ensure

the homogeneous solution. The solution is cast into a glass pot and left to dry at

room temperature; then, the resulting nanocomposites are peeled off [17]. Next,

polymer nanocomposites of PMMA/CuO are prepared by solution casting.

Polymethylmethacrylate solution is prepared by dissolving it in chloroform using a

magnetic stirrer. The copper oxide nanoparticles are added to polymethylmethacry-

late with different concentrations for 20 minutes to get a homogenous solution [18].

Table 5.1 Properties and applications of polymer nanocomposites.

No. Nanoparticles Properties Applications

1 HDPE/titanium dioxide

(TiO2)

Optical and electronic Photocatalysis, solar

cells, gas sensor, bone

repair

2 LDPE/zinc oxide (ZnO)/

Ag

Optical, electrical,

magnetic, and

electronic

Medical filling materials,

optoelectronic devices,

orange juice packaging

3 Polyvinyl alcohol/silver

nitrate (PVA/AgNO3)

Optical and mechanical Ceramic ultrafilters, fire-

resistant

4 Polymethylmethacrylate/

silicon dioxide

(PMMA/SiO2)

Physicochemical,

optical, luminescent

Tissue engineering,

biosensing, optical

devices

5 Polyvinyl alcohol/

Argentum (PVA/Ag)

Optical due to surface

plasmon resonance

Biosensing, coating,

temperature-sensitive

transducers, spectrum,

photo-resistors, and

selective sensors

6 Polymethylmethacrylate/

copper oxide

(PMMA-CuO)

Antimicrobial, anti-

biotic, and anti-fungal

agent

Thin-film, solar cells,

optoelectronic devices

7 Polystyrene/strontium

zirconate (PS/

SnZrO3)

Convert sunlight to

electrical energy

Solar cells, photovoltaic

8 Nylon-6/nanoclays Superior

superhydrophobicity,

improved wettability,

chemicals resistance,

abrasion resistance,

impact, and scratch

resistance properties

Fire-resistant,

optoelectronic devices,

films, and bottles -

Honeywell

9 Shape memory

polymers/SiC

High flexibility, low

mass density, and a

large aspect ratio

Medical devices for

gripping
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The melt intercalation involves annealing the polymer with the filler at high tem-

peratures and compressing the mixtures uniformly to cast polymer nanocomposites.

The polymer inserted into the interlayer spacing between the LS is called interca-

lated polymer nanocomposites. In contrast, the silicate layers are entirely separated

and dispersed in a polymer is called exfoliated polymer nanocomposites [8].

Nanoparticles are generally hydrophilic, and polymers are hydrophobic. Therefore

interfacial adhesion needs to be very high to improve the polymer nanocomposites

performance. The interfacial adhesion can be increased in two ways (1) to increase

the space between the LS by adding intercalating agents and (2) organic molecules

bonded to silicates to make it more miscible the polymer [8]. Quaternary ammo-

nium surfactants are used to increase the intergallery spacing. The size of nanoparti-

cles affects the dispersion morphology and emulsion stability during the preparation

of ABS/LS nanocomposites.

The nanoparticles may also be coated with the oxide materials to improve their

mechanical properties. The coating thickness of nanoparticles depends on process

parameters, such as dipping time, temperature, nature of surfactant, and purity of

nanoparticles [12�15].

Polymer nanocomposites are prepared by the in situ reduction of graphene oxide

(GO) within the PVA solution, while a thermally reduced graphene oxide was used

to prepare polymer nanocomposites using a polyester-based thermoplastic PU

[19�22].

The optical properties of the polymer nanocomposites depend on the type of

nanoparticles, the interlayer spacing, the interfacial strength between the polymer

matrix and nanoparticles, the type and concentration of additives, and the viscosity

of the resin [3�7].

5.3 Characterization techniques

The synthesis and characterization of polymer nanocomposites can be done by dif-

ferent techniques, namely, scanning electron microscope analysis, atomic force

microscope, transmission electron microscopes/field emission scanning electron

micrograph analysis, X-ray diffraction, dynamic mechanical analysis, differential

thermal analysis, nuclear magnetic resonance, differential scanning calorimetry,

thermogravimetric analysis, for detecting functional groups, molecular structure,

elastic response to deformation, thermal stability, mechanical properties of a surface

of nanocomposites; X-ray fluorescence, dynamic light scattering particle size ana-

lyzer, Ultraviolet (UV)-visible spectroscopy, Fourier transform infrared, polarized

light optical microscopy may be used to study the effect of interfacial morphology,

interparticle spacing and finite-size effects on optical properties of polymer

nanocomposites.

The analysis of structure and morphology, degradation behavior of the dispersed

nanoparticles, polymer phase, and the interface of the nanocomposites plays a major

role in understanding the optical properties of nanocomposites.
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5.4 Optical properties of polymer nanocomposites

The optical properties of polymer nanocomposites can be understood by two differ-

ent theories: Maxwell Garnett and Bruggeman geometry. The Maxwell Garnett

geometry has based on nanoparticles embedded in the matrix material. Two nano-

particles having different linear and nonlinear optical properties have been consid-

ered in the Bruggeman geometry. The polymer nanocomposites consist of two- or

three-dimensional structures similar to the Maxwell Garnett structure. The optical

properties of nanocomposites depend on their atomic structure, band structure, and

electrical properties. The optical properties of the polymer nanocomposites can be

determined by the following factors, that is, absorption, reflection, photolumines-

cence, and dichroism.

The absorption reflects the capacity for absorbing light by nanocomposites. It is the

ratio of the decrease in the energy of the radiation to a unit of distance travel toward

the propagation of the wave within the medium. It depends on the energy of the falling

photons, the wavelength, the nature of the surfactant, the energy gap, and the type of

electronic transitions between energy bands. The energy bandgap is measured from an

electron jump in the absorption process called an absorption edge. The absorption edge

is a region where an electron is induced to excite photons from the lowest energy level

to the highest energy level. Thus the absorption coefficient of the nanoparticles is a

powerful function of photon energy and bandgap energy [30].

PMMA is mostly used in the manufacturing of optical devices because of its

high transmission at about 850 nm in a visible spectral region from 0.85 to 1.55 m

in length. PMMA was filled with three different nanoparticles like ZnO, SnO2, and

TiO2 to prepare the polymer nanocomposites via the solution casting method.

Nanoparticles were varied from 1, 3, and 5 wt.% into the polymer matrix to study

the effect of absorption and energy bandgap of the polymer nanocomposites. The

optical properties of PMMA filled with ZnO, SnO2, and TiO2 polymer nanocompo-

sites are measured using an UV-visible spectroscopic in the range of 200�800 nm

wavelength at the ambient temperature. The constant parameters, that is, wave-

length accuracy5 1 nm, and the scan speed5 600 nm per minute was used for all

the samples in the ultraviolet-visible spectrophotometer. Fig. 5.1A shows the plot

between the energy absorption and wavelength for all the polymer nanocomposites.

Insignificant absorbance was observed in the case of pure PMMA in the entire visi-

ble range, while it increases at the lower wavelength. PMMA/ZnO polymer nano-

composites have a perceptible UV-blocking effect even at low concentrations of the

ZnO fillers (0.017 wt.%) but retain high transparency in the visible range even at

1 cm thick. Moreover, the PMMA/ZnO nanocomposites show a much higher UV-

blocking effect (approximately zero transmission in the range from 290 to 340 nm).

The absorption was found significantly high for the PMMA/TiO2 nanocomposites

and comparatively low for the PMMA/SnO2 nanocomposites compared to PMMA/

ZnO nanocomposites. The absorption was enhanced in all the cases by increasing

the concentration of nanoparticles into PMMA nanocomposites.

The energy bandgap of polymer nanocomposites can be calculated according to

the Power-law. The photon energy versus energy bandgap plot is shown in
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Fig. 5.1B. It was observed that the photon energy decreases with an increased con-

centration of nanoparticles, which resulted in the creation of controlled conditions

in the PMMA energy bandgap [32,33]. The refractive index of polymer nanocom-

posites can be controlled by the addition of nanoparticles into the polymer matrix.

5.5 Conclusion

The optical properties of polymer nanocomposites depend on the nature of the poly-

mer and their concentration of nanoparticles reinforcement. In addition to other

factors such as thickness, ambient temperature, angle of incidence, and polarization

Figure 5.1. PMMA filled with ZnO, SnO2, TiO2-based nanocomposites (A) UV absorption

versus wavelength λ (B) photon energy (αhν)2 versus bandgap (hν) [27].
Source: Optical Materials 113(2021) 110837.
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also affect the optical properties of polymer nanocomposites. The absorbance of

polymer nanocomposites increases with the increasing concentrations of nanoparti-

cles, and the transmittance, energy bandgap of polymer nanocomposites decreases

with increasing concentrations of the nanoparticles. Therefore the PMMA-

reinforced nanoparticles-based polymer nanocomposites could be very useful for

the product development of optical devices.
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6.1 Introduction

The thermal properties in very general terms aid in understanding the influence of

heat on any material [1]. The case of polymeric materials is interesting as they are

neither amorphous nor crystalline. In recent years, multifarious researchers have

drawn attention to different thermal properties of polymers such as thermal stabil-

ity, thermal conductivity, and thermal degradation [2,3]. Some polymeric materials

exhibit in situ high tensile strength, flexural strength, superior wear and abrasion

resistance, and low-temperature flexibility [4]. However, polymers, in general, have

certain limitations like poor thermal stability and thermal conductivity. Many indus-

tries, such as automobiles, aerospace, electronics, and others, heavily depend on

efficient thermal conductive and lightweight materials for their operations. In recent

times, the digital revolution’s generation led to the evolution of high-speed proces-

sors with their increased lifetime and reliability, calling for significant research in

the field of thermal management materials. Applications of polymers were not uti-

lized to the full extent due to their poor thermal stability. Polymers decomposition

typically commences in the temperatures range from 150�C to 300�C [5].

As a consequence, degradation of polymeric material may already occur before pro-

cessing it. Therefore in both cases, the material conductivity and degradation tempera-

ture play a crucial role in the longevity of polymers in various application areas.

Improving thermal stability is the primary concern for developing polymers further.

Owing to this, several researchers have attempted to improvise the thermal properties

of polymers through the addition of various nanofillers. This chapter briefly discusses

various research works allied with thermal properties of different polymeric nanocom-

posites such as thermoplastic polymer nanocomposites, epoxy and fiber-reinforced

nanocomposites, recycled polymer nanocomposites, blend polymer nanocomposites,

shape memory polymer (SMP) nanocomposites, and biopolymer nanocomposites.
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6.2 Thermal properties of polymers and polymer
nanocomposites—terms, definitions, significance

A polymer material has multiple relevancies across various fields and works under

varying temperatures. Thermal properties are as important as mechanical, chemi-

cal, and electrical properties since polymers are sensitive to minor changes in

temperature. A sharp melting point is observed in semicrystalline polymers,

unlike a gradual polymer softening polymer melt in amorphous materials. At

higher temperatures, melt flow orientation, molecular weight affects the flexibility

and the impact strength and also aids in the decrease of dimensional stability.

Thermoplastics usually require higher temperatures to degrade due to the presence

of tough covalent bonds completely. Thermosets, on the other hand, develop

chemical bonds and also require elevated temperatures for complete degradation.

However, these materials are considered less sensitive to higher temperatures than

thermoplastics as there will not be a significant effect on the mechanical and ther-

mal properties of these materials. When the polymers are exposed to higher tem-

peratures for a long time in the presence of air, oxidation occurs, which gradually

develops cracks in the layers of the materials and eventually leads to depletion of

mechanical and thermal properties of the polymers.

Most polymeric materials are designed at melting temperatures. Initially, heat is

utilized in melting the polymer and then to cure the product at room temperature.

Curing involves cooling polymer products from relatively high temperatures, which

often results in shrinkage and dimensional changes. In polymers, volume changes

or dimensional changes concerning temperature are more when compared to metals

and ceramics. Hence, shrinkage during the injection molding process is 1% in

amorphous polymers, whereas for semicrystalline polymers it ranges from 3% to

4% [6]. When the polymers are blended with the fillers and stabilizers or compo-

sites, these dimensional changes need special attention, and also appropriate thermal

data is required for molding or extrusion. If not, there will be more deviation in the

dimension of the required samples.

6.2.1 Definitions and significance

The term thermal properties portray the phenomena of the polymers at a varied

set of temperatures. These are key factors in deciding the behavior of the poly-

mers at different temperatures. In this chapter, the transitional phenomena of

polymers likewise glass transition temperatures (Tg) and melting temperatures

(Tm) and thermophysical properties of polymers such as thermal conductivity,

thermal diffusivity, specific heat capacity, linear thermal expansivity, and ther-

mal stability are discussed.

6.2.1.1 Melting point and glass transition temperature

The term transitional temperature refers to a change of mechanical/thermal proper-

ties by modifying the temperatures. Two typical thermal transitions are observed in
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the polymers are referred are Tg and Tm. Classically, glass transition temperature is

known as the temperature at which there is molecular mobility in the amorphous/

semicrystalline polymers, which results in significant changes in the properties of

the material. At the glass transition temperature, material changes from solid state

to the flowy or rubbery state in the amorphous materials. From Fig. 6.1, it can be

seen that the molecular structure is at a certain gap at this temperature, which is in

an increasing trend. When the temperature is below Tg, the molecular arrangement

in the amorphous materials is more rigid. The molecules get the required energy to

allow chain structures to move more freely in the glassy state. As the polymer is

heated, molecules become flexible, and a rubbery state is observed. The tempera-

ture at which the rigid state changes to a flowy state is the glass transition tempera-

ture, Tg. Polymers with flexible chain structures show lesser Tg values, whereas the

materials whose chain structure is inflexible show higher Tg values. As Tg is associ-

ated with molecular motion, rotation about polymer chain links will also influence

the Tg of a polymer. Other factors include flexibility of chain structure, steric

effects of molecular structure, molecular weight, branching, and cross-linking.

On the other hand, melting temperature is equally important as Tg and the critical

temperature lies above the crystalline regions in a polymer become flowy. A semi-

crystalline polymer starts to become rubbery after Tg, but it becomes liquid after

melting temperature. Usually, in semicrystalline polymers, Tm is higher than its Tg.

Figure 6.1 Melting and glass transition temperature of semicrystalline and amorphous

polymers.
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The polymer exhibits larger elongations under lesser loads in the rubbery region at

a temperature above Tg and below Tm. Usually, in amorphous and semicrystalline

polymers, their molecules require a different amount of energy to move randomly

due to unequal chain lengths. Hence, Tg or Tm is not constant and varies with the

temperature.

Fig. 6.1 shows the melting and rubbery nature of semicrystalline and amorphous

polymers [7]. From the figure, it can be observed that in the semicrystalline poly-

mers, at above the melting temperature, there is a phase change from solids to vis-

cous liquids, which can be molded to the desired shape. The transition of

amorphous layers into the rubbery region at glass transition temperature Tg and con-

tinues to melt over a wide range of temperatures. In the amorphous materials, once

the temperatures are above Tg, they tend to decrease in strength, whereas the semi-

crystalline materials proceed to exhibit stable nature, and also their mechanical

properties remain unaffected till the temperature reaches the melting phase Tm.

Also melting temperature of the polymer is affected by the molecular weight, chain

flexibility, intermolecular bonding. The relation between melting and glass transi-

tion temperature is mathematically formulated [8] by data obtained from various

research works and can be written as

Glass transition temperatureðTgÞ
Melting temperatureðTmÞ � 2

3

where the units of the temperature are Kelvin.

6.2.1.2 Thermal conductivity

Thermal conductivity (k) is also important in the thermal analysis (TA) of poly-

mers. This property signifies the energy transfer through the polymer structure from

higher temperature regions to lower temperature regions. Thermal conductivity and

resistance to the temperature of the respective plastic material need to be evaluated

before proceeding to any application at higher temperatures. Thermal conductivity

can be mathematically formulated as the following relation

k � CP ρul

where ρ is the density of the material, u is the speed of sound, and l is the separa-

tion of molecules [8]. In the amorphous polymers, there is an increasing trend in the

thermal conductivity till Tg, and from thereon, there is a slowly decreasing trend as

the temperatures further rise. Fig. 6.2 [9] presents the thermal conductivity concern-

ing temperature for various polymers below the glass transition temperatures.

Thermal conductivity in semicrystalline polymers is more in the solid state as the

density is more and gradually reduces to the melt. In the case of polymer nanocompo-

sites, the value of thermal conductivity depends on the properties of the fillers. If the

fillers have higher thermal conductivity, then they will influence the conductivity of
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the matrix material. Also, the fiber orientation in the organic fillers and gas content

in the foamed or expanded fillers affects the thermal conductivity of the polymers.

In polymers, thermal conductivity depends on the degree of crystallinity; hence a

polymer with a high crystalline structure will have higher conductivity than an

amorphous polymer. Thermal conductivities of plastics are relatively low when

compared to ceramic materials and are approximately around 0.0004 (cal-cm)/

(�C-cm2-s) [6]. Various thermal conductivities of the polymers and composites are

shown in Table 6.1. Due to the lower thermal conductivities of the polymers, they

are used in areas with higher heat transfer. Applications vary from usage in utensils

holders to automobile parts, etc. One more important quality is that there will be a

good feel of plastic parts and hence can enhance plastic usage in diverse areas.

6.2.1.3 Specific heat

The specific heat, C, often refers to the energy required for a unit mass of a poly-

mer to change the temperature by one degree. Specific heat usually is considered to

be the same in the case of constant volume and constant pressure but can change

due to variation in processing or design temperatures of the polymers. In semicrys-

talline thermoplastics near the melting point of the polymers, the discontinued

nature of specific heat is observed due to the formation of crystallites. To melt these

crystallites, heat is required and is often defined as the heat of fusion. Values of the

heat of fusion for polymers are shown in Table 6.2.

The function of temperature on the specific heat capacity of semicrystalline and

amorphous polymers is illustrated schematically in Fig. 6.3 [10]. In semicrystalline

plastics, a slight rise is observed at a Tg, and a peak is observed at Tm. This rise can

Figure 6.2 Thermal conductivity of various thermoplastics.
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be due to the heat of fusion of the crystallite structures present in the plastics. No

peak is observed in the case of amorphous polymers. For a polymer, molecular

weight and the history of the material have a significant effect on specific heat

capacity. If the polymer is quenched at the temperature from the rubbery state to

the rigid state, there will be an increase in the specific heat compared to annealing

the sample at the same temperature. Generally, the specific heat value for the poly-

mer materials (Cal/gm/�C) ranges between 0.3 and 0.4 for the polymers, and these

values are much higher when compared to metals on a weight basis. Knowing the

specific heat of a polymer helps in determining the amount of energy required for

Table 6.1 Thermal conductivity of polymers and their composites with respect to

temperature.

Type Thermal conductivity W (m21 �K21)

PS 0.16

PMMA 0.19

PVC 0.16

Nylon 66 0.25

PET 0.14

PU 0.31

PTFE 0.24

Polypropylene (PP) 0.12

40% talc filled 0.32

40% CaCO3 filled 0.29

40% glass filled 0.37

LDPE 0.35

HDPE 0.44

HDPE, High-density polyethylene; LDPE, low-density polyethylene; PET, polyethylene terephthalate, PMMA,
polymethylmethacrylate; PTFE, polytetrafluoroethylene; PVC, polyvinyl chloride; PU, polyurethane.

Table 6.2 Specific heat of polymers and polymer composites.

Type Specific heat J (kg21 �K21)

PS 1190

PMMA 1270

PVC 1340

Nylon 66 1310

PET 1030

NR 1800

PU 1775

PTFE 1045

Polypropylene (PP) 2350

Polyethylene 1550

PVC, polyvinyl chloride; PU, polyurethane.
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the particular material, which will be further useful in compression and injection

molding, and also, we can easily estimate the mold cooling requirements.

6.2.1.4 Thermal diffusivity

Thermal diffusivity is termed as the property that manages the process of thermal

diffusion across time. In the amorphous materials, the thermal diffusivity decreases

with temperature but rises at the glass transition temperature due to decrement in

heat region capacity and slows down later and the constant trend is maintained in

elastic and slowly decrements in melt-flow, as shown in Fig. 6.4 [10].

In the case of semicrystalline materials, with the increase in temperature, there is

a decrease in thermal diffusivity, and also relatively deep minimum value is

observed at the melting point. On the other hand, with the increase in the degree of

Figure 6.3 Specific heat behavior of amorphous and semicrystalline polymers.

Figure 6.4 Diffusivity across temperatures for amorphous and semicrystalline polymers.
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crystallinity, one can observe that the thermal diffusivity increases. Thermal diffu-

sivity ðα) can be explained with the help of the following relation in terms of ther-

mal conductivity (k), heat capacity (Cp), and density of the polymer (ρÞ.

α5 k=ρCp

6.2.1.5 Coefficient of linear thermal expansion

The linear coefficient of thermal expansion (CTE) is related to volumetric changes

in a polymer as the temperature changes. However, fibers and other fillers signifi-

cantly reduce thermal expansion. In the general observation, expansivity depends

on the orientation direction, the value increases in the directions parallel to the axis

and decreases perpendicular to the axis. Table 6.3 shows the thermal expansion

values of various polymers.

Due to weak bonds in the plastics, they usually exhibit higher thermal expan-

sions and require less energy to expand the structure. Thermal cracking is rarely

observed in polymers despite higher thermal expansion values due to the ability to

take larger strain rates and less elasticity. Mold shrinkages in the polymers usually

range from 1% to 2%, and in the case of polyethylene, there will be higher shrin-

kages also. Hence, it is difficult to produce the plastic parts with much closer toler-

ance values as it is tedious to maintain the shrinkages. In the practical scenario,

plastic manufacturers usually use lower thermal expansion materials in higher tem-

perature application areas because a higher thermal expansion plastic poses a severe

threat to the life of the components when subjected to elevated temperatures.

Phenolic and urea are typical examples of lower expansions but the use of filler

material reduces the thermal expansion of polymers to a certain extent. In certain

applications, the material with higher expansivity is required, especially in the

Table 6.3 Coefficient of thermal expansion of polymers and polymer composite [10].

Type Thermal expansivity 10�6 m (m21 �K21)

PS 65

PVC 190

Nylon 80

PET 59.4

PU 57.6

PTFE 95

Polypropylene (PP) 80

40% talc filled 61

40% CaCO3 40

40% glass filled 30

HDPE 108

HDPE, High-density polyethylene; PVC, polyvinyl chloride; PU, polyurethane.
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fitting of handles to the cutting pliers and other equipment and also has the poten-

tial use in mold design.

6.2.1.6 Thermal stability

Polymer’s thermal stability is the capacity of the material to overcome the heat and

exhibit enhanced properties. It can be determined by a TA technique called thermo-

gravimetric analysis (TGA) which will be discussed in detail in the next chapter.

Many factors improve the thermal stability of polymer-like molecular weight of the

polymer, structure, and crystallinity. On the other hand, various additives like aro-

matic compounds help from polymer backbone degradation and strengthen the

cross-links, which will enhance the thermal stability of the polymer. However, poly-

mers with more oxygen or double bonds are more prone to degrade at lower

temperatures.

In the current research scenario, nanoparticles were found to outweigh any other

fillers in improving the stability of the polymer matrix. This can be due to the pres-

ence of restricted chain mobility and multiple interactions [11]. Recently, nanofil-

lers like hydroxyapatite, MMT, carbon nanotubes (CNTs), nanographene, or

titanium dioxides have been found to increase in thermal stability nature of poly-

mers by creating a railing to degrade to the supply of oxygen. Numerous other fac-

tors such as shape, structure, size of the nanofiller, dispersion rate, the dispersion

medium, and the adhesion to the polymer surfaces define how much improvement

is observed in thermal stability. Besides this, nanoparticles with modified structures

also inherit new properties to the matrix resulting in new material behavior such as

showing magnetic properties, exhibiting the catalytic nature, or improved antibacte-

rial properties. Nanostabilizers can also be custom-made with the required proper-

ties using these fillers, which will further enhance the stability of the polymer along

with the traditional stabilizers added to the polymer matrix.

6.3 Principal and techniques of thermal analysis

6.3.1 Introduction

Sample, reagent, and signal (treating heat as reagent source) are the three basic ele-

ments of a theoretical model of chemical analysis and can be utilized for TA [12].

A suggestion was given to extend the TA for rapid heating of workpiece for spe-

cific enhanced temperatures following the isothermal conditions for measuring the

property with time. Fig. 6.5 represents the flow process in TA.

Generally, in TA instruments, working theory is very similar to one another.

Based on the electric signals received from the transducers, the property or behavior

of the sample is defined. Throughout the analysis as a function of temperature,

results are drawn. The curve obtained from the analysis is called as TA curve, and

curve attributes correspond to thermal events. Fig. 6.6 is the schematic representa-

tion of the TA instrument.
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From the curve, all the physical quantities concerning time or temperature are

plotted. Derivative and differential are the most general terms that are used in TA.

These terms explain the rate of change of physical quantity and temperature differ-

ence between the supporting sample and the specimen.

In these techniques, various parameters such as heat capacity, melting tempera-

ture, crystallization temperature, and other thermal parameters can be assessed at

different heating or cooling rates. Fig. 6.7 shows the physical properties and its

derived techniques for the analysis.

6.3.2 Differential scanning calorimetry/calorimeter

Power consumption differential scanning calorimetry (DSC) and heat flux DSC

[also called differential thermal analysis (DTA)] are the two generic terms of DSC

[13]. In this technique, under a controlled temperature program, the specimen and

the supporting sample are heated to the required temperatures, and the heat flow

Figure 6.6 Schematic diagram of the thermal analysis instrument.

Figure 6.5 Representation of the TA flow process in schematic diagram. TA, thermal

analysis.
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rate is calculated by taking the temperature difference between supporting material

and specimen (as a function of temperature).

Its application is widened to different areas, majorly in pharmaceuticals, food

industries, biotechnology, and polymers in identifying the glass transition tempera-

ture Tg, melting and crystallization points, in characterizing the thermosets, liquid

crystal transitions, kinetic evaluation of chemical reactions, etc. The foremost

advantage of DSC is that a sample with a smaller size (in milligrams) is enough to

evaluate the material. In recent times, DSC has been upgraded with various techni-

ques such as fast scan DSC, modulated temperature DSC, and so on. The main dis-

advantages are that preparation of the sample is difficult when samples contain

solvent because it may be evaporative, and also interpreting the results is difficult.

One more point to be considered for two-phase mixture DSC is not suitable [14].

6.3.3 Heat-flux differential scanning calorimetry

Both the specimen and the reference sample are sealed and placed in the pan and

holder, as shown in Fig. 6.8. Sample vessels are made of gold, platinum, aluminum,

steel, etc., and are of different shapes. From one side of the holder, inert supporting

material is inserted. Then, using thermocouples, the temperature difference between

the specimen and supporting material is measured as a function of temperature. At

the same time, other thermocouples measure the furnace temperature and heat of

the sensitive plate.

Figure 6.7 (A, B, C and D) � Physical property and its derived techniques.
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When the furnace is heated, both the specimen and supporting material get

heated. Due to this, energy is either liberated or absorbed by altering heat

flux (from the heat-sensitive plate) and develops temperature difference

during phase transformation, when the furnace is heated in a programmed

manner. Curve from DTA plots the temperature difference as a time function,

as shown in Fig. 6.9. In addition, transition enthalpy is measured through

the DTA curve from the heat capacity of the sensitive plate as a function of

temperature.

Using DTA, glass transition temperature (Tg) and transition enthalpy are mea-

sured accurately. In addition, a heat-sensitive plate’s heat capacity is measured as a

function of temperature.

Figure 6.8 Heat flux DSC � schematic diagram. DSC, Differential scanning calorimetry.

Figure 6.9 Illustration of DTA curve. DTA, Differential thermal analysis.
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6.3.4 Power compensation differential scanning calorimetry

In this system, holders of both specimen and supporting material are connected

with resistance sensors individually. These sensors measure the temperature of the

resistance heater as well as the holder base. Based on the specimen and supporting

material temperature difference, electrical power will be supplied. The specimen’s

heat capacity and power input generate the curve, a function of programmed time

or temperature. For this system, 35 mW is the maximum sensitivity. The major

advantage of the power consumption DSC compared to heat flux DSC is its higher

scanning rates (60,000 min21). Fig. 6.10 explains the process in DSC.

6.3.5 Thermogravimetric analysis

In this technique, changes in both the chemical and physical properties of the sam-

ples are evaluated as a function of time or temperature or both [15]. Along with the

temperature programmer, electronic microbalance and furnace are associated. TG

instruments are used for different investigations based on the applications and gen-

erally arranged for variable and vacuum atmospheres. Argon, chlorine, cobalt,

hydrogen, nitrogen, hydrogen cyanide, sulfur dioxide gases analyze TG at various

atmospheric conditions. Usually, dynamics conditions are preferable because the

gas composition in and around the specimen changes due to the gas generating

reactions. The point at which ferromagnetic material is turned into paramagnetic

material by heating is called as Curie point. When a ferromagnetic material is

brought to the Curie point, the mass of the magnet reaches zero, and the apparent

mass loss is identified by balance, which helps in TG temperature calibration.

Fig. 6.11 is the schematic presentation of the TGA. A refractory pan made of

Figure 6.10 Schematic diagram � power compensation DSC. DSC, Differential scanning

calorimetry.

111Thermal properties of polymer nanocomposites



platinum or porcelain is suspended (which contains specimen powder) from high

precision balance into the hot zone of the furnace. As this balance is electronically

configured, it cannot tilt or move even after the specimen’s weight loss or weight

gain. To measure the temperature, thermocouples are arranged nearer to the speci-

men (noncontact).

In general, materials such as silicon carbide, platinum are used as heating coils

in the furnace, whereas infrared ray heaters can heat the furnace to 1800K in min-

utes. Following are the different types of commercially available microbalance

(Fig. 6.12).

Cahn’s microbalance design is frictionless due to roller pins with a precision of

0.1 μg. Roller pins support the taut band to stay at its exact position. The taut band

gets twisted, and the flag position changes when the current passes through the coil

surrounding it. Servo mechanism is used in adjusting the current in the coil and par-

allelly to maintain continuous and constant illumination from photocell detectors. If

the flag position gets changes, interference between infrared light propagation to

the photocell detector changes. Weight gain or loss by the specimen will be bal-

anced when the current is sent to the coil. From corrosive gases, electronic compo-

nents, and chamber, get protected by inert gas and compressed air by developing

positive pressure in the balance chamber. However, still, there are chances of gases

from the specimen getting diffused into it. Exit port plays an important role by not

diffusing inert gases back into the chamber. Through fluid, exit gas is bubbled out

of the port and restricts the exit gad entering back into the chamber. When fluid

does not bubble, it is an indication that there is a leak of gas fluid, whereas deriva-

tive thermogravimetric (DTG) curve discusses the mass loss of the sample. The

Figure 6.11 TGA—schematic diagram. TGA, thermogravimetric analysis.
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main purpose of the DTG curve is to know about the temperature at which there is

a maximum mass loss of the material. There are different types of TG and depend

upon the arrangement of the sample holder. For TG-DTA, the above balance and

parallel balance arrangements are followed, and for simple TG measurement, the

below balance arrangement is followed.

6.3.6 Thermomechanical analysis

The technique in which load is applied in irregular intervals over the sample as a

function of time or temperature in measuring the deformation under a defined atmo-

sphere is known as thermomechanical analysis (TMA). Through the TMA curve, the

thermal behavior of the sample is assessed, and in any mode (flexure, compression,

tension and expansion), curve can be drawn between temperature and time on the x-

axis and sample size variation on the y-axis. Even in thermodilatometry (TD), analy-

sis can be performed. As a function of temperature, samples shrinkage and expansion

are evaluated. Thermal expansion is measured from the analysis, which is expressed

as the CTE. The major difference between TGA and TD is when minimal or negligi-

ble loads are applied to the sample TD measures the dimensional changes, whereas

in TMA, a significant load is required [16]. Along with the determination of CTE,

densification and kinetics, softening points, transition temperatures are determined

[17,18]. From CTE records, blends and orientation of the crystals are differentiated,

and also TMA provides CTE of various materials at the required temperatures.

Furthermore, TMA gives results accurately compared to DSC due to its sensitivity in

measuring composite materials’ glass transition temperature (Tg).

Stress generator, furnace, deformation detector, temperature controller, program-

mer, and detector are the common and basic instruments used in the TMA. It mea-

sures bending, linear expansion, penetration, etc. of the samples which are of gel,

Figure 6.12 Different types of microbalance.
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solid, or even in a liquid state. This indicates that at various atmospheric conditions

and aqueous solutions, measurements can be performed. Figs. 6.13 and 6.14 repre-

sent types of probes being used along with the arrangement of TMA.

Before performing the analysis, probe weight and calibration of the instrument

have to be carried out to get the results accurately. Of note, 1 mN to 10 N of load can

be applied to the sample through a load cell with 0.001 N resolutions. Fig. 6.15 shows

the TMA deformation modes. The selection of probe plays an important role in per-

forming the analysis, and it generally depends on the dimensions of the sample,

geometry, etc. During analysis, the sample expands, which results in the movement

of the probe up and down. This helps in identifying the expansion of the sample.

In the compression mode, penetration, expansion, and volumetric expansion

probes measure the coefficient of linear thermal expansion (CLTE), softening tem-

perature, and glass transition temperature of the regular and irregular shaped sam-

ples. Along with creep measurement, properties such as CLTE, stress, and strain of

Figure 6.13 TMA probes. TMA, Thermomechanical analysis.

Figure 6.14 Vertical TMA. TMA, Thermomechanical analysis.
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the material can be evaluated using tension probes. For thin films, a small amount

of tensile load is applied to the sample to prevent it from twisting. Flexural and

shear probes help identify the deflection properties and shear modulus (elastomers).

Among these, an expansion probe is used most commonly. Always it is preferable

to go with probes with more contact areas for identifying the CLTE. Fig. 6.16

represents the creep analysis performed in TMA, whereas Figs. 6.17 and 6.18 show

the softening point of the polymer obtained with TMA.

Fig. 6.18 represents the material’s expansion curve Tg and softening point at con-

stant applied force (temperature ramp).

Figure 6.15 TMA deformation modes. TMA, Thermomechanical analysis.

Figure 6.16 Creep analysis in TMA. TMA, Thermomechanical analysis.
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TMA rooted its applications in polymers and other materials such as ceramics,

metals, glass, and so on. Even on ultrathin films, TMA is performed to analyze the

thermal properties and to know whether phase transition temperature is independent

or dependent on interactions between thin films and respective substrates [19] and

it is suitable for the evaluation of the polymerization product [20]. Finally, it has

the capability of finding the properties of innate and product or sample. Fig. 6.19

represents the application of TMA in the areas of polymers.

6.3.7 Dynamic mechanical analysis

In this method, the load is applied on the sample at rated temperature and at con-

trolled frequencies to analyze the material’s viscoelastic behavior. From the

Figure 6.17 Film (multilayer) analysis.

Figure 6.18 The glass transition temperature (Tg) and softening point (Ts) of a polymer.
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analysis, glass transition temperature, storage modulus, and loss modulus are noted.

One of the dynamic mechanical analysis (DMA’s) major advantages is that DMA

overcomes transitions that are not observed through side chain using DSC. In

DMA, for the deformation of the sample, either stress (force) or strain (displace-

ment) control load can be used. It is one of the ideal methods to analyze the behav-

ior of the material at the smallest loadings. Nevertheless, testing fixture, loading

mode, sample preparation, and plotting scale play a crucial role in repeatability and

measurement accuracy [21]. In DMA, there are two types of analyzers, and both

give the same results. In a strain type analyzer, the probe is made to touch the sam-

ple, and when it is heated to higher temperatures, stresses are measured with the

help of a load cell or transducer. Its short and immediate response toward the load

indicates the efficiency of the transducer, but there are chances of sensing less due

to low signals or for continuous working conditions.

Similarly, in the stress-controlled analyzers, on a single shaft, all the parts are

located on the single shaft. Short-time responses are its major disadvantage.

Implementation of the force sensor and linear variable displacement transducer

(LVDT) sensor, even at minimum or low signal resolution and viscosities, improves

the system’s efficiency. By choosing appropriate and proper fixtures to hold the

sample and based on the selected sample geometry, both analyzers can perform a

similar analysis. Fig. 6.20 represents the different types of forced resonance in

DMA, and Table 6.4 tells about its factors.

Due to stiffness or relaxation time changes, there is a certain amount of release

or absorption of heat in the sample (free volume, Vf). All these are monitored from

its polymer volumetric change. Impact properties, aging, and penetration of the sol-

vents are related to Vf and describe different transitions in the polymer. When the

Figure 6.19 Applications of TMA in the area of polymers. TMA, Thermomechanical

analysis.

Figure 6.20 Types of forced resonance in DMA. DMA, Dynamic mechanical analysis.
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material is heated, internal molecules of the material have free movement in various

directions due to high free volume, and this mobility results in the lower modulus

of the molecule and side-chain movements. This approach is known as the crank-

shaft approach or crankshaft model [22�24].

As the material is heated from low temperatures to higher temperatures, a solid

transition occurs initially, and subsequently, it develops some toughness due to the

side chains and backbone atoms’ movements. This is called gamma transition Tγ and

beta transition Tβ (related to toughness). The first curve falls or modulus reduces due

to adjacent atoms or side-chain movements (gap between Tγ to Tβ) and further curve

falls due to the change in the glass transition temperature Tg. Then due to the move-

ments of the amorphous content in the main chain, it reduces drastically. There are

chances of crystallites slipping over each other and at the end chain slippage at large

scales occurs and finally material flows. This is known as melting temperature Tm.

Based on the Tg values, one can assess the maximum working temperature range

of the material (polymer). Fig. 6.21 shows the Tg curve characteristics. Tg is based

on the degree of polymerization, and when the physical properties change, it tells at

what temperature it turns to a rubbery state from glassy. The point to note is that

finding Tg is a little difficult for thin coatings and cured materials. Compared to

DSC, DMA is more sensitive and accurate in identifying the Tg values. It is difficult

to identify the Tg values in DSC compared to DMA when resins have high cross-

linkages. In DMA and DSC and DTA, getting sudden peaks is most common in

modulus graph due to stresses built in the material and to relieve these stresses, fro-

zen rearrangement of the molecules takes place because of the free volume. When

mobility is achieved, chains tend to move to low energy state. To achieve this con-

dition, heat the material above Tg (through annealing) and cool it.

TMA and DMA methods have the efficiency of finding the material’s properties

with clear and complete exploration. Below, DMA thermograms (Figs. 6.22 and

6.23) represent the storage modulus and glass transition temperature of Nafion [25].

Table 6.4 Types of analyzers.

S.

no

Analyzers Factors Test

1 Axial Force-linear

Material-solid and semi-solid

Test higher modulus materials than

Torsional analyzers

Flexure

Tensile

Compression

Creep recovery

Stress relaxation

2 Torsional Force-twisting motion

Material-liquids and melts

Creep recovery

Stress relaxation

Stress

Strain

Shear and normal force

measurements
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Coming to the loss modulus graph, until 32�C it is raised and fallen to a smaller

extent and increased to 5.23 106 Pa at 80�C. Storage modulus is high at 60�C with

2.93 107 Pa. This change is generally due to the main and side-chain lengthening.

It indicates Nafion has very little energy storage capacity. In general, the storage

modulus value can be enhanced by adding fillers. At the highest peak, Tg values

are identified as 105.6�C, and as temperature goes on, the increasing Tan delta

value reached nearly 0.5�C. As this is a soft material, it has shown very little Tg
value. Many materials have shown higher as well as lower Tg values when com-

pared to Nafion. These values indicate that the Teflon fabric-reinforced Nafion

membrane changes from rubbery to glass at minimum temperatures. Energy losses

from molecular rearrangements can be explained based on the tan delta curve. The

ratio of loss modulus to storage modulus is defined as the Tan delta curve.

Figure 6.21 Stress relief at Tg in DMA. DMA, Dynamic mechanical analysis.

Figure 6.22 (A) Loss modulus; (B) storage modulus of Nafion membrane.
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6.3.8 Thermoptometry

To know the optical properties of the material, the thermoptometry technique is

used. Under this technique, following subtechniques are involved (Fig. 6.24).

When the sample is heated at various conditions, to know its external appear-

ance, thermos-microscopy is used. On the hot stage, the sample is placed in glass

pans, and through the camera, foaming, sintering, creeping are observed/monitored

in the display screen, and the recorder is used for recording observation [26]. These

microscope lenses are heat resistant, and thin hot or cold stages are sustainable to

very high temperatures (nearly 3000�C). To examine the sample even at sublima-

tion, the movement of the sample holder should not be restricted, whereas in ther-

mophotometry, intensity of the light is measured (transmitted or reflected). Defunct

of light takes place after the formation of the isotropic structure. Fig. 6.25 is the

schematic presentation of both thermomicroscopy and thermophotometry.

Thermoluminescence (TL) is a technique used to measure the light emitted from

the sample (at isothermal or increasing temperatures). Due to the defects in the

sample, TL takes place. High test peroxide and reducing ligands develop and join

with the light emission. To absorb the excess heat and radiation, filters are incorpo-

rated. When TA is combined with the function of molecules and atoms spectrome-

try, the analysis is known as thermospectrometry. From the analysis, a specific

wavelength of light can be measured. Atomic spectrometry is the basic principle for

thermospectrometry. Sample deterioration happens due to the high temperatures in

the furnace. The furnace can sustain to 1600�C�1700�C. Atomic spectrometry is

Figure 6.23 Tan delta of Nafion.
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the basic principle for thermospectrometry. Sample deterioration happens due to the

high temperatures in the furnace.

Along with the electric arc, inductively coupled plasma is used in the furnace. In

the furnace, sample aerosols are removed due to high temperatures and reactive

radicals in milliseconds. If argon gas is used as an aerosol carrier, thermal processes

are not affected by any reactive materials. In the construction of the thermos-

spectrometry, the furnace has two walls made of silicon carbide with windows.

Figure 6.24 Various techniques under thermoptometry.

Figure 6.25 (A) Schematic diagram of thermomicroscopy and (B) thermophotometry.
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There are three tubes of windows protector gas, sample inlet and cooling water

tube. Based on the furnace height, the light source is arranged. The light beam is

made to pass through the sample as well as the furnace. From the observation,

absorption and emission of molecules, atoms, and ions, thermal changes occur in

the sample and can be scrutinized in the furnace itself [27].

6.3.9 Evolved gas detection and evolved gas analysis

Whenever a material or sample is exposed to high temperatures, it releases some

gases in the form of vapor. In the earlier techniques, neither TGA nor TG gives

information about the evolved gases after heating. With complete information on

the evolved gases, one can understand how it reacts concerning time as a function

of temperature. It is always desirable to know the composition of the evolved gas.

Using evolved gas detection (EGD) and evolved gas analysis (EGA) [28�30], one

can predominantly analyze the gases in detail when the specimen is heated to vari-

ous high temperatures. Fig. 6.26 shows the various analyses cover under EGA.

Evolved gasses are carried by purge gas to the detector. To minimize the reactions,

condensation of vapors and time lag, the detector should the placed very close to the

sample. Detectors such as thermal conductivity, ionization, and gas density are

Figure 6.26 Evolved gas analysis.
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commonly used. Hydrogen, helium, and argon gases are the ideal carriers. Detectors

such as flame ionization do not respond to water vapor, but they are highly tender

towards organic compounds. With suitable absorbents or cold traps, separation of vari-

ous gas amalgams is attainable. Fig. 6.27 shows the process in EGD.

In mass Spectrometry (Ms), there is no detector, and this technique is a repetitive

gas analysis in identifying the gasses evolved from the thermal instruments. High vac-

uum pressure is used in this spectrometer (high cost), which is very costly, but the anal-

ysis is carried out in most thermal analyzers, just above atmospheric pressure. In Ms,

even inside the vacuum system, TA can be carried out, but the results achieved after

heating are difficult to analyze and to understand the behavior of the material. To

enhance the output, some carrier gases are induced into the system for carrying the

evolved gases from thermal instruments to mass spectrometry through an external port.

One of the major issues is the chances of carrier gases with high concentrations mini-

mizing the evolved gases response and vapor condensation. Fig. 6.28 is the simple and

schematic representation of the sample in a vacuum system.

6.4 Polymeric nanocomposites and their mathematical
models for reckoning the thermal conductivity

Thermal conductivity is an intrinsic property that explains how a material deals

with heat. Polymer nanocomposites are filled with different fillers such as fibers

or particles, and it becomes predominant to reckon this property which owes it

to different application areas. The application area includes coatings, electronic

Figure 6.27 Evolved gas detection.

Figure 6.28 Sample heated inside the vacuum system.
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packaging, and thermoelectric devices. Applications to material design are based

on measuring thermal results and modeling thermal conductivity. Based on par-

ticle size, distribution, volume fraction (based on adding fillers), topology, space

and spatial distribution, etc., various models such as theoretical, empirical, and

semiempirical models are developed. The objective of the following section is

to discuss various models for the prediction of thermal conductivity which might

help future researchers for further work. Fig. 6.29 depicts the schematic diagram

of important models available for estimating thermal conductivity.

6.4.1 Series, parallel, and geometric model

Agarwal et al. [31] discussed some defining rules such as series, parallel and geo-

metric models, and they are given as:

Series model is:

k5 12Vf

� �
km 1VfKf Parallel model is:

1

k
5

12Vf

� �
km

1
Vf

Kf

And the geometric model is

k5 km
12Vf Kf

Vf

where
“k: thermal conductivity of the composite;

km: thermal conductivity of polymer matrix;

kf: thermal conductivity of filler material.”

Figure 6.29 Schematic diagram of different models for estimating thermal conductivity.
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The limitation of the series and parallel models are

1. The estimation of thermal conductivity is overestimated by the series model.

2. The estimation of thermal conductivity is underestimated by the parallel model.

The cardinal reason for the same accounts for the overdependence of these mod-

els on the amount of filler loading. This is further reasoned to neglect the true

geometry and correct size of the filler particles.

6.4.2 Models on geometrical particle size

The Hamilton�Crosser model is based on particle size, filler geometry, and the

order of particle packing in the matrix [32]. This model is considered as casting

away the limitations of series and parallel models.

The model based on Hamilton�Crosser is given by:

k5 km
kf 1 n2 1ð Þkm 2 ðn2 1ÞVf ðkm 2 kf Þ

kf 1 n2 1ð Þkm 1Vf ðkm 2 kf Þ

� �

where
“Vf: volume fraction of the filler material

n: geometric factor based on sphericity of the particles.”

Modification of Hamilton�Crosser model:

The limitation of the Hamilton�Crosser model is restricted to predicting the thermal

conductivity of particles reinforced nanocomposites when more than one nanofillers are

present. Badgayan et al. [33] modified the Hamilton�Crosser model for prediction of

thermal conductivity of HDPE-based composite and its hybrids, which predicts the

thermal conductivity of hybrid nanocomposites, and it is given by

“The thermal conductivity of CNT composite,

KC1
5Km

KCNT 1 n2 1ð ÞKm 2 n2 1ð ÞϕCNT Km 2KCNTð Þ
KCNT 1 n2 1ð ÞKm 1ϕCNT Km 2KCNTð Þ

� �

The thermal conductivity of h-boron nitride nanoplatelets (h-BNNP) composite,

KC2
5Km

KBNNP 1 n2 1ð ÞKm 2 n2 1ð ÞϕBNNP Km 2KBNNPð Þ
KBNNP 1 n2 1ð ÞKm 1ϕBNNP Km 2KBNNPð Þ

� �

where

The volume fraction of CNT composite, ϕCNT 5
ρmWCNT

ρmWCNT 1 ρCNTWm

The volume fraction of BNNP composite, ϕBNNP 5
ρmWBNNP

ρmWBNNP 1 ρBNNPWm

ρm is the density of polymer matrix, ρf is the density of nanofiller, Wf is the

weight fraction of nanofiller, Wm is the weight fraction of polymer matrix, Km is

the thermal conductivity of polymer matrix, Kf is the thermal conductivity of nano-

filler, n is empirical shape factor5 3
ϕ, ϕ is sphericity.”
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6.4.3 Model based on the alignment of filler

The limitation of Hamilton�Crosser model is that it is limited to predicting the

thermal conductivity of particle reinforced nanocomposite and is unable to predict

the thermal conductivity of fiber-reinforced composite. The Lewis�Nielsen model

takes into account fiber geometry and alignment, and it is given by

“The Lewis�Nielsen model is given by [34,35]:

k5 km
11ABVf

12BψVf

� �

where

B5
kf =km 2 1

kf =km 1A

ψ5 11
12[m

[2

� �
Vf ;

k5 km
11

P
i5 1 AiBiVfi

12
P

i5 1 BiψiVfi

� �

Thermal conductivity of a particulate composite based on Rayleigh�Maxwell’s

model is expressed by [36]:

k5
km½2km 1 kp 2 2Vpðkm 2 kpÞ�

2km 1 kp 1Vpðkm 2 kpÞ

where

k:thermal conductivity,

V:volume fraction.

For a nanocomposite with spherical inclusions [37]

k5 km

11 2Vd

12 km
kd

� 	
11 2km

kd

0
@

1
A

12
Vd 12 km

kd

� 	
11 2km

kd

0
@

1
A

where kd conductivity of dispersion matrix, respectively.

The thermal conductivity of the CNT-based nanocomposites is shown in Ref. [38]

k5 km 1 cos2θ

 �

kf Vf
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For a well-aligned nanotube ,cos2 θ. 5 1, and for completely random nano-

tube ,cos2 θ. 5 1/3.

Hata and Taya [39] predict thermal conductivity of composite with MWNT filler

which is described as:

k5 km 11Vf

kf 2 km
� �

2S33 1 S11ð Þ1 3km
� 


J

� �

J5 3
12Vf

� �
kf 2 km
� �

S33S11 1 km 3 S11 1 S33ð Þ2Vf 2S11 1 S33ð Þ� 

kf 2 km

S11 5
l=d

2 l=d
� �2

2 l
h i l=d

� � l

d

� �2

21

" #0:5

2 cosh21 l

d

� �8<
:

9=
;

S33 5 12 2S11

where k, km, and kf are thermal conductivity of composite, matrix, and filler, respec-

tively, in W mK21; Vf is the absolute volume fraction; l is the length of MWNT in

meter; and D is the diameter of MWNT in meter.”

6.4.4 Effective medium theory

The thermal conductivity of composite materials is delineated in effective medium

theory (ET). The typicality of ET is its ability to describe microstructural properties

interdependence on materials such as heterogeneous [40,41]. The calculation pro-

ceeds with an assumption that an effective homogeneous and isotropic medium

with property k0 and a deviation in property kr depends on the presence of the filler.

Heterogeneous medium properties at a position r are expressed

‘‘kðrÞ5 k0 1 k0ðrÞ

The effective result of composite property is given by Green’s function and is

read as

ke 5 k0 1 Th iðI1 GTh iÞ21’’

where “I” is the unit tensor and denotes spatial averaging. Matrix T is simplified by

eliminating the interaction forces between filler units with respect to lower filler

loading:

TD
X

n
Tn 5

X
n
kn

0ð12Gkn
0Þ21

127Thermal properties of polymer nanocomposites



Lin et al. [42] presented the Maxwell�Garnett (MG) form, where effective ther-

mal conductivity can be read as

‘‘ke11 5 ke12 5 km
21Vf β11 12 L11ð Þ 11 cos2θ


 �� �
1 β33ð12 L33Þ 11 cos2θ


 �� �� 

22Vf β11L11 11 cos2θ


 �� �
1 β33L33 12 cos2θ


 �� �� 


ke33 5 km
11Vf β11 12 L11ð Þ 12 cos2θ


 �� �
1β33ð12 L33Þ 11 cos2θ


 �� �� 

12Vf β11L11 12 cos2θ


 �� �
1β33L33 cos2θ


 �� 


β11 5
kfii 2 km

km 1 Liiðkfii 2 kmÞ

L11 5 L22 5
p2

2ðp2 2 1Þ 1
p

2ð12p2Þ1:5 cos
21p

L33 5 12 2L11

where ke11 (5ke22) and ke33 are the in-plane and the through-thickness effective thermal

conductivities of the nanocomposite samples and kf11 (5kf22) and kf33 in-plane and the

through-thickness thermal conductivities of the filler unit respectively, and
Vf: filler loading in volumetric terms

km: isotropic thermal conductivity of the matrix.

p5 aspect ratio of the filler (the thickness over the in-plane diameter of a filler unit).”

MG models are the modified effective medium approaches or MG-ET approach

(MG-EMA). Conventional EMA validates the rationality of thermal transport behavior

in heterogeneous media. The typicality of MG-EMA is its ability to analyze the thermal

conductivity of polymer nanocomposites by a very tiny filling ratio. The thermal con-

ductivity of polymer/clay nanocomposites can be studied by the below equation [43]:

‘‘k5 kpolð11 f ð2 kc 2 kpol
� �
kc 1 kpol

1 kc 2 kpolÞÞ

where k, kpol, and kc are thermal conductivities of the nanocomposite, polymer

matrix, and nanoclay, respectively, and f is the volume fraction of nanoclay.”

6.5 Thermal properties of various polymeric materials
and their Nanocomposites

6.5.1 Thermal properties of thermoplastic polymer
nanocomposites

Thermoplastics are the class of polymeric material that can soften or melt when

heated, then shaped or formed when cooled. The repeated heating and cooling cycle
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can be performed without severe damage, which has the countless advantage of

reprocessing thermoplastic polymer. Thermoplastic materials are used in diverse

areas, from automotive to aerospace, medical to nautical, and electronic to packag-

ing applications. Thermop4lastic nanocomposite exhibits unique material properties

than virgin, such as improved barrier properties, flame retardance, and mechanical

properties, depending on the choice of filler. This section details the different work

carried out by researchers on various thermoplastic nanocomposites.

Sonawane et al. [44] reported on TGA of polyamide-CaCO3 nanocomposites at

different sizes (11, 17, and 23 mm) of CaCO3 and were processed by the in situ

deposition process. Nano-CaCO3 was added from 1 to 4 wt.% in the polyamide. It

was observed that at 4 wt.% loadings, the decomposition temperature improved by

15% compared to commercially available CaCO3. Cheval et al. [45] followed in

situ sol/gel synthesis method to fabricate Polyamide 66/WO3 nanocomposite. The

TA of at various wt.% tungsten trioxide, that is, 0, 1, 3, 5, and 10 wt.% was per-

formed and found that adding WO3 filler within the polyamide PA66 matrix

decreases the crystallization temperature. Additionally, the degree of crystallinity of

PA66 decreases with the increase in wt. % of WO3. Choi et al. [46] investigated

polyacrylate composites with two different fillers, such as multiwalled carbon nano-

tubes (MWCNT) and aluminum flake (Al-flake). It was observed that thermal

decomposition temperature increased by 64�C for 70 wt.% of polyacrylate/Al-flake

composite than pure. The thermal conductivity of polyacrylate/Al�CNT composites

augmented 0.50�1.67 W mK21 when Al�CNT content increased from 50 to 80

wt.%. It was due to the synergistic effect of two powders in the matrix.

Badgayan et al. [33] reported thermal property, and dynamic mechanical thermal

analysis (DMTA) of HDPE reinforced with MWCNT/h-BNNP nanofiller. The

results confirmed that 0.1 MWCNT exhibited the best damping properties, as

shown in Fig. 6.30, whereas for 0.25 MWCNT/0.15 h-BNNP, there is a significant

improvement in thermal stability. The same can be manifested due to their tubular

and hexagonal morphology of individual nanofillers, which confirms from the TEM

image as shown in Fig. 6.30A�C, and their synergistic effect from Fig. 6.30C.

Fig. 6.30D�F shows the schematic view of the interaction of the filler system

inside the HDPE matrix for better understanding.

Sahu et al. [47] investigated DMTA and thermal conductivity analysis of HDPE

filled with 0.1% loading of MWCNT, graphene nanopowder (GNP), and nanodia-

mond (ND) nanofillers and its influence on contact pressure at temperature sweep

from 30�C to 110�C. The result showed that the loss factor followed the trend pure

. 0.1 MWCNT . 0.1 GNP . 0.1 ND and highest exhibited by 0.1 GNP/ND as

shown in Fig. 6.31A. Highest Tan δ and lowest contact pressure can be related by

inducing 0.1 GNP/ND and is explained from the positive synergy between GNP,

HDPE, and ND. Even though NDs are superhard materials, these are not sufficient

to support the inherent. Fig. 6.31B shows the thermal conductivity result, elaborat-

ing high thermal conductivity for 0.1 ND/GNP by increasing 100% and 40% when

compared to 0.1 ND pure composite. The reason for this great increment is the high

thermal conductivity of individual filler and positive synergy. Badgayan et al. [48]

carried out TMA of high-density polyethylene (HDPE) reinforced with
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1DMWCNTs and 2DBNNP nanofillers. The CTE result is shown in Fig. 6.32,

which indicates that the pure sample is 138 mm mK21, which reduced to 16.6%,

24.6%, 40%, 52%, and 63% for 0.1 MWCNT/HDPE, 0.1 BNNP/HDPE, HDPE/

0.25 MWCNT/0.1 BNNP, HDPE/0.25 MWCNT/0.15 BNNP, respectively. The

reduced CTE leads to better dimensional stability for the polymer nanocomposites

and their hybrids. Sahu et al. [49] reported thermal conductivity analysis of HDPE

reinforced with alternate and possible combination MWCNT, GNP, ND nanocom-

posite at 0.1 wt.% to form nano and hybrid nanocomposite. The highest thermal

conductivity is shown by 0.1 GNP/ND, which increased by 100% and 40% com-

pared to pure and 0.1 ND composite. The actual reasons are the same as discussed

Figure 6.30 TEM images of (A) 0.25 MWCNT; (B) 0.15 h-BNNP; (C) 0.25 MWCNT/0.15

h-BNNP; Schematic representation of (D) 0.25 MWCNT; (E) 0.15 h-BNNP; (F) 0.25MWCNT/

0.15 h-BNNP.

Figure 6.31 (A) Tan δ versus sample and (B) thermal conductivity of sample.
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above such as high thermal conductivity in individual layers and positive synergy

in both materials. Yu et al. [50] reported on the evaluation of thermal conductivity

of polycarbonate matrix reinforced with different weight fractions of MWCNT

(0�2 wt.%) at an increment of 0.5 wt.% and GNP (0�20 wt.%) at an increment of

5 wt.%. At 18 wt.% GNP and 2 wt.% MWCNT, thermal conductivity was observed

to increase by 479% compared to the thermal conductivity of neat polycarbonate.

Xiao et al. [51] stated, by using DSC, that the crystallization temperature of nano-

composites based on poly(vinylidene fluoride) (PVDF) and hybrid composite rein-

forced with MWCNT and GNP were evaluated. Including pure PVDF, five samples

Figure 6.32 Coefficient of thermal expansion of the sample.

Figure 6.33 DSC (A) heating and (B) cooling curves showing the melting and

crystallization behavior of various samples. DSC, Differential scanning calorimetry.
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were prepared, two nanocomposites and two hybrids: PVDF/GNP, PVDF/CNT,

PVDF/CNT/GNP, and PVDF/GNP/CNT. The crystallization temperature of PVDF/

5 wt.% CNT, PVDF/5 wt.% GNP, PVDF/GNP/5 wt.% CNT, and PVDF/CNT/5 wt.

% GNP was improved by 5%, 6%, 6%, and 6%, respectively in comparison to pure

PVDF. The possible reason was addressed to the low lamellar thickness of the

PVDF matrix in comparison with composites. The crystallization temperature of

pure PVDF was noted as 141�C, which further increased for composite samples

indicating excellent nucleation effects of GNPs and/or CNTs on the crystallization

of the PVDF matrix. It is evident from Fig. 6.33A and B, all the composite samples

exhibited a low melting point compared to the pure PVDF matrix.

6.5.2 Thermal properties of epoxy and fiber-reinforced
nanocomposite

Thermosetting plastic is a polymer that, upon the addition of heat, becomes rigid

irreversibly. The initial state of polymer is in a liquid or soft solid state. They begin

in a malleable or liquid form, and after being cured, the material becomes hard and

remains in that form. This means that once the material is cured, it cannot be

reheated, reshaped, or recycled. The curing behavior also means that this material

holds up well under elevated temperatures, expanding its range of applications.

Thermosets are highly cross-linked, which gives them good mechanical properties,

such as a high modulus and strength and good resistance to creep, but they have

poor ductility due to their rigid behavior [52].

Polymers possess low thermal stability, high electrical resistivity, and low thermal

conductivity [53]. Many thermoset polymers have been known for their excellent

thermal performance, making them prime candidates for the primary base to develop

further advancements with nanocomposites. Among many thermoset polymers, epoxy

is known for its excellent chemical and corrosion resistance, good adhesive proper-

ties, low shrinkage, and low price [54]. As mentioned earlier, curing gives them a

highly cross-linked microstructure, which results in a high modulus and strength,

good resistance to creep, good performance at elevated temperature, but poor ductility

[55]. Addressing different shortcomings, there were several attempts made to rein-

force neat polymer with different nanofillers. Following are some important investi-

gations carried out by different researchers in the area mentioned.

Chinnasamy et al. [56] reported thermal properties 2 wt.% of Cloisite 30B/hard-

ener-modified epoxy hybrid composites reinforced with glass Kevlar/fiber at 35:65,

40:60, 45:55, and 50:50, respectively. It was observed that the hybridization of

based composites with modified Kevlar/glass fiber improves the thermal properties

and increases the glass transition temperature without affecting the thermal stability.

Jani et al. [57] investigated properties of 7.5/10 wt.% NaOH treated Agave

Americana/carbon fiber hybrid-reinforced epoxy composites. It was observed that

10 wt.% NaOH-treated fiber composites have superior thermal stability and thermal

conductivity value due to the higher cellulose exposure, resulting in higher hydro-

gen bond density in the fibre-reinforced plastic system. Filho et al. [58] carried out
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thermal properties of the piassava fiber-reinforced epoxy composite functionalized

with graphene oxide (GO). Thermal properties were reported to improve owing to

GO functionalization of the piassava fiber epoxy composite. Hiremath et al. [59]

investigated the thermal performance of pure epoxy, discontinuous glass fiber/

epoxy which is randomly oriented (RODGE) composite, CNT-reinforced RODGE

(CNT-RODGE) composite, and functionalized CNT-reinforced RODGE (FCNT-

RODGE) composite.

Fig. 6.34A shows the SEM image of CNT and FCNT. It was evident from

Fig. 6.34A that the CNTs which were not functionalized tended to agglomerate,

whereas functionalized CNTs were uniformly dispersed, as shown in Fig. 6.34B. In

addition, the DSC curves revealed a drop in the Tg value of 1.81%, 12.91%, and

6.13% for RODGE, CNT-RODGE, and FCNT- RODGE composites, respectively.

The reason for this was attributed to functionalization and a decrease in the move-

ment of the polymeric chain.

Gheith et al. [60] investigated thermal properties of date palm fibers-reinforced

epoxy composites by dynamic mechanical and thermos-gravimetric analyzer at dif-

ferent loading of date palm fibers (DPF) (40%, 50%, and 60% by wt.). Fig. 6.35A

and B depicts the TGA and DTG curve, and the analysis exposed that at 50% DPF

loading, there was an improvement in the thermal stability. This was due to better

compatibility and adhesion in which polymer acts as a barrier to prevent the degra-

dation of fibers.

6.5.3 Recycled polymer nanocomposites

The extent of plastics consumed worldwide has been increasing drastically due to

their exceptional attributes such as flexibility, easy fabrication and processing

facilities, cost-effectiveness, and immense durability. Further reports warn that the

number of waste plastics in oceans will be greater than fish in just 30 years unless

radical action is taken. Recycling has been carried out on scraps and postconsumer

plastics for several years because they can be easily gathered and reprocessed. In

recent times, the recycling industry has been concentrating on the blend of plastics,

Figure 6.34 Dispersion of (A) CNT and (B) FCNT in epoxy taken form SEM. CNT, Carbon

nanotube; FCNT, functionalized CNT.
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and it is a challenge to many recyclers. New technologies related to the processing

of heterogeneous plastics are growing at a fast pace. Solid waste plastics can be

recycled in different stages, and there is a broad classification as follows [6].

Primary recycling is also referred to as re-extrusion. This type commonly applies

to processing defective parts from injection molding or out-of-specification pro-

ducts by grinding and reintroducing them into the recycling loop. In this recycling

technique, plastics with uniform composition and uncontaminated plastics are seg-

regated and processed. Problems that occur in primary recycling are loss of proper-

ties, strength, and chemical resistance. Secondary recycling: often known as

mechanical recycling, as there is no chemical alteration during the process. Waste

plastics are made into pellets or flakes, or powders and reused in the fabrication of

products. Examples of this type of plastics are polyethylene, polypropylene, poly-

styrene, polyurethane, PET, etc. Mechanical recycling is mostly used process in

many applications as it is more easy and practical. Tertiary recycling is also called

as chemical recycling, where the polymers are chemically cracked down to recover

other by-products from the plastic waste. This process involves much time, and it is

used mostly in the petrochemical industry. Examples of this tertiary recycling are

pyrolysis, catalytic cracking, and gasification. Quaternary recycling: this is also

termed energy recovery recycling; it refers to the recovery of energy from waste

plastics by burning to produce energy. This process works for the waste plastic

materials which fail in the recovery process.

Recycling plastics provides not only benefits the environment by reducing land-

fills but also improves the economy. Recycling helps keep waste plastics out of the

earth and is one of the energy-efficient methods adopted to produce new materials

instead of using renewable sources. Reprocessing/recycling of polymers may lead

to thermal oxidation in the cross-links or chains, resulting in lesser properties than

that of the pure polymers. To avoid degradation of the thermophysical properties,

stabilizers that will improve the workability of the polymers are added to the

recycled polymers. Furthermore, incorporating fillers, modifier agents, plasticizers,

etc. further enhances the properties of recycled plastic and aids the performance of

the polymers. Various fillers can be used with the plastics depending on the

Figure 6.35 (A) TGA (B) DTG curve of DPF/epoxy composites. DTG, Derivative

thermogravimetric; DPF, date palm fibers; TGA, thermogravimetric analysis
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application such as glass fillers, mineral, wood fillers, CNTs, graphene sheets/

flakes/powder, etc. In this chapter, various thermal properties of recycled plastics

and their nanocomposites are discussed.

6.5.4 Thermal properties of polymer blend nanocomposite

Polymer blends are mixtures of chemically different polymers and/or copolymers.

They are primarily a mixture with the multiphase structure, which is obtained

directly by the blending action. The major advantages of using polymer blends are

(1) improved performance at an abridged price, (2) extension of the performance of

specialty resins, (3) recycling of plastic, and (4) generation of high-class materials

about process-ability and/or performance. Furthermore, compared with pure poly-

mer, polymer blend nanocomposites can be attained with better thermal properties,

stability, optical and electrical conductivity subject to the type of polymers and

nanofillers. Followings are some important investigations carried out by different

researchers in the area mentioned.

Paes et al. [61] reported on thermal properties of polymer blend nanocomposite

with amorphous polyamide (aPA)styrene�ethylene�butylenestyrene (80/20 wt.%)

matrix reinforced with CNT and MMT at 0.25 and 1 wt.%, respectively. It was

observed that with both nanoparticle additions, there was no significant increase in

thermal stability. However, a slight rise and fall of storage modulus were seen with

MMT and CNT, respectively. Zare et al. [62] investigated thermal properties of

poly (lactic acid) (PLA)/poly (ethylene oxide) (PEO) blends, that is, PLA/PEO rein-

forced with CNTs. The concentrations of PLA in the blends and nanocomposites

were 60, 75, and 90 wt.% and CNTs contents of 1 and 2 wt.%. The test result

revealed that the thermal decomposition of PEO was accelerated with CNTs due to

enhanced heat transfer to the dispersed phase in nanocomposites.

Huang C et al. [63] reported thermal conductivity analysis of PVA/lignin and

PVA/gelatin blend. The test result showed the thermal conductivity was 0.53 and

0.57 W m21 K21 at 2 wt.% lignin loading and 5 wt.% gelatin loading, respectively.

The reason for improvisation in thermal conductivity was attributed to the H-bond

that induced enlargement of chain coils and the continuous microstructures in poly-

mers. This greater thermal conductivity in H-bond networks is formed by three

polymer blends (PVA, lignin, and gelatin) to supply more heat transfer pathways.

This mechanism is illustrated in Fig. 6.36 [63].

Hussain et al. [64] reported thermal properties of polymer blends (thermoplastic

polyether ester elastomer and polybutylene terephthalate). It was observed that the

thermal properties were enhanced significantly by adding a small amount of nano-

clay (NC), which was reasoned to the homogeneous dispersion. Bagotia et al. [65]

carried out dynamic mechanical thermal properties of polycarbonate/ethylene

methyl acrylate blend nanocomposite reinforced with MWCNT. The loss factor

result is shown in Fig. 6.37A and B, which depicts that the tan δ max value of the

PCE5 blend was higher than PC/EMA-MWCNT nanocomposites.

The reason for this was due to the immobilization effect of MWCNT on PCE

chains leading to a significant decay in tan δ max value.
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Figure 6.36 H-bonds in polymer blends and phonon transport for small, large, and

continuous coil structures.

Figure 6.37 (A) Tan δ versus temperature and (B) Tan δ in the temperature range of 130�C
and 162�C.
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6.5.5 Thermal properties of shape memory polymer
nanocomposite

Shape memory materials (SMMs) are unique materials that can recover from a sig-

nificant plastic deformation when a particular stimulus is applied [66]. Among the

different SMMs, SMPs are increasingly attracting researchers’ interest from acade-

mia and industry due to their specific advantages such as low mass density, low

production cost, ease in processing, and noncorrosive features [67]. However, pure

SMPs have drawbacks like low strength and stiffness and poor thermal stability,

hindering the usage of structural and functional application materials [68].

Consequently, a few reinforcing strategies are required to improve the mechanical

and thermal residences of shape memory epoxy polymer (SMEP) without changing

the shape recovery effect of pure SMPs. Following are some important investiga-

tions carried out by different researchers in the area mentioned.

Hassanzadeh-Aghdam et al. [69] reported thermomechanical properties of SMEP

reinforced with CNT nanofiller. A micromechanical model using a simplified unit

cell model was adopted for the investigation. It was observed that CTEs decreased

with the increase in CNT volume, and there was good agreement between the micro-

mechanical model and experimental data. Cho et al. [70] investigated thermomecha-

nical properties of polyurethane tetraethoxysilane (TEOS) SMPs hybrid at 5, 10, 20,

and 30 wt.% of TEOS. The result showed a good shape retention ability of more than

80% for all the samples.

Gunes et al. [71] reported the influence of the CTE on the performance of shape

memory polyurethane reinforced with organoclay, carbon nanofiber (CNF), silicon

carbide (SiC), and carbon black (CB). The results indicated that organoclay and CNF

are more effective in moderating CTE than SiC and CB. Liu et al. [72] investigated

thermomechanical properties of SMPs reinforced with 0 and 20 wt.% of SiC.

It was observed that the glass transition temperature of pure SMP is 88�C, which
increased to 98�C when 20 wt.% SiC nanoparticles are added. The reason for this

was exonerated as possible chemical changes in the polymer near the polymer/parti-

cle interface. Barwood et al. [73] carried out the addition of organoclay on thermal

properties of t-butylacrylate-co-poly(ethyleneglycol) dimethacrylateSMP reinforced

with 1�5 mass% of benzyl tallow dimethylammonium-exchanged bentonite. It was

observed that the addition of unit mass % in SMPs, accelerates the recovery rate of

SMP nanocomposite than pure SMP.

6.5.6 Thermal properties of biopolymer nanocomposite

Biocomposite is a type of composite material formed by a biocompatible matrix/resin

reinforced with biocompatible fillers. These kinds of materials often mimic the struc-

ture of living materials involved in keeping the strengthening properties of the matrix

that was used by providing biocompatible properties. Among different biocomposites,

polymer-based biocomposites are the keen interest due to inherent properties such as

lightweight, good mechanical strength and stiffness, noncorrosive, stretch-ability, etc.

The biopolymers used as matrices are primarily derived from renewable and
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nonrenewable resources. The polymer matrix plays an important role in protecting

the composite from environmental degradation and mechanical damage to hold the

reinforcement together and transfer its load. Biopolymer nanocomposites are fabri-

cated with biopolymers and bio-nanofillers that have improved mechanical and ther-

mal properties. The interest in biopolymer nanocomposites is rapidly growing in

medical industries such as prosthetics, dental implants, bone replacements, total heap

replacement, heart stents, biocompatible screws, pins, etc. Following are some impor-

tant investigations carried out by different researchers in the closed area of biopoly-

mer nanocomposite thermal properties. Hareesh et al. [74] reported on the thermal

properties of PLA/clay nanocomposite using TGA and DSC. The TGA results indi-

cated that the pure PLA starts degrading at 180�C, and with clay nanofiller addition,

it shifts to 465�C, which shows improvisation in the thermal stability of the nanocom-

posite. The DSC results showed an improvement in glass transition temperature with

the addition of clay content. Al et al. [75] investigated thermal properties of polyhy-

droxybutyrate and PLA biopolymer nanocomposite reinforced with NC and cellulose

nanofibrils, and the nanofiller content varied from 0.5�4 wt.% using TGA and DSC.

It was observed that the addition of nanofiller improvised the thermal properties of

biopolymer nanocomposite. Marras et al. [76] evaluated the role of NC reinforcement

on the thermomechanical properties of poly(e-caprolactone) nanocomposite with the

addition of 1�15 wt.% organoclay content. TGA curve depicted that the onset tem-

perature of 1 wt.% of clay content increased the onset temperature from 330�C to

355�C, which showed improvisation in the thermal stability due to the presence of N2

in the polymer/clay nanocomposite.

Badgayan et al. [33] reported DMTA of HDPE reinforced with MWCNT and

hBNNP nanocomposite at various weight %. Tan delta results indicate that 0.1 MWCNT

nanocomposites show the best damping properties at higher temperatures. This was justi-

fied due to the tubular morphology of CNT, and at a higher temperature, the polymer

chain becomes more mobile and dissipates energy. Among all the composites, 0.25

MWCNT/0.1 BNNP showed superior results for crystallinity and thermal stability.

Sreekanth et al. [77] evaluated the influence of MWCNT and gamma irradiation

on the thermal properties of UHMWPE. It was observed that the addition of

MWCNT and performing gamma irradiation improvised the thermal stability and

crystallinity of UHMWPE bionanocomposite. Narimissa et al. [78] carried out a

thermal property investigation of polylactide (PLA)/nanographite platelets (NGP)

with a variation of NGP content from 1 to 10 wt.%. The results depict that the high-

est degree of crystallinity and enthalpy of fusion is seen for 5 wt.% NGP nanocom-

posite. Heidarbeigi et al. [79] investigated thermal properties of biopolymer

nanocomposite fabricated with low-density polyethylene matrix reinforced with cel-

lulose nanocrystal (CNC). The DSC test was performed with reinforcement 0�5

wt.%. It was observed that at 5 wt. % PE/CNC biocomposite, the crystallinity value

is superior due to the preferred orientation of the CNC.

Salehan et al. [80] worked on nanocomposite solid biopolymer electrolyte with

different concentrations of aluminum oxide (nanosize) and studied the effects of

aluminum oxide on electrolyte characteristics. DSC thermograms demonstrated the

lowest Tg and Tm for the ideal conducting film which is due to ion migration.
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Conventional food packages are hazardous to both environment and health due to

toxic gases and infiltrating food webs [81]. Andini et al. [82] worked on biodegrad-

able polymers in the application of food packaging to minimize the problems related

to plastic sustainability and environmental problems. A biopolymer nanocomposite is

developed with the help of two different types of biopolymer matrix, namely bioceta

and materbi and nanoclay as reinforcement material with two different concentrations

and observed improved thermal performance and gas barrier enhancement.

6.6 Summary

The overview of the recent technology in augmenting the thermal properties of thermo-

plastic polymer nanocomposites, epoxy and fiber-reinforced nanocomposites, recycled

polymer nanocomposites, blend polymer nanocomposites, SMP nanocomposites, and bio-

polymer nanocomposites was analyzed in detail. The results suggested that the improvisa-

tion in the thermal properties of polymers can be enhanced through the addition of

different nanofillers. The selection of nanoadditives may be based on size, aspect ratio,

dimension, and geometry. Among the nanofillers, MWCNT and organoclay were the

prime choices by different researchers due to their uniform dispersion, high thermal sta-

bility, and consistent performance. Thermal conductivity is an important parameter that

interprets the thermal performance of polymer nanocomposites. Many theoretical models

are available to predict the thermal conductivity of nanocomposites. The simplest of these

are mixture rules such as series, parallel, and geometric models. However, it has the limi-

tation that it neglects the true geometry and correct size of the filler particles. To over-

come this, various models such as the Hamilton�Crosser model, Lewis�Neilsen,

Rayleigh�Maxwell, and Hatta�Taya models are useful. However, all these models have

their advantages and limitations. The limitations are overcome in some other improvised

models like the modification of Hamilton and Crosser’s model proposed by Badgayan

et al. [33], and modified effective medium approaches proposed by Nejad et al. [43] are

very much expedient. It was also observed that the performance of polymer is highly reli-

ant on the functionalization of nanoparticles through surface treatment of nanoparticles

along with specific processing techniques. Polymer nanocomposite with superior thermal

performance is a promising material that led to significant advancements in recent years

and remains in high demand in the relevant industry.
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7.1 Introduction

Life-cycle assessment (LCA) is a very powerful tool to understand recyclability and

to compute the sustainability of a product or a material. It is a wide-ranging and

easy-to-understand methodology to presume all environmental impacts across the

full life cycle of a product. The full life cycle of a product includes materials acqui-

sition, manufacturing, use, transportation, and end-of-life treatment (i.e., disposal or

recycling). LCA can model the environmental consequences of many systems that

interact with each other to make an industrial product. An accurate LCA study

yields valuable data that decision-makers can use to find greener routes of

manufacturing.

This chapter focuses on the advantages, challenges, and versatility of the LCA

of polymer nanocomposites (PNCs). It is beyond doubt that nanotechnology is one

of the most promising technologies that humanity has ever got benefited from. But

for any emerging technology, pointing out the issues related to health and the envi-

ronment is very crucial, especially to know whether an engineered product is safe

or not. However, in the early stage of research, modern system analysis like LCA

poses unique challenges to researchers and designers and at the same time aids

them to adopt suitable technologies. LCA helps researchers mark out long-term

consequences of any product or material as well.

7.2 Life-cycle assessment for nanotechnology

The standard methodology of LCA is outlined by ISO 14000 and ISO 14040.

According to the ISO guidelines, LCA has four basic phases:

1. goal definition and scope

2. inventory analysis

3. impact assessment

4. interpretation
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An illustrative representation of the four basic phases of LCA is depicted in

Fig. 7.1. Each of the phases comprises different steps. The following sections will

be explaining all these phases in brief.

7.2.1 Goal definition and scope

An LCA study can be a complete study when all the data related to the products’

manufacturing, use, and disposal will be gathered. These include materials input, all

processing parameters during its production, the energy used and wasted at the time

of processing, waste treatment, environmental consequences when transporting,

information on recycling, and many more. In a word, a farfetched amount of data,

resources, and time are required to complete the task. Such an analysis is called

“cradle-to-grave” in the field of LCA.

The “goal definition and scope” phase makes the task more manageable. In this

phase, the purpose of an LCA study is defined clearly. This may involve comparing

the preparation of a nanoproduct using different synthesis pathways or the use of a

nanoproduct for a new application. System boundaries, functional units, and limits

to the analysis are set to affix the beginning and the ending point of the life-cycle

study. A functional unit is a basis for the study. It is a measurement of production

or output against which impact indicator calculations are normalized. For example,

Figure 7.1 Four basic phases of LCA according to ISO standard. LCA, Life-cycle

assessment.

Source: Modified from https://www.rit.edu/sustainabilityinstitute/blog/what-life-cycle-

assessment-lca
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if we do a comparative LCA study between porcelain and disposable paper-made

coffee mugs, we must consider the amount of hot beverages each of them can con-

tain. A large porcelain mug may have a capacity of 400 mL, whereas a disposable

cup may contain 200 mL. Thus the proper functional unit for our hypothetical case

should be one porcelain mug versus two disposable paper-made cups.

Once the functional unit is defined, the system boundary should be specified

clearly to define the scope of the LCA. The work of data collection and analysis

can be very painstaking and even sometimes expensive. As a result, some research-

ers may get enticed to make the boundary too narrow, leading to invalid results.

For example, making gold jewelry involves several steps such as metal forming,

laser cutting, soldering, stone setting, enameling, and polishing. A researcher may

face trouble in collecting data related to the stone-setting step. So, he should take

proper care to describe the boundary limits and the purpose of his LCA study on

gold jewelry. Otherwise, the results will be faulty. Business firms are more likely to

prefer an LCA that is narrow in scope. But an in-depth study needs to use richer

data to attract researchers and policymakers, as it can help them better understand

real-world conditions.

7.2.2 Inventory analysis

The LCI phase (life-cycle inventory phase) is for collecting and sorting data for

each of the processes that are laid down by the goal definition and scope phase. An

LCA analyst may rely on experiments, different research papers, manufacturers of

the product, and published databases for data collection. Data related to material

and energy resources, equipment, packaging, and transportation are given as input.

The output data consist of products, byproducts, wastes, emissions. Data related to

the end of life of the product, that is, recycling, dumping, or incineration are also

collected for a complete LCA. By the end of this phase, an inventory list with

detailed input and output data is created.

There are a large number of LCI databases and Nifty software available in the

field of LCA. These different methods often yield obvious differences in results.

Some of the LCI compilation methods available are the process flow diagram

method, matrix inversion method, and input�output analysis [1]. LCA practitioners

love process flow diagrams as they show processes of a product system outlined in

boxes and the interconnection with the commodity flows in arrows in an easily

understandable way. From the flow charts, the LCI for the functional unit of the

particular product can be obtained by simple multiplication of the value of environ-

mental interventions with respective ratios.

To explain the use of process flowchart, we can take the LCA work done by

Hervy et al. on nanocellulose-reinforced advanced fiber composites in a simplified

manner [2]. Fig. 7.2 illustrates the life-cycle process in a very beginner’s way.

Hypothetically we assume that producing 1 kg of nanofiber cellulose (NFC) epoxy

composite requires 1.3 MJ of electricity, 400 gm of NFC paper, 300 gm of epoxy

resin, 200 gm porous medium, 70 gm hardener, and 30 gm of other consumables.

Then we can calculate:
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6:5kgCO2

1kgporousmedium
3 0:2kgporousmedium

� �

1
96kgCO2

1kg consumables
3 0:03kg consumables

� �

1
2 1:0kgCO2

1kgNFC paper
3 0:4kgNFC paper

� �
1

7:8kgCO2

1kg resin
3 0:3kg resin

� �

1
3kgCO2

1kg hardener
3 0:07kg hardener

� �

1
1:5kgCO2

1MJ electricity
3 1:3MJ electricity

� �
5 8:28kgCO2;

for cradle-to-gate, that is, for raw materials to complete production of the

composite.

But the above calculation will be valid only if (1) there is only one material or

energy per production process, (2) there is only one type of waste per waste treat-

ment process, (3) input and output of the current production system is not interre-

lated at all, and (4) material or energy flows between processes do not have a

loop(s) [1].

For instance, if production of 1 kg epoxy resin requires 1.3 MJ of electricity and

production of 1 MJ of electricity also needs 0.4 kg of epoxy then the inventory

compilation is not that straightforward. This can be solved by remodeling the flow

diagram in an iterative way or by adopting any other compilation method like

matrix representation, etc. Further explanation of inventory analysis methods is

Figure 7.2 A simplified flow diagram for NFC-reinforced epoxy composite. NFC, Nanofiber

cellulose.
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beyond the contents of this chapter. (For further reading please refer to Ref. [1].)

(Fig. 7.3).

7.2.3 Impact assessment

After data collection, the life-cycle impact assessment (LCIA) phase is to make a

meaningful context of potential damages to human and animal health and the envi-

ronment. Results are characterized and quantified into several impact categories.

Then the different impact categories are normalized and weighted to obtain a mean-

ingful interpretation. For example, stating that a process emits 10 kg of carbon

dioxide (CO2) and 7 kg of sulfur dioxide (SO2) is not an eloquent description of its

contribution to climate change. An LCIA renders these raw data and gives relative

potency of materials, emissions, or other factors. So, after a proper LCIA, in the

case of CO2 and SO2, we will be able to say that one contributes 20�30 times (or

whatever in reality) more to climate change than the other. Because the harm of

1 kg of CO2 and 1 kg of SO2 is not equal. Generally, all the impacts are normalized

in terms of carbon dioxide equivalents to enumerate the potential for global warm-

ing. Several LCIA methods exist. The ReCiPe method, IMPACT 20021 , Eco

Invent 99, etc. are some of them. More often, the choice among the methodologies

is made based on the goal of the study. Making comparisons between alternative

ingredients of a product, or identifying an eco-friendly process, or contrasting

between several end-of-life scenarios to improve recyclability may be some of the

diverse goals of LCA studies. The calculation of impact potential can be easily

understood from the following relation [3].

Figure 7.3 An illustration of the necessity of normalization that straightaway summation

does not reflect the actual scenario.
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Totalimpact potential 5
Xn
i51

Characterization factorð Þi 3 Chemical emissionð Þi

Here, the characterization factor is different for different pollutants based on

their impacts in various categories and is found in literatures. Common impact cate-

gories include global warming potential (GWP), terrestrial acidification, eutrophica-

tion, carcinogens, noncarcinogens, ozone layer depletion, freshwater ecotoxicity,

and many more depending on the assessment method used.

Other terms to understand LCIAs are the midpoint and endpoint modeling. In

midpoint impact assessment models, the relative potency of the stressors at a com-

mon midpoint is focused within the system boundary [e.g., greenhouse gas (GHG)

is a stressor for global warming.] Analysis at a midpoint minimizes the amount of

forecasting and therefore the modeling becomes less complex than the assessment

based on an endpoint. A simple flowchart explains this in Fig. 7.4.

The United States Environmental Protection Agency splits an LCIA into seven

steps [4]:

1. selection and definition of impact categories

2. classification

3. characterization

4. normalization

Figure 7.4 Comparison of impact categories for midpoint versus endpoint modeling.

Source: Recreated form: https://nepis.epa.gov/Exe/ZyPDF.cgi/P1000L86.PDF?

Dockey5P1000L86.PDF
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5. grouping

6. weighting

7. evaluating and reporting LCIA results.

7.2.4 Interpretation

The last phase in an LCA study is interpretation. The data and results from the pre-

ceding phases are interpreted in this phase to deduct outcomes and make recom-

mendations. Before interpretation, the validity of the results should be verified

using sensitivity and uncertainty analysis. Uncertainty analysis means determining

the inconsistency of the data and its impact on the results. The ultimate purpose of

this phase is to reach the stated goals by detecting the significant factors. So, if the

goal was to identify a healthier path of manufacturing, approaches to achieve it will

be highlighted in this phase.

The ISO standards decree that LCA interpretation should

� identify the most significant issues from the study;
� make a way to evaluate the study itself. It should explain whether it is done sensitively

and consistently or not, make uncertainty analysis; and
� provide conclusions, limitations, and recommendations to clarify the completeness of the

study.

7.3 Expected benefits of LCA for PNCs

Nanotechnology is unquestionably an evolving technology. The doubled number of

published papers in this field just within 1.6 years span in the late 1990s proves its

convenience [5]. For any emerging technology, LCA can be a tool capable of

reporting critical concerns such as material use, energy use, ecological impact, and

toxicity. Implementation of LCA in nanotechnology and nanocomposites can

develop the technology in a sustainable manner. Some of the expected benefits of

LCA for PNCs are as follows:

1. Understanding each stage of a product’s life cycle that which stage has how much impact

on the environment.

2. Identification of most preferred end-of-life scenario(s) specific to a particular

nanoproduct.

3. Selection of the right alternative from the various available processes in product design.

LCA can even help decide the manufacture of partial items of a product. In the case of

PNC, change in the choice or production of certain matrix materials may lessen the GWP

to a great extent.

4. Evaluating the supremacy of nanoproducts in comparison to the others.

5. Marking out the hot spots and analyzing them to facilitate development.

6. In the early phases of a product design, LCA can be used as a screening tool for evaluat-

ing rival technologies.

7. LCA also assists in correcting any wrong value when low, high, or even no weighting

value is allocated on any environmental aspect [6].
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Without life cycle thinking, it is very likely to pay attention to issues of immedi-

ate attention and overlook issues that may lead to long-term environmental

concerns.

7.4 Limitation and challenges on nanocomposites LCA

Though LCA methodology is standardized via the ISO series, databases and analyti-

cal software are available, the methodology has several challenges in all fields of

nanotechnology.

� PNCs are specialized products. Today’s available life-cycle inventory databases are not

that versatile and are convenient only for evaluating typical products and common

processes.
� Impact data of nanoproducts related to human and ecosystem health exposure are yet to

be generated. In addition, some of the data are not publicly available for being

proprietary.
� In many cases, a mismatch arises between the LCA approach and the goal of the assess-

ment. For example, recycling neodymium�iron-boron magnets from hard disk drives can

be a great way to reduce the environmental burden [7]. But these results would not be

applicable in a comparison of secure digital (SD) cards, as they greatly differ in the con-

struction process, weight, etc.
� In some instances, it may not be possible to mark a solution to be the best over the others

due to the uncertainty of the final results. This ambiguity does not mean that LCA is not a

practical tool for decision-makers.
� In some cases, LCA alone fails to provide a basis for decision-making without the

involvement of other tools like risk assessment, cost assessment, etc.

As the LCA for nanoproducts has not yet reached a mature stage, we should

focus on compiling a rich life-cycle inventory of engineered nanomaterials, which

will help pave the way for LCA of specific nanoproducts such as nanocomposites.

LCA practitioners cannot be able to overcome the gap on their own. But rather a

multidisciplinary effort is needed for the task.

7.5 LCA of food packaging materials

Food packaging is essential for food processing businesses to increase shelf-life and

to ensure fresh and undamaged food for their customers. Therefore this has become

a major sector of material consumption. In a work done by Lorite et al., the envi-

ronmental performance of polylactic acid (PLA)-based active packaging was stud-

ied by LCA, after adding nanoclays and surfactants in its formulation [8]. The

PLA-based nanocomposites were made using Na-cloisite 20 and Na-cloisite 30B

which are two nanoclays. Cloisite 20 is a bis (hydrogenated tallow alkyl) dimethyl

salt with bentonite, and Cloisite 30B is an alkyl quaternary ammonium bentonite.

They used Triton X-100 (Octyl phenol ethoxylate) as the surfactant [8].
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LCA results showed that it is polyethylene terephthalate (PET) that has low

environmental impact than PLA-based packaging with nanoclay and surfactant. But

the latter one has a very competitive performance with PET. In the category of

human health, PLA-based packaging is discovered to be more environmentally

friendly. To briefly state the performance of both the food packaging considered,

we can compare the single score results. It was 36.5 points for PLA nanocomposite

and 35.9 for traditional PET. The most impactful phase of all the life cycle phases

is the manufacturing of packaging phase (more than 20 points just in this single

phase). The other part of the same study indicated that PLA-based packaging with

additives can improve the shelf-life of foods. This may lead to a noteworthy reduc-

tion in food waste, reduce the digit of use of packaging and hence lessen the envi-

ronmental impact. But the authors suggest further study regarding this to establish a

broader conclusion [8].

Cinelli et al. have done an LCA study of food packaging made of PLA and chi-

tin nanofibrils (NC) [9]. Their aim was to seek a sustainable technology to reuse

the chitin found in crab, shrimp, and lobster shells discarded as waste all over the

world. Chitin also has antioxidant and antimicrobial properties. [10] As the PLA

and chitin nanofibrils made bionanocomposites are directly sourced from the nature,

they are eco-friendly due to having compostability as a possible end-of-life sce-

nario. Of all the impact categories, human toxicity is found to be the most vulnera-

ble category here.

Both the above studies took 100% composting to be the preferable end-of-life

scenario, though enough data is unavailable in the databases. The plastic packaging

treatment of Europe for PLA is 20% composting, 40% incineration, 40% landfill-

ing. For PET packaging, the current 60% incineration, 40% landfilling waste sce-

nario resulted in a lower impact compared to the 100% incineration scenario. This

was due to the typical database input of landfilling being more environmentally

friendly than incineration [8].

In the food packaging industry, the use of silver nanoparticles (nAg) is another

considerable option because of the antimicrobial property of nAg which lengthens

the freshness period of the stored food. A study has been done by Westerband and

Hicks on nanosilver containing polymer food storage composite material [11]. In

this work, the TRACI midpoint analysis method was applied for LCA. They have

made a comparison between nAg enabled polymer food storage containers and the

conventional containers focusing on human health and the environmental impacts.

The integration of nAg on food storage showed an increase of around 1.6% in the

overall environmental impact compared to conventional food storage containers.

This very small surplus impact from nAg addition can make it an option for

advanced food packaging material. Summarized outcomes of the study are as

follows:

� AgNO3 contributes 77%�99% in total of all the impact categories. The consideration of

mining and refining of the silver ore is the prime reason behind this. Recycling silver can

be a suggestive way to lower this impact significantly. As nearly 4.243 105 kg of silver

is released all over the world in a year [12].
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� The impacts of ozone depletion, global warming, and ecotoxicity are increased for higher

nAg content in raw materials processing and the production stages.
� Compared to conventional food containers the nAg�nanocomposite container shows an

increase in every environmental impact category. But the highest increase is as high as

1.6% for the noncarcinogens category and the lowest is 0.001% for fossil fuel depletion

and global warming.
� Unexpectedly, the electricity used during dishwashing has seriously affected the results

for eight of the impact categories (Fig. 7.5).

More works and analyses are needed to assess the complete impacts of all these

products and to innovate the most practical option. For example, the nAg PNC is

susceptible to release from 0.1 to 31.5 ng cm22 of silver to the atmosphere, depend-

ing on the type of packaging [13�15]. Therefore other studies than LCA are

required to establish a correct understanding of human health and animal life-

related issues (Table 7.1).

7.6 LCA of polymer nanocomposites for automobiles

If we think about automobiles, steel and aluminum are being used in the body

panels from a very early age. These conventional materials can be substituted by

modern PNCs due to their improved mechanical properties, low density, good elec-

trical conductivity, and other specific functionalities. Lloyd and Lave [16] have

explored the benefits of using nanoclay�polypropylene (PP) composite instead of

steel or aluminum in automobile body panels. The life-cycle analysis has shown

Figure 7.5 Percentage of increase in impact categories after integrating nAg to the food

containers [11].
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Table 7.1 Summary of LCA on polymer nanocomposite for food packaging.

Materials of the study Functional unit Environmental impact Highlights Ref.

Nanoclay-reinforced

PLA nanocomposite

Packaging

100,000 kg of

fresh fruits in

1 year

Single score results of

PLA NC were 36.5 pt.,

whereas traditional PET

has 35.9 pt.

PLA NC is a close

competitor of

PET. PLA-based

packaging with

additives has a

lower impact in

the human health

category.

[8]

PLA and chitin

nanofibrils (NC)

composite

1 kg of NC and

one kg of

PLA/NC/

PEG400

pellets

Human toxicity is found to

be the worst impact

category.

Composting is the

most preferable

end-of-life

scenario.

[9]

Nanosilver polymer

composite

One food

container of

52 weeks

lifetime; 1 kg

nAg

Higher nAg content shows

higher impact �
1.53 10210 kg CFC-11

eq., 0.124 kg CO2 eq.,

0.28 CTUe

Despite no recycling

or recovery of the

polymer or the

nAg, only a 1.6%

rise in the overall

environmental

impact is found

[11]

LCA, Life-cycle assessment; PET, polyethylene terephthalate; nAg, silver nanoparticles.



potential benefits from PNCs in material processing and fuel economy by reducing

energy consumption and pollutant discharges.

The study is based on vehicles’ use in a span of 1 year within the United States.

When steel in the automotive body panels is substituted by PNC, the amount of

electricity used, energy used, the release of pollutants, release of GHGs, consumed

fuel, utilized ores, generated hazardous waste, the release of toxic materials, use of

water, and the number of highway fatalities—all the impact categories showed

reduced values. For example, switching to a PNC automotive body panel would

result in 7.23 105 to 163 106 tons of CO2 eq. lesser GHG emissions and an energy

saving of 51 to 240 thousand terajoules. Refining of petroleum, electric services,

crude petroleum and natural gas, inorganic and organic chemicals, transportation of

gas, etc. are the areas contributing the major portion of GWP [16].

The study was modeled using EIO-LCA (The Economic Input-Output Life

Cycle Assessment) model. But the authors reported some certain drawbacks regard-

ing the EIO model:

� The model allocates an equal quantity of energy use for recycled and primary materials.
� EIO model assumes a linear relationship between economic input and environmental

effect and does not calculate any exception for mass production.

It was also assumed that 50% of both the steel and nanocomposite scrap would

be reused and reprocessed. The practicality of manufacturing car body panels with

PNC is only threatened due to its current higher market price. The researchers con-

cluded that it would be a solution where everyone benefits if the cost gets reduced

for PNC. Roes et al. [17] have done a study on a number of PNCs including glass-

fiber-reinforced PP as internal panels of automobiles. In the study, glass fiber PP

composite was considered as the traditional raw material for automotive internal

body parts. This glass fiber/PP composite was compared with the clay/PP nanocom-

posite and it was found that the latter can yield only 1.25% lighter body panels.

Most of the environmental impact categories such as climate change, nonrenewable

energy use (NREU), eutrophication, acidification, and abiotic depletion have shown

trivial improvements. Only photochemical oxidant formation and ozone layer deple-

tion have shown improvement but are not that significant. The authors have com-

mented on the fact that LCI data have high uncertainties for nanoclay production.

This might have added some errors to the study. Otherwise, significant benefits

would have been visible by the use of PP nanocomposites (Fig. 7.6).

Lloyd and Lave, and Roes et al.—both of the works utilized Ashby’s material

indices [18] to estimate the weight reduction of nanocomposite automotive panels.

The same formula M5
ffiffiffiffi
E3

p
=ρ is used.

The traditional fiber-reinforced plastics have excellent in-plane mechanical prop-

erties. But they perform poorly at transverse and thickness directions because of the

weaker polymer matrix. [19] Long-length carbon nanofibers (CNFs) can strengthen

the polymer in these directions. Khanna and Bakshi [20] have analyzed the possibil-

ity of utilizing CNF PNC to manufacture internal panels of cars. They have carried

out LCA on CNFs PNCs as well as on a hybrid PNC of carbon nanofiber-glass fiber

(CNF-GF). In the study, PNCs and steel are considered to be equivalent on the basis
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of equality in stiffness value. The result shows that, for an equal value of stiffness,

the production energy required for CNF polymer composite is 1.6�12 times higher

than that for steel [20] (Fig. 7.7).

But the CNF polymer composite gives net energy saving if the use phase is con-

sidered. When CNF PNC is used, the body panel becomes 18.9%�61.2% lighter.

As the body panel comprises 10% of the total weight in a vehicle, less fuel is

required during use. This fuel-saving leads to 18 GJ of energy saving for each car.

For hybrid PNC of CNF-GF, this saving reaches as high as 65 GJ per car. If the

unsaturated polyester resin is used instead of PP, the value of energy saving is low-

ered from 8 to 44 GJ/car [20]. The authors of this study have also focused on a

design-related issue regarding PNC panels. To maintain equal stiffness, PNCs

become 3.2�5.3 times thicker than steel-made panels. Such dimensional change

may pose design limitations with respect to engineering and esthetic point of view.

The LCA of poly (3-hydroxybutyrate)-based (PHB) nanocomposites is studied

by Pietrini et al. [21]. This study evaluated the application of nanoclay/biodegrad-

able plastic and petrochemical polymers where sugar cane bagasse and nanosized

organophilic montmorillonite are used as fillers. Only two impact categories are

explored here—GWP, GWP100 (as the time prospect is 100 years), and NREU.

The problem regarding the use of PHB composite in substitution to GF/PP is its

low stiffness, as stated earlier. So, to make a good quality automotive internal

panel, 32%�36% more material is required by weight than GF/PP [21]. This high

amount of PHB nanocomposite undoubtedly demands high energy and GHG emis-

sions, and also an increase in the weight of the automobile results in higher energy

or fuel usage during the operation stage. In the same study, the energy requirement

and GHG emission are computed for the PHB nanocomposite to be used in the

Figure 7.6 Relative results of the impact assessment of conventional GF/PP composite

versus PP nanocomposite [17]. GF, glass fiber; PP, polypropylene.
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housing of the CRT monitors. This analysis has shown lower environmental

impacts. But CRT monitors are obsolete in today’s world and therefore the study

needs further scrutinization (Table 7.2).

7.7 LCA of PNCs intended for different applications

7.7.1 Graphite nanoplatelets-filled epoxy-based composite

The versatility of polymers can be expanded many fold when they are reinforced

with nanomaterials of superior properties. A study in 2014 was done by Pizza et al.

[22] to assess the environmental impact of graphite nanoplatelets filled epoxy-based

composite. The life-cycle phases that are taken into account in the study are raw

materials extraction, nanoplatelets, and epoxy resin preparation, production of the

nanocomposite, transportation, and the end of life. Most of the impacts come from

the extraction of raw materials stage. Then comes the filler and epoxy matrix prepa-

ration stage. Of note, 50% of the primary energy is consumed by the matrix poly-

mer, whereas the GnP production process contributes 36%. To produce 1 kg of

epoxy composite, 0.058 kg of GnP (5.8% by weight) is required. This GnP demands

303 MJ of primary energy and the requirement for epoxy resin matrix is 187 MJ.

The effect of composite production is very low compared to the others.

The motivation of adding graphite nanoplatelets to epoxy resin is to increase its

intrinsic thermal conductivity so that it can be used in high-performance computer

Figure 7.7 There is plenty of scope for polymer nanocomposites in automobiles and their

LCA studies. LCA, Life-cycle assessment.
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Table 7.2 Summary of LCA on polymer nanocomposite for automotive applications.

Materials of the

study

Functional unit Environmental

impact

Highlights Ref.

Montmorillonite

nanoclay-

reinforced

polypropylene

composite

16.9 million light-

duty vehicles,

210 million

vehicles on the

road. Vehicle

lifetime 150,000

miles, 10 years.

PNC can produce

around 38% to

67% lighter

body panels.

This will lead to

49�87 million

metric tons

lesser emission

of CO2 and will

save 5.7�10.1

billion gallons

of petrol.

The estimated

annual CO2

reduction is

49�87 million

tons. The

current higher

market price of

PNC is the main

hindrance to

adopt its mass

production.

[16]

Nanoclay silicate-

reinforced

polypropylene

nanocomposite

(PP NC)

Body panels of a

lightweight

family car of

150,000 km

lifetime

mileage.

Primary energy

demand 8.23 GJ

for conventional

material and

8.21 GJ for PP

NC. Greenhouse

gas emissions

569 versus

570 kg CO2-eq.

Only 1.25% lighter

body panels

from PP

nanocomposite.

No apparent

environmental

benefit is seen.

[17]

Carbon nanofiber

(CNF)-reinforced

polymer

nanocomposites

Body panels of a

midsize car that

can travel

150,000 miles in

its lifetime.

CNF-GF hybrid

PNCs save

around energy

65 GJ/car.

Simple CNF

PNCs save 18

GJ/car.

Unsaturated

polyester resin-

based NC saves

from 8 to 44

GJ/car.

PNC needs a

higher amount

of

manufacturing

energy. But the

energy savings

come from the

1.4%�10% fuel

savings in the

use phase of the

vehicle’s

lifetime.

[20]

Poly (3-

hydroxybutyrate)

nanocomposites,

with sugar cane

bagasse and nano

organophilic

montmorillonite

fillers

Total internal

panels of one

typical car with

a lifespan of 10

years and

150,000 km

mileage.

NREU of 10.6 and

GWP100 of up

to 722.8 are

found for PHB

nanocomposites.

Whereas these

values are 8.2

and 569.9 for

conventional

materials

respectively.

PHB

nanocomposite

does not render

any

notable energy

saving when

used in internal

body panels of

cars. It is only

applicable in

CRT monitor

casings.

[21]

LCA, Life-cycle assessment; PET, polyethylene terephthalate; PHB, poly (3-hydroxybutyrate); PNC, polymer
nanocomposites; nAg, silver nanoparticles.



processing units as thermal interface material. An optimized methodology is preset

for LCA from metal depletion ReCiPe midpoint (H), IPCC 07, CML 2001,

USEtox, and EDIP 2003. This practice has helped the authors evaluate energy con-

sumption, metal, water, fossil, and ozone depletion, human toxicity, ecotoxicity,

photochemical oxidant, freshwater, and marine eutrophication, acidification, and

hazardous waste. The GWP (GWP100a) was 15.7 kg CO2 eq [22].

7.7.2 Polyacrylic acid and polyethylenimine-coated magnetic
nanoparticles

Magnetite (Fe3O4)-based magnetic nanoparticles (NPs) are used in wastewater treat-

ment as heterogeneous Fenton or photo-Fenton catalysts. A study was done by

Feijoo et al. in 2019 [23] to evaluate the environmental impacts related to the pro-

duction of different magnetic NPs and to find out an environment-friendly option.

The analysis of this study has concluded that the PNCs resulted from polyacrylic

acid (PAA) and polyethylenimine (PEI)-coated magnetic NPs are the fittest option

for their applications in heterogeneous Fenton processes.

Of all the materials studied, pure Fe3O4, Fe3O4/PEI, Fe3O4/PAA NPs, and

Fe3O4/SiO2 NPs, pure stabilized magnetite has shown the lowest impacts. On the

other hand, silica-coated magnetic NPs have the highest impact. But using nano-

composites is a wiser decision because of their reactivity and transformation poten-

tial. Similarly, using the nanocomposites in photocatalysis proves to perform better

due to faster reaction kinetics compared to Fenton [23].

Impact categories that are explored in this study are climate change, freshwater

eutrophication, ozone depletion, fossil depletion, marine eutrophication, toxicity,

and terrestrial acidification. If a quantitative comparison is done between PAA and

PEI coating, the latter has performed somewhat well than the other one. For exam-

ple, in ozone depletion, Fe3O4/PAA yielded 2.053 1028 kg CFC-11 eq. and Fe3O4/

PEI yielded 1.293 1028 kg CFC-11 eq.

7.7.3 Silver-graphene oxide-reinforced polyvinylidene fluoride

Chan et al. in 2018 [24] have done an extensive LCA on polyvinylidene fluoride rein-

forced with Ag and graphene oxide (GO). The integration of Ag/GO nanohybrids into

polyvinylidene fluoride (Ag/GO-PVDF) membrane fabrication showed a higher environ-

mental impact than the stock PVDF membrane fabrication. However, the algal membrane

photoreactor (A-MPR) system with the Ag/GO-PVDF membrane revealed a healthier

environmental footprint as it allows a higher volume of permeate to pass through.

ReCiPe midpoint and endpoint analysis both are carried out in the study. Endpoint

indicators are three—human health, ecosystem, and resources. The AMPR with the

Ag/GO-PVDF membrane showed less harmful effects on all three impact categories

compared with the A-MPR with PVDF membrane. The total environmental footprint

of the A-MPR with PVDF membrane was 290 mPt per L permeate. On contrary, it is

reduced by 15.9%, to 244 mPt per L permeate for A-MPR with the Ag/GO-PVDF
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membrane. Some alternates to reduce energy demand are also sought out in the study.

If renewable energy sources such as fuel cells, solar photovoltaic, hydropower can

replace the use of electricity, impressive improvement is possible [24].

7.7.4 PNC in agricultural films

Schrijvers et al. [25] have conducted an ex-ante LCA of agricultural mulching films

reinforced by nanoclays. A poly (butylene adipate-co-terephthalate) (PBAT)/layered

double hydroxide (LDH) nanocomposite with PBAT and low-density polyethylene

is studied in the work. A possible implementation of nanoclay surfactants and p-

hydroxycinnamic acid is considered in LDH sheets. The study demonstrates that

nonrenewable energy use and GHG generation are the lowest for LDPE films. As

PBAT is biodegradable, it can be a good alternative to LDPE. Because recycling

and incinerating is a typical end-of-life scenario for LDPE and recycling and energy

recovery by incineration is not practical every time [25] (Table 7.3).

7.8 Narrowing the limitations of LCA for PNC

The absence of life-cycle analysis had led us to destructive engineering decisions in

the past. For example, from the era of the 1930s, chlorofluorocarbons were thought

to be an apparent magical aid in the refrigeration industry as they had substituted

the use of toxic methyl chloride, carbon tetrachloride, etc. [26] But around 1974,

researchers have started finding the other side of the coin. Soon it was realized that

photodissociation of the CFCs produces significant amounts of chlorine atoms in

the stratosphere and causes direct destruction of atmospheric ozone [27].

LCA can help decide any particular material before implementation. But in this

modern era of today, newer technology like nanocomposite is emerging. At the

same time, their real effect on the environment might be unknown to us. For exam-

ple, the release of carbon nanotubes from nanocomposites [28], release of nanosil-

ver into the environment are the outcomes of very recent researches. Such research

work is very important to establish proper fruitful life-cycle analyses.

7.9 More research works to carry on

Composites have a very wide ground to play inside. There are numerous opportunities

for LCA that are completely untouched in the field of polymer composite and PNC.

Natural sources of fibers and nanoclays are another scope of newer works in this disci-

pline. For example, Asrafuzzaman et al. [29] explained the bonding of bamboo fiber-

reinforced composites. PNC can aid in property enhancement in this regard and an

LCA study can help make the right decision from the environmental point of view.

Natural fibers are finding their applications in heavy-duty structures like concretes [30].

But due to the lack of adequate LCA study, PNC is far behind that.
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Table 7.3 LCA studies of versatile PNCs.

Materials of the

study

Functional unit Environmental

impact

Highlights Ref.

Graphite

nanoplatelets

(GnP)-filled

epoxy-based

composite

1 kg of epoxy

composite with

5.8 wt.% filler.

Assumed

thermal

conductivity is

1 W mK21 and

lifetime is 30

years.

1 kg of GnP needs

1879 MJ of

primary energy.

1 kg of epoxy

composite

contains 0.058 kg

of GnP

equivalent to

303 MJ, and the

primary energy

for epoxy resin is

187 MJ.

Thermal

conductivity is

considered a

prime property in

the study. The

usability of the

epoxy NC as a

thermal interface

material in high-

performance

computer

processing units

is considered

here.

[22]

Polyacrylic acid

and

polyethyleni-

mine-coated

magnetic

nanoparticles

The weight of

magnetic

nanoparticles

produced in a

batch

Pure has the lowest

impact. For

example,

8.213 1029 kg

CFC-11

eq. ozone

depletion of

Fe3O4, whereas

Fe3O4/PAA and

Fe3O4/PEI have

2.053 1028 to

1.293 1028 kg

CFC-11 eq.

Though PAA and

PEI-coated

nanoparticles

show slightly

higher impacts,

they are better

choices due to

their good

reactivity and

transformation

potential.

[23]

Ag-graphene

oxide-

reinforced

polyvinylidene

fluoride

1 g of membrane;

1 L of permeate

for algal

membrane

photoreactor

The single score of

A-MPR with

PVDF membrane

was 290 mPt per

L permeate. On

contrary, the

environmental

footprint of A-

MPR with the

Ag/GO-PVDF

membrane has

lessened by

15.9%, to 244

mPt per L

permeate.

Energy demand can

be impressively

reduced when

the existing

electricity mix

will be replaced

with renewable

energy such as

fuel cell, solar

energy, windmill

power, and

hydropower.

[24]

LCA, Life-cycle assessment; NC, nanofibrils; PAA, polyacrylic acid; PEI, polyethylenimine; PNC, polymer
nanocomposites; PVDF, polyvinylidene fluoride.
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One of the major impedances of the life-cycle analysis of PNC is the scarcity of a

proper database. This can be partially overcome by studying the separate LCA of rein-

forcing nanomaterial and the polymer matrix material. For instance, many good scien-

tific studies are available describing the LCA of only the matrix polymer material for

food packaging [31]. Opting for an LCA of reinforcing materials and combining them

would give an early assessment of complete LCA studies of PNC, though the results

would lack accuracy. PLA is biodegradable material of lesser environmental pollution.

[32] PLA-based nanocomposites may find their applications in the agriculture and

packaging industries. Many LCA works have been done for PLA merely, excluding its

nanocomposite form [33�37]. LCA research works of nanomaterials that are compati-

ble with PLA can be adjoined with these studies to assess the results for PLA PNCs.

Ex-ante LCA studies (forecasting analysis rather than actual results) can be conducted

to fill up the existing gap in the life-cycle study of PNC. Ex-ante studies make compar-

ison among different materials easier.

Many recent works of research works involve working on polymer composites

and their LCA. Enriched literatures are available in nature-based scaffolds [38,39],

fiber-reinforced composites [40,41], natural fiber-based composites [42�45], car-

bon fiber composites [46,47], polymer composites for home appliances [48], build-

ing construction purposes [49,50] and many others. LCA of composites made from

recycled materials is also done so far [51,45]. But discussion of these studies is

beyond the scope of this chapter, as they lack the involvement of any nanoscale

reinforcements. An example in this context is the LCA of automotive materials [16]

in this chapter. Despite more works are related to automobile materials [52], they

are excluded, as they do not focus pointedly on PNCs.

7.10 Conclusion

Every production, consumption, and disposal activity greatly affect our environment. In

this era of rampant technological improvements, advanced materials such as numerous

PNCs are available as options and are even finding their applications in many engi-

neered products. But the proper decision of material selection cannot be taken without

a complete assessment of environmental impacts. LCA is an associative tool for mate-

rial selection and even acts as a production process selector. For instance, any newly

proposed manufacturing route, or modification within the process, or any decision

regarding a material’s recycling can be criticized or evaluated before implementation

by the touchstone of LCA. Therefore laboratory research work and LCA collabora-

tively can pave the way to future comprehensive material study.
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Background and Future Prospects in Life Cycle Assessment, Springer Netherlands,

Dordrecht, 2014, pp. 189�206.

[7] D.D. München, H.M. Veit, Neodymium as the main feature of permanent magnets

from hard disk drives (HDDs), Waste Manag. 61 (2017) 372�376. Available from:

https://doi.org/10.1016/J.WASMAN.2017.01.032.

[8] P. Saavalainen, G.S. Lorite, C.M.R. Rocha, G. Toth, LWT - Food Science and

Technology Evaluation of physicochemical / microbial properties and life cycle assess-

ment (LCA) of PLA-based nanocomposite active packaging h l a, 75, 2017.

[9] P. Cinelli, M.B. Coltelli, N. Mallegni, P. Morganti, A. Lazzeri, Degradability and sus-

tainability of nanocomposites based on polylactic acid and chitin nano fibrils, Chem.

Eng. Trans. 60 (2017) 115�120. Available from: https://doi.org/10.3303/CET1760020.

[10] F. Shahidi, J.K.V. Arachchi, Y.J. Jeon, Food applications of chitin and chitosans,

Trends Food Sci. Technol. 10 (2) (1999) 37�51. Available from: https://doi.org/

10.1016/S0924-2244(99)00017-5.

[11] E.I. Westerband, A.L. Hicks, Environmental Science Nano storage containers as a case

study informed by literature review, Environ. Sci. Nano (2018) 8�10. Available from:

https://doi.org/10.1039/C7EN01043E.

[12] M.J. Eckelman, T.E. Graedel, Silver emissions and their environmental impacts: a mul-

tilevel assessment, Environ. Sci. Technol. 41 (17) (2007) 6283�6289. Available from:

https://doi.org/10.1021/es062970d.

[13] M. Cushen, J. Kerry, M. Morris, M. Cruz-Romero, E. Cummins, Evaluation and simu-

lation of silver and copper nanoparticle migration from polyethylene nanocomposites to

food and an associated exposure assessment, J. Agric. Food Chem. 62 (6) (2014)

1403�1411. Available from: https://doi.org/10.1021/jf404038y.

[14] Y. Huang, S. Chen, X. Bing, C. Gao, T. Wang, B. Yuan, Nanosilver migrated into

food-simulating solutions from commercially available food fresh containers, Packag.

Technol. Sci. 24 (5) (2011) 291�297. Available from: https://doi.org/10.1002/pts.938.

[15] Y. Echegoyen, C. Nerı́n, Nanoparticle release from nano-silver antimicrobial food con-

tainers, Food Chem. Toxicol. 62 (2013) 16�22. Available from: https://doi.org/

10.1016/J.FCT.2013.08.014.

[16] S.M. Lloyd, L.B. Lave, Life cycle economic and environmental implications of using

nanocomposites in automobiles, Environ. Sci. Technol. 37 (15) (2003) 3458�3466.

Available from: https://doi.org/10.1021/es026023q.

[17] A.L. Roes, E. Marsili, E. Nieuwlaar, M.K. Patel, Environmental and cost assessment of

a polypropylene nanocomposite, J. Polym. Environ. 15 (3) (2007) 212�226. Available

from: https://doi.org/10.1007/s10924-007-0064-5.

[18] M.F. Ashby, Materials Selection in Mechanical Design, Fourth, Elsevier Ltd.,

Burlington, USA, 2011.

164 Advanced Polymer Nanocomposites

https://doi.org/10.1016/j.compscitech.2015.08.024
http://refhub.elsevier.com/B978-0-12-824492-0.00019-2/sbref3
http://refhub.elsevier.com/B978-0-12-824492-0.00019-2/sbref3
http://medcontent.metapress.com/index/A65RM03P4874243N.pdf
http://medcontent.metapress.com/index/A65RM03P4874243N.pdf
https://doi.org/10.1590/S1516-14392009000100002
http://refhub.elsevier.com/B978-0-12-824492-0.00019-2/sbref5
http://refhub.elsevier.com/B978-0-12-824492-0.00019-2/sbref5
http://refhub.elsevier.com/B978-0-12-824492-0.00019-2/sbref5
http://refhub.elsevier.com/B978-0-12-824492-0.00019-2/sbref5
https://doi.org/10.1016/J.WASMAN.2017.01.032
https://doi.org/10.3303/CET1760020
https://doi.org/10.1016/S0924-2244(99)00017-5
https://doi.org/10.1016/S0924-2244(99)00017-5
https://doi.org/10.1039/C7EN01043E
https://doi.org/10.1021/es062970d
https://doi.org/10.1021/jf404038y
https://doi.org/10.1002/pts.938
https://doi.org/10.1016/J.FCT.2013.08.014
https://doi.org/10.1016/J.FCT.2013.08.014
https://doi.org/10.1021/es026023q
https://doi.org/10.1007/s10924-007-0064-5
http://refhub.elsevier.com/B978-0-12-824492-0.00019-2/sbref16
http://refhub.elsevier.com/B978-0-12-824492-0.00019-2/sbref16


[19] P. Asokan, M. Osmani, A. Price, Improvement of the mechanical properties of glass

fibre reinforced plastic waste powder filled concrete, Constr. Build. Mater. 24 (4)

(2010) 448�460. Available from: https://doi.org/10.1016/j.conbuildmat.2009.10.017.

[20] V. Khanna, B.R. Bakshi, Carbon nanofiber polymer composites: evaluation of life cycle

energy use, Environ. Sci. Technol. 43 (6) (2009) 2078�2084. Available from: https://

doi.org/10.1021/es802101x.

[21] M. Pietrini, L. Roes, M.K. Patel, E. Chiellini, Comparative life cycle studies on poly(3-

hydroxybutyrate)-based composites as potential replacement for conventional petro-

chemical plastics, Biomacromolecules 8 (7) (2007) 2210�2218. Available from:

https://doi.org/10.1021/bm0700892.

[22] A. Pizza, R. Metz, M. Hassanzadeh, Life cycle assessment of nanocomposites made of

thermally conductive graphite nanoplatelets, pp: 1226�1237, 2014, doi: 10.1007/

s11367-014-0733-2.
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8.1 Introduction

With the introduction of newer and more sophisticated technology, the applications of

the polymer have extended to such an extent that better modification and tailoring of

these polymers are needed. Proper temperature exposure, treatment with various energy

sources, and chemical modification have been performed on polymeric materials for

the aforementioned purpose. Among these modification techniques, tailoring the chemi-

cal properties of polymers has been reported to be more effective than other modifica-

tion techniques. One of the most common procedures of modifying polymer materials

to be used in different applications is blending and mixing polymers with different rein-

forcement materials [1]. Nanomaterials due to their exceptional characteristics have

been reported to improve different properties of polymer composite materials. With

noticeable improvement in preparation procedures, polymer nanocomposites can surely

replace conventional polymer materials in sophisticated applications such as biomedical

applications. Polymer nanocomposites have been proved to possess significantly

enhanced antibacterial and antifungal activities and many pieces of researches where

antimicrobial activities of polymer nanocomposites against different kinds of microbes

such as bacteria and fungus support this. Another important property that increases the

effectiveness of polymer nanocomposites in biomedical applications is their controlla-

ble degradation rate. Bioelimination and controlled degradation are needed for materials

used in tissue regeneration, tissue repair, scaffold formation, and various other medical

applications. Also, the incorporation of various nanomaterials that include but are not

limited to metallic nanoparticles, ceramic nanoparticles, and nanofiber from natural

sources by different methods and with different additives has enhanced the properties

of polymer-based nanocomposites significantly. The use of metallic and ceramic nano-

particles as incorporating materials increases mechanical and barrier properties where

the use of nanofiber reinforcement into polymer matrices increases bioactivity and

biocompatibility of the composites and due to these reasons often more than one type

of nanofillers have been reported to be used in polymer matrices. Also, nanoparticles

have shown a limited amount of toxicity which allows these nano-sized particles incor-

porated polymer materials to be used in biomedical applications where these materials

would come into direct contact with the human body.
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8.2 Polymer nanocomposites and their preparation

Composites made from polymer or copolymer matrices and nanomaterials filler

reinforcements where matrices and reinforcement materials have distinctive phases

and properties. Polymer nanocomposites consist of polymer matrices and filler

materials. For polymer matrices, synthetic polymers such as polyamide, polyethyl-

ene, polypropylene, polyurethane, epoxy-based polymers, polyelectrolyte, and rub-

ber matrices [2,3]; biopolymers such as starch, chitosan, cellulose, lipid, collagen,

gelatin, alginate, polyhydroxyalkanoates [4], polyisoprenes [5], peptides, and other

polysaccharides [6]; and biopolymers derived materials like cellulose acetate

are used. Some other synthetic biodegradable polymers such as polyglycolic acid,

polyhydroxy butyrate, polycaprolactone, and nylon-2-nylon-6 can also be used

as polymer matrices to form polymer nanocomposites [3,4]. Among the nano-

reinforcements used as filler in polymer nanocomposites, some common ones

include metal nanoparticles like silver, zinc, palladium, copper, gold, cobalt, and

nickel nanoparticles [7]; nonmetal nanoparticles such as carbon nanotubes, nano-

diamond, layered silicate, MXene [8]; graphene and nano-clay and natural fibers

that include cellulose nanocrystal and other nanofibers [3,9,10]. Although the prepa-

ration of polymer nanocomposites seems fairly simple, many different synthesis

processes have been developed to optimize the synthesizing process to keep the

cost low as well as the process simple. Among various synthesis techniques in situ

polymerization, solution casting technique, emulsion polymerization, solution inter-

calation, melt intercalation, and template synthesis are the most common polymer

nanocomposite synthesis techniques [11�15]. Table 8.1 represents processing tech-

niques and required conditions of polymer nanocomposites with different polymer

matrices and nano-reinforcements.

8.3 Antimicrobial activities of polymer nanocomposites

The tailoring ability of polymer nanocomposites enables these materials to be bio-

compatible, biodegradable, and to show antibacterial and antifungal activities. By

using a proper processing environment, doping materials, additives, and surfactants

antimicrobial characteristics of polymer nanocomposites can be significantly

enhanced. Many pieces of researches have shown the potential antimicrobial activi-

ties of polymer-based nanocomposites especially composites with metal nanoparti-

cles as reinforcement materials as metal nanoparticles can exhibit selective toxicity

against bacteria [38,39]. Also, green polymer composites with cellulose and chito-

san nanofibers have shown excellent antimicrobial activities [40�43]. Polymer

nanocomposites made from poly(vinyl alcohol) and graphene oxide incorporated

with silver nanoparticles showed no antibacterial activity against different kinds of

bacteria which includes Escherichia coli and Staphylococcus aureus but antimicro-

bial activity was reported to increase with the loading of reinforcement materials

only within 24 hours when the composites were tested for antimicrobial activity by
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Table 8.1 The preparation techniques of various polymer nanocomposites.

Polymer matrices Filler materials Processing

techniques

Processing environments Reference

Polystyrene VISCOGEL S4 and

VISCOGEL S7 MMT

clay

Melt Intercalation 150�C�190�C [16]

Poly(ε-caprolactone) Cloisite30B Melt extrusion 150�C; 25 rpm, and 3 kg h21 polymer

flow

[17]

Eudragit RS Cloisite Na, Cloisite 20 Melt extrusion 160�C; 100 rpm, and 0.3 kg h21

polymer flow

[18]

Polypropylene Zirconium phosphate Melt extrusion 60 rpm [19]

Poly(ethylene oxide) Lithium montmorillonite Melt intercalation 90�C for 8 h [20]

Polycaprolactone Layered double

hydroxides (ca/al)

Melt blending 120�C for 10 min at 60 rpm [21]

Polypropylene (pyrene-

functionalized maleic

anhydride-grafted)

Graphene nanoplatelet Solvent-assisted

melt blending

200�C for 10 min at 100 rpm [22]

Polylactide Silica nanoparticles Melt blending 175�C for 3 min at 40 rpm [23]

Nylon 6 Graphene oxide In situ

polymerization

80�C for 30 min [24]

Epoxy Graphene oxide In situ

polymerization

50�C and m-phenylenediamine

additive

[25]

Polyimide Graphene oxide In situ

polymerization

25�C to 0�C for 10 h [26]

Polyurethane Graphene nanosheet In situ

polymerization

Hydrazine as reducer [27]

Polyaniline Montmorillonite clay In situ

polymerization

Stirring at 50�C for 2 h [28]

(Continued)



Table 8.1 (Continued)

Polymer matrices Filler materials Processing

techniques

Processing environments Reference

Polyimide Boron nitride nanotubes In situ

polymerization

Lead zirconate titanate, poly

(vinylidene fluoride), and carbon

nanotube

[29]

Polyaniline Nano-fly ash Inverted emulsion

polymerization

80�C for 24 h [30]

Polystyrene and poly(butyl

methacrylate)

Lignin nanoparticles Pickering

emulsion

polymerization

Chitosan and glucose oxidase

additives

[31]

Poly(vinyl acetate) Cellulose nanocrystal Emulsion

polymerization

� [32]

Polyvinyl acetate Colloidal silica

nanoparticles

Emulsion

polymerization

Stirring at 450 rpm for 30 min [33]

Poly(methyl methacrylate) Holmium orthovanadate Emulsion

polymerization

Blending at room temperature [34]

Polyacrylamide Functionalized-

multiwalled carbon

nanotubes

Inverted emulsion

polymerization

Sonication for 20 min [35]

Poly(methyl methacrylate) Cellulose nanofiber Pickering

emulsion

polymerization

25�C for 12 h [36]

chitosan Hydroxyapatite

nanoparticle

Coprecipitation

method

� [37]



a modified EUCAST dilution method [44]. Polymer nanocomposite prepared from

cellulose and silver nanoparticles demonstrated exceptional antibacterial activity

against E. coli and S. aureus when tested by disk diffusion method which is shown

in Fig. 8.1 [45].

Polymer nanocomposites made from polyurethane, titanium nanoparticles, silver

nanoparticles, and benzoic acid by solution casting method were tested for proof of

antibacterial characteristics against Pseudomonas aeruginosa and S. aureus that are

Gram-positive and Gram-negative bacteria, respectively. The result of the antimi-

crobial assessment showed no antibacterial activity for pure polyurethane but poly-

urethane and silver nanocomposites showed a 99% reduction in S. aureus with only

0.5 wt% reinforcement. Although titanium nanoparticles and benzoic acid have less

antibacterial activity compared to silver nanoparticles, it was still a better result

than pure polyurethane [46]. Composite films made from chitosan, glycerol mono-

laurate, titanium oxide nanoparticles also showed antibacterial characteristics by

attacking bacterial cells with 1.5 wt% of filler loading [47]. A similar kind of

results was observed by composites made from polyvinyl alcohol as polymer

Figure 8.1 Antibacterial activity of cellulose and silver nanocomposites against Escherichia

coli (A and C) and Staphylococcus aureus (B and D).

Source: Reprinted with permission from S.M. Li, N. Jia, M.G. Ma, Z. Zhang, Q.H. Liu, R.C.

Sun, Cellulose-silver nanocomposites: microwave-assisted synthesis, characterization, their

thermal stability, and antimicrobial property, Carbohydr. Polym. 86 (2) (2011) 441�447, doi:

10.1016/j.carbpol.2011.04.060, Copyright (2011) Elsevier.
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matrices, graphene oxide nanoparticles as reinforcement, and potassium chloride as

a salt spacer by solvent casting that was assessed for antimicrobial activity against

P. aeruginosa, Campylobacter jejuni, E. coli and S. aureus bacterial strains and

Candida albicans, Trichoderma harzianum, and Aspergillus niger fungal strains

[48]. Composites made from cotton and polyethylene terephthalate containing 3%

silver ion-exchange zeolite also showed antibacterial and antifungal characteristics

[49]. Natural rubber latex foam reinforced with silver nanoparticles prepared by

Rathnayake and coworkers was assessed for antibacterial activity by agar diffusion

method and was reported to show excellent inhibiting characteristics against Gram-

negative bacteria E. coli which is shown in Fig. 8.2 [50].

Starch-based polymer nanocomposites were prepared where starch was used as

thermoplastic polymer matrices with zinc oxide nanoparticles. The resultant com-

posite material demonstrated better antimicrobial characteristics against E. coli and

S. aureus compared to the antimicrobial properties of starch without reinforcements

[51]. Bacterial growth inhibition of 55% against Gram-positive and Gram-negative

bacteria was observed from piezoelectric polyvinylidene fluoride-based polymer

Figure 8.2 Antimicrobial properties of (A) pure natural rubber latex foam and (B) natural

rubber latex foam reinforced with silver nanoparticles.

Source: Reprinted with permission from W.G.I.U. Rathnayake, H. Ismail, A. Baharin, A.G.

N.D. Darsanasiri, S. Rajapakse, Synthesis and characterization of nano silver based natural

rubber latex foam for imparting antibacterial and anti-fungal properties, Polym. Test. 31 (5)

(2012), 586�592, https://doi.org/10.1016/j.polymertesting.2012.01.010, Copyright (2012)

Elsevier.
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nanocomposites incorporated with nickel nanowires as fillers [52]. Composites

made from polyacrylonitrile with incorporated silver nanoparticles showed excellent

antibacterial characteristics against E. coli, S. aureus, and Bacillus subtilis and anti-

fungal activity against C. albicans and A. niger by inhibition zone and reduction

measurement [53]. Chlorosulfonated polyethersulfone-based nanocomposites were

synthesized by preparing polymer matrices by sulfonation and chlorination and

using zinc oxide nanoparticles as filler materials. This composite showed excellent

microbial inhibition compared to unmodified composites along with better water

permeability [54]. Polymer nanocomposite films from k-Carrageenan, hydroxyl

ethyl cellulose, silicon dioxide, and silver nanoparticles were prepared by solvent

evaporation method with different amounts of reinforcements. The composite was

tested for antimicrobial activities against S. aureus and Bacillus cereus by well dif-

fusion method and by assessment of their inhibition zone, these composites showed

great promise to be used in biomedical applications as biocompatible and antimi-

crobial materials [55]. Cao et al. developed polyvinylpyrrolidone and polyvinyl

alcohol-based polymer nanocomposites with the incorporation of titanium dioxide

nanoparticles. The composites showed enhanced bacterial inhibition compared to

neat polyvinylpyrrolidone and polyvinyl alcohol blend without any reinforced nano-

particles which is demonstrated in Fig. 8.3 [56].

Figure 8.3 Confocal laser scanning microscopic images of neat polyvinylpyrrolidone and

polyvinyl alcohol blend (A1 and B1) and polyvinylpyrrolidone and polyvinyl alcohol

polymer composites with incorporated titanium dioxide nanoparticles (A2 and B2).

Source: Reprinted with permission from L. Cao, X. Wu, Q. Wang, J. Wang, Biocompatible

nanocomposite of TiO2 incorporated bi-polymer for articular cartilage tissue regeneration: a

facile material, J. Photochem. Photobiol. B Biol. 178 (2018) 440�446, https://doi.org/

10.1016/j.jphotobiol.2017.10.026, Copyright (2018) Elsevier.
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8.4 Biocompatibility and biodegradation of polymer
nanocomposites

To be used in different medical applications a material should be biocompatible, bio-

active, nontoxic, and susceptible to bioelimination. Usually, synthetic polymers are

not biocompatible and biodegradable. Also, conventional polymers can break into

microplastics which can directly play an active part as carcinogenic compounds.

Many researchers have tried to find an alternative solution for these harmful materials

that can be used in biomedical applications without any concern and recent studies

have shown the potential of polymer nanocomposites in fulfilling these criteria [57].

Green polymer composites made from biopolymers such as starch, alginate, and chit-

osan and biopolymers derived polymers such as cellulose acetate as polymer matrices

and nanofibers extracted from natural resources as fillers have already gained

popularity in various medical applications. Various polymer nanocomposites based

on natural and synthetic polymers are reported to have biocompatibility and biode-

gradability. For instance, natural polymers such as cellulose, silk, shellac, and gelatin

and synthetic polymers like polycaprolactone, poly(lactic-co-glycolic acid), polylactic

acid, and poly(glycerol-co-sebacate) act as biocompatible as well as biodegradable

polymers where polyaniline, polypyrrole, poly(3,4-ethylene dioxythiophene), poly

(vinyl alcohol), polydimethylsiloxane, etc. act as biocompatible polymers. By the

addition of adequate additives and nanoparticles, the degradation properties and

biocompatibility of these polymers can be enhanced along with significant improve-

ment over other characteristics such as barrier properties, mechanical strength, and

thermal properties [1], [58�61]. Polymer nanocomposites made from chitosan and

montmorillonite nanoparticles were prepared, and cytotoxicity and cell proliferation

were examined by WST-1 test and wound-healing measurements. Fig. 8.4 shows the

cell viability percentage of different amounts of chitosan, montmorillonite, and chito-

san/montmorillonite composites after 3 hours [62].

Biocompatible electrodes were developed from polymer nanocomposites made from

thiadiazole moiety modified styrene-maleic anhydride copolymer with the incorporation

of zinc oxide nanoparticles where biocompatibility of the developed electrodes was

assessed by preliminary cell viability studies performed on 3T6 mouse fibroblast cells

[63]. Cytotoxicity and cell viability test of composites of poly(acrylonitrile-butadiene-sty-

rene) and silver nanoparticles were assessed on osteoblasts nor the fibroblast cells which

showed a slight increase in cytotoxicity for osteoblast cells but that decreased within

seven days of the culture [64]. Csarnovics and coworkers developed polyurethane-based

polymer-metallic nanocomposites by incorporating gold, silica, zinc oxide, and titanium

oxide nanoparticles into diurethane dimethacrylate which showed excellent biocompati-

bility when viability and activation level of human monocyte-derived dendritic cells were

measured [65]. Cao et al. developed a biocompatible polymer hydrogel made by reinfor-

cing titanium dioxide nanoparticles into polyvinylpyrrolidone and polyvinyl alcohol

blend. The composites developed showed excellent biocompatibility results [56].

Prepared biocompatible polymer nanocomposites from high-density polyethylene, 1.8 wt

% alumina nanoparticles, and 1.2 wt% multiwalled carbon nanotubes. Biocompatibility
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of the mentioned material was assessed by cytotoxicity tests against normal skin fibro-

blast which is shown in Fig. 8.5 [66].

Biodegradation of materials used in biomedical applications is another concern

along with biocompatibility and nontoxicity. Materials used in different medical

applications are needed to be biologically eliminated after specific functions. By

using nanocomposites within various biodegradable polymer biodegradation proper-

ties of a material can be tailored according to the specific need. Many pieces of

researches reported the viability of nano-clay as nano-reinforcement in polymer

matrices. Biodegradation of polymers can happen by depolymerization of the poly-

mer either by nonenzymatic degradation through water, thermal treatment, and

physical environments or enzymatic degradation by microbes. As water absorbed

by a polymer material causes hydrolysis of polymer chains to be more hydrophilic

the nature of reinforcements more susceptible the polymer is to biodegradation

[67]. Also, many natural fillers used as reinforcement materials are susceptible to

microbial attack which lead the material with porous structure ultimately better sub-

jected to bio-disintegration [68]. Cellulose nanocrystals being hydrophilic and sus-

ceptible to microbial attack can enhance the biodegradation rate of polymer

nanocomposites [69]. Poly(butylene adipate-co-terephthalate) polymer-based com-

posites incorporated with cellulose nanocrystals showed enhanced biodegradation

Figure 8.4 Cell viability percentage of different amounts of chitosan, montmorillonite and

chitosan/montmorillonite composites after 3 h.

Source: Reprinted with permission from I. Salcedo et al., In vitro biocompatibility and

mucoadhesion of montmorillonite chitosan nanocomposite: a new drug delivery, Appl. Clay Sci.

55 (2012) 131�137, https://doi.org/10.1016/j.clay.2011.11.006, Copyright (2012) Elsevier.
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as water absorbed by cellulose nanocrystals break the heterogenous chains of poly-

ester. Fig. 8.6 shows biodegradation rate of cellulose and poly(butylene adipate-co-

terephthalate)/cellulose nanocrystal composites [70].

Figure 8.5 Cell viability percentage of high-density polyethylene/multiwalled carbon

nanotubes/Al2O3 nanocomposites over human cell lines.

Source: Reprinted with permission from S. Dabees, B.M. Kamel, V. Tirth, A.B. Elshalakny,

Experimental design of Al2O3/MWCNT/HDPE hybrid nanocomposites for hip joint

replacement, Bioengineered 11 (1) (2020) 679�692, doi: 10.1080/21655979.2020.1775943,

Copyright (2020) Taylor and Francis.

Figure 8.6 Biodegradation rate of cellulose, poly(butylene adipate-co-terephthalate), and

their composites.

Source: Reprinted with permission from I.F. Pinheiro et al., Mechanical, rheological and

degradation properties of PBAT nanocomposites reinforced by functionalized cellulose

nanocrystals, Eur. Polym. J. 97 (2017) 356�365, https://doi.org/10.1016/j.

eurpolymj.2017.10.026, Copyright (2017) Elsevier.
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Due to their hydrophilic nature, natural fibers can enhance the biodegradation

rate of polymer nanocomposites when reinforced into polymer matrices. Metal oxi-

des such as copper oxide have shown potential to enhance biodegradation properties

of sodium alginate along with an increase in mechanical strength was reported by

Padma et al. [71]. To use in applications where longer disintegration time is needed

carbon nanotubes can replace natural fillers. Reported the synthesis of semibiode-

gradable nanocomposites based on polypropylene and poly(lactic acid) blend incor-

porated by carbon nanotubes [72]. Reinforcement of cellulose nanofibers into poly

(butylene succinate) decreased biodegradation time from 80 days for poly(butylene

succinate) without any reinforcements to 60 days [73].

8.5 Polymer nanocomposites for biomedical applications

Polymer nanocomposites have been reported to show great potential to be used in

biomedical applications due to their excellent barrier properties, mechanical

strength, thermal stability, biocompatibility, and nontoxicity. Better barrier proper-

ties of polymer nanocomposites enable these composites to be used in applications

where an inert material is needed. Applications such as prosthetic devices, medical

implants, and medical devices need materials to be mechanically strong and ther-

mally stable. Also in vivo applications such as 3D bioprinting, drug delivery, bio-

sensing, and tissue engineering need bioactive, biocompatible, and biodegradable

materials. All of these criteria can be met by polymer nanocomposites due to their

aforementioned properties.

8.5.1 Polymer nanocomposites in bioprinting

Recent advancements in processing techniques and ease of property control have

made polymer nanocomposites a prominent candidate for 3D bioprinting applica-

tions where a procedure based on additive manufacturing is used to imitate any bio-

logical tissues or organs. Bioinks used in 3D and 4D bioprinting need to be

bioactive, biocompatible, and nontoxic. In addition to these properties, characteris-

tics such as similar degradation kinetics as extracellular matrices, printability, bio-

mimicking ability, and acceptable structural and mechanical properties are essential

[74,75]. Due to these exceptional characteristics, various polymer nanocomposites

have been reported to be used as bioinks for potential 3D and 4D bioprinting appli-

cations. Generally, polymer composites from natural sources show better biocom-

patibility and biodegradation characteristics. Also, the by-products of natural

polymer-based nanocomposites are nontoxic which makes these materials ideal to

be used in bioprinting applications. Also, the bioactivity of these materials allows a

dynamic environment of the materials which is also known as 4D bioprinting. For

example, any polymer composites with cellulose nanofibers as reinforcement mate-

rial allow biodegradation of cellulose faster which results in porous inside the mate-

rial to support better bio-disintegration. The construction of bioinks generally
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depends on cross-linking and although using naturally or synthetically derived bio-

degradable polymers can solve the bioelimination issues the weakness of these

polymers lies in inferior mechanical strength and their ability to uptake moisture

from the environment [76�78].

Polymer nanocomposites made by incorporating Ti3C2 MXene nanosheets into

hyaluronic acid and alginate blend have shown excellent printability as bioinks with

relatively better biocompatibility in extrusion-based 3D bioprinting [79]. Markstedt

and coworkers bioprinted human chondrocytes with nanocellulose-alginate biolink

for cartilage tissue engineering applications. Fig. 8.7 demonstrates bioprinted

human ears from the aforementioned bioink materials [80].

Figure 8.7 (A) 3D printed small grids after cross-linking. (B and C) The shape of the grid

deforms while squeezing, and after squeezing. (D) 3D printed human ear and (E) side view

of sheep meniscus (F) top view of sheep meniscus.

Source: Reprinted with permission from K. Markstedt, A. Mantas, I. Tournier, H. Martı́nez

Ávila, D. Hägg, P. Gatenholm, 3D bioprinting human chondrocytes with nanocellulose-

alginate bioink for cartilage tissue engineering applications, Biomacromolecules 16 (5)

(2015) 1489�1496, doi: 10.1021/acs.biomac.5b00188, Copyright (2012) American Chemical

Society.
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Besides cellulose and lignin-based natural fillers, nano-clay has also the potential to

be used in bioprinting applications. Table 8.2 shows bioinks based on different nano-

clay materials, their printing techniques, and biocompatibility assessment results.

8.5.2 Polymer nanocomposites in tissue engineering

Polymer nanocomposites based on different polymer matrices and nanofillers such

as metal nanoparticles, clay nanoparticles, and nanofibers from natural sources have

been studied extensively as potential materials in tissue engineering applications

that include but are not limited to bone, ligament, and other types of tissue regener-

ation, scaffold designing, and simulation studies for research purpose. A porous

scaffold model to heal femur fractures was made by Esmaeili and coworkers by

reinforcing hydroxyapatite ceramic nanoparticles into polylactic acid [92]. 3D

porous polymer nanocomposites made from thermoplastic starch and graphene

oxide reinforcement materials by thermally induced phase separation technique

showed no toxicity to cells and also took part in cell proliferation which ultimately

ensured the possibility to be used in tissue engineering applications [93].

Hydroxyapatite nanoparticles, carbon nanotubes, metal nanoparticles, nano-clay,

and nanofibers as nanofillers for polymer nanocomposites have shown prominent

possibilities in tissue engineering applications.

Hydroxyapatite nanoparticles incorporated in polysaccharide and polypeptidic

matrices such as chitosan, gelatin, and alginate or their blends have shown

increased biocompatibility, bioactivity which allows better cell adhesion, prolifera-

tion, and expression of osteoblasts and other connective tissues ultimately showing

great potential to be used in wound healing, pharmaceutical adhesives, hard tissue

scaffolds, and other tissue engineering applications [94�98]. A scaffold for human

umbilical cord blood-derived mesenchymal stem cells from hybrid material was

developed by Huang and coworkers by doping gelatin with hydroxyapatite nanopar-

ticles to by microextrusion 3D bioprinting and enzymatic cross-linking with proper-

ties that enable cell adhesion, proliferation, and division. Acute injury of the

articular cartilage in a pig model was repaired by this scaffold when implanted

[99]. Sun and coworkers prepared gelatin/hydroxyapatite fibers nanocomposites

incorporated with metformin by electrospinning. Cytotoxicity, cell adhesion, cell

differentiation, and quantitative osteogenic gene and protein expression analysis on

bone marrow stem cells from rats showed the potential of the material to heal

critical-size bone defects [100]. Khan and coworkers prepared a scaffold from ara-

binoxylan-co-acrylic acid, hydroxyapatite nanoparticles, aluminum oxide nanoparti-

cles, and graphene oxide by freeze-drying technique to use in bone tissue

regeneration application [101]. Polycaprolactone is a biodegradable polyester that

has great potential to be used in various tissue engineering applications. Table 8.3

shows different cases of polycaprolactone-based nanocomposites, their fabrication

techniques, and various applications.

Other synthetically prepared poly(propylene fumarate), polylactic acid, polyvinyl

alcohol, and polyurethane-based nanocomposites have also been studied extensively

for tissue regeneration and repair applications [111]. Carbon nanotubes incorporated
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Table 8.2 Bioinks based on different nano-clay materials and their various aspects.

Polymer matrices Filler

materials

Printing technique Biocompatibility Reference

Alginate and carboxymethyl

cellulose

Montmorillonite Extrusion-based

printing

94% cell viability against human

pancreatic cancer cells,

[81]

Poly(ethylene glycol) diacrylate Laponite

nanodisk

Extrusion-based

printing

96% cell viability murine preosteoblasts [82]

Poly(ethylene glycol) diacrylate,

alginate and gelatin

Laponite

nanodisk

Extrusion-based

printing for the cup

and triple-walled

tubular structures

Increased cell viability against NIH-

3T3 mouse fibroblasts compared to

copolymer blends

[83]

Poly(ethylene glycol)-b-poly

(propylene glycol)-B-poly

(ethylene glycol) and poly(N-

isopropyl acrylamide)

Laponite clay Extrusion type printing More than 90% cell viability against

L929 fibroblasts

[84]

Agarose Laponite

nanodisk

Extrusion-based

printing

50 times more cells spreading against

HeLa and NIH/3T3 cells compared

to neat agarose

[85]



Poly(acrylamide) and agarose Laponite clay Melt extrusion printing � [86]

Poly(trimethylene carbonate)-co-

poly(ethylene glycol)-co-poly

(trimethylene carbonate)-

methacrylic anhydride

Laponite

nanodisk

Stereolithography Cell viability against macrophages [87]

Gelatin methacrylate Laponite

nanodisk

Extrusion-based

printing

60% cell viability against preosteoblast

cell lines and NIH MC3T3

fibroblasts

[88]

Sodium alginate Laponite disk Extrusion-based

printing

� [89]

Sodium alginate and polyethylene

glycol diacrylate

Laponite disk Extrusion-based

printing

100% cell viability against bone

marrow-derived human mesenchymal

stem cells and human embryonic

kidney 293 cells

[90]

Alginate and methylcellulose Laponite disk Extrusion-based

printing

70%�75% cell viability human

mesenchymal stem cells

[91]



Table 8.3 Different polycaprolactone-based nanocomposites and their various aspects.

Polymer blend Reinforcement nanomaterials Processing techniques Applications Reference

Polycaprolactone and

gelatin blend

Nanohydroxyapatite Electrospinning method Scaffold for bone tissue

engineering

[102]

Poly(ε-caprolactone)
and chitosan blend

Hydroxyapatite nanoparticles Electrospinning method Scaffold for bone tissue

engineering

[103]

Poly glycerol sebacate

and polycaprolactone

blend

Carbon quantum dots Electrospinning method Scaffold for cardiac

tissue engineering

[104]

Polycaprolactone Montmorillonite nanocomposite Electrospinning method Wound dressing

application

[105]

Polycaprolactone Folic acid modified zinc oxide

nanoparticles

Sonochemical method Bone tissue engineering [106]

Polycaprolactone Monolithic graphene foam Inductive heating chemical

vapor deposition growth

process and

Nerve tissue engineering [107]

Poly-ε-caprolactone NaCl mixed with hydroxyapatite

(HA) or aluminum oxide

nanoparticles

Solvent casting or particulate

leaching method

Osteogenesis promotion

for bone tissue

regeneration

[108]

Polycaprolactone

nanofibers

Porous graphitic carbon nitride

nanosheets

Electrospinning method Bone tissue engineering [109]

Cisplatin loaded

polycaprolactone

Zeolite nanocomposite Two-step particulate leaching-

freeze-drying approach

Scaffolds for bone cancer

treatment

[110]



into natural and synthetic polymers have also drawn attention in biomedical appli-

cations. Carbon nanotubes/polyurethane nanocomposite was used to prepare scaf-

folds for cardiac tissue engineering applications where the prepared scaffolds

showed cytocompatibility for H9c2 cells and human umbilical vein endothelial cells

which ensured proper interactions between the scaffold and cardiomyoblasts [112].

A scaffold for bone tissue engineering was prepared from chitosan, bioactive glass,

and carbon nanotubes hot press, and salt leaching process and cross-linked by hex-

amethylene diisocyanate. Cell adhesion and proliferation of MG63 osteoblast cell

line for the prepared scaffolds were assessed by MTT assay and showed potential

to be used in bone tissue engineering applications [113]. Multiwalled carbon nano-

tubes were incorporated into biocompatible poly(L-lactic acid) by Vicentini and

coworkers to prepare a two-dimensional film for neural tissue engineering through

electrospinning. The prepared scaffold showed excellent biocompatibility and bio-

activity toward the human neuronal precursor cell line [114]. Wu et al. reported no

neurotoxicity against Schwann cells for chitin and carbon nanotubes prepared by

solution blending into a solution of CH4N2O and NaOH [115]. Similar kinds of

results were observed for graphene oxide acrylate/carbon nanotube/poly(ethylene

glycol) acrylate composites against PC12 cell line [116], multiwalled carbon nano-

tubes/poly(2-hydroxyethyl methacrylate) against neuroblastoma cells [117], and

polylactic acid/multiwalled carbon nanotubes/gelatin nanofibers against Schwann

cells [118].

Metal and metal oxide nanoparticles due to their inert activities have been con-

sidered to be used in medical applications where antiinflammatory conditions must

be met. Many pieces of researches have proved metal and metal oxide nanoparticles

as potential reinforcement materials with polymer matrices to be used in tissue

engineering applications. Balaji et al. prepared polymer nanocomposites from poly-

pyrrole, reduced graphene oxide, and palladium nanoparticles. Limited cytotoxicity

and enhanced antimicrobial properties made the composites a prime candidate for

orthopedic tissue engineering [119]. Kolathupalayam Shanmugam et al. prepared

composite by incorporating titanium oxide nanoparticles into chitosan and sodium

alginate blend via solvent casting method which showed superior biocompatibility

along with excellent biodegradation and mechanical properties suitable for bone tis-

sue engineering applications [120]. Similar result was observed from polymer com-

posites made from poly(lactic acid)/cellulose nanocrystals [121], polyvinyl alcohol/

hydroxyapatite nanoparticles/folic acid/methotrexate [122], and poly(ε-caprolac-
tone)/surface-oxidized cellulose nanocrystals [123].

8.5.3 Polymer nanocomposites for drug delivery

Polymer nanocomposites due to their exceptional biocompatibility, bioactivity, and

nontoxic properties can be modified for controlled drug release to a specific loca-

tion in the body by acting as drug carriers. Drug carriers from biocompatible poly-

mer nanocomposites excite no inflammatory response when exposed to in vivo

conditions which can successfully enable polymer nanocomposites to work in con-

trolled drug release applications. Various polymer nanocomposites have been
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considered as potential drug delivery capsules by optimizing the use of enzymes,

pH sensing, temperature sensing, reducing agents, electrical field, and other para-

meters. Mallakpour et al. fabricated drug carrier polymer nanocomposites from

starch as polymer matrices and D-glucose modified multiwalled carbon nanotube

via the sonochemical method. Entrapment efficiency, loading capacity, and in vitro

release study for zolpidem for the composites were assessed and the assessment

showed the potential of the polymer nanocomposites to be used in drug delivery

system as a hydrophobic drug model [124]. Drug carrying capabilities of halloysite

nanotubes were ensured by assessing the entrapment ability of hydrophilic and lipo-

philic substances of halloysite nanotubes based polymer nanocomposites [125].

Chitosan acts as a positively charged material in an environment with low pH due

to the protonation characteristics of the amino groups of chitosan which allows chit-

osan and chitosan-based composites suitable for pH-sensitive drug delivery systems

[126�128]. Babu et al. utilized this property of chitosan to create novel drug deliv-

ery systems for lung cancer treatment by incorporating chitosan nanoparticles into

polylactic acid-co-glycolic acid modified with RGD (arginine-glycine-aspartic acid)

peptide. The prepared composites encapsulate and deliver cisplatin to lung cancer

cells which attacks the integrin αvβ3 receptor of lung cancer and also shows limited

cytotoxicity toward normal cells around the target site [129]. Gerami and coworkers

prepared a pH-sensitive drug delivery system using the protonation behavior of

chitosan by preparing polymer composites made from chitosan/polyvinylpyrroli-

done/hematite nanoparticles by an oil-in-water emulsification method to encapsu-

late and deliver doxorubicin to the target site [130].

Due to their large sp2 hybridized carbon area, graphene and graphene-based

material can also be potentially used in drug and gene delivery applications.

Stable π�π stacking interactions between the aromatic rings and the graphene sur-

face makes drugs with planar aromatic domains like a chemotherapy drug doxorubi-

cin [131,132]. Zhang and coworkers prepared such a system for delivering

anticancer drug doxorubicin along with Bcl-2-targeted short interfering RNA by

loading and delivering these into polymer nanocomposites made from polyethyleni-

mine and conjugated graphene oxide. The drug delivery system showed significant

enhancement in chemotherapy efficacy [133]. A chemotherapy drug, 5-fluorouracil,

and an antiinflammatory drug, Ibuprofen was delivered by a composite prepared by

Rana et al. from chitosan and functionalized graphene oxides where the drug

release was controlled by the solubility of the polymer composite [134]. Ibuprofen

is an antiinflammatory drug with poor solubility performance in water which can

also be solved by loading ibuprofen into polyvinylpyrrolidone nanofibers which

showed faster dissolution of the drug [135]. Iron oxide-doped silica nanoparticles

were incorporated into polymer brushes consisting of poly(NIPAM-co-GMA) by

surface-initiated reversible addition-fragmentation chain transfer polymerization by

Pourjavadi and coworkers. The composites prepared were then modified with

hydrazine groups to provide the composites with binding sites for doxorubicin

which is a drug used for cancer treatment [136]. Graphene oxide/poly(2-hydro-

xyethyl methacrylate)-g-poly(lactide)-b-polyethyleneglycol-b-poly(2-hydroxyethyl

methacrylate)-g-poly(lactide) composites prepared by reversible addition-
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fragmentation chain and ring open polymerization also showed limited cytotoxicity

with an encapsulation efficiency of around 82% when used as a carrier for doxoru-

bicin [137]. Doxorubicin was also reported to be encapsulated within polymer

nanocomposites made from graphene and N-phthaloylchitosan�graft-poly(methyl-

methacrylate-block-(polyethylene glycol methacrylate -random-dimethyl ami-

noethyl methacrylate)) via reversible addition-fragmentation chain transfer

polymerization [138]. A novel polymer composite for targeted cancer drug delivery

was prepared from chitosan and graphene oxide blend with reinforcement of iron

oxide nanoparticles [139]. Nikfarjam and Kokabi reported a polymer composite

nanogel made from nanometric chitosan/laponite nanocomposite by ionic gelation

method using tripolyphosphate for drug delivery system [140]. Lei and coworkers

prepared a pH-sensitive drug release system by preparing polymer nanocomposites

from poly(ε-caprolactone)-block-poly(quaternized vinyl benzyl chloride/bipyridine)

and zeolitic imidazolate framework-8. The developed composites showed excellent

biocompatibility and nontoxicity toward MCF-7 cells ultimately proving the poten-

tial to be used in cancer drug delivery systems [141]. A novel drug delivery system

for the controlled release of meloxicam, a nonsteroidal antiinflammatory drug for

osteoarthritis was prepared from alginate, chitosan, and pluronic nanoparticles via

the ionotropic gelation method. The release profile of meloxicam through the devel-

oped composites showed a sustained release profile following a burst release [142].

Jia et al. prepared a polymer nanocomposite drug delivery system using poly(lactic-

co-glycolic acid) and titanium dioxide nanotubes for pH-controlled delivery of lido-

caine and carprofen. The release of these two drugs depended on the solubility of

lidocaine and carprofen, the degree of degradation of poly(lactic-co-glycolic acid)

and titanium dioxide nanocomposites, and the electrostatic force between the com-

posites and model drugs [143]. A temperature-sensitive controlled drug release sys-

tem was prepared by Zhu et al. from soybean agglutinin-15/poly(N-isopropyl

acrylamide)/γ-Fe2O3 magnetic nanoparticles where the release profile of gentamicin

was assessed as a model drug [144]. Solubility and dissolution rate of irbesartan, a

drug with poor solubility, were increased by encapsulating the drug with polymer

nanocomposites from polyvinylpyrrolidone and nanofibers using solid dispersion

preparation method [145].

Polymer nanocomposites based on synthetic polymers and biopolymers have

gained attraction to be used in cancer drug delivery systems to assist in chemother-

apy because of their better properties compared to conventional drug carrier materi-

als. Table 8.4 shows different polymer nanocomposites and their application

targeted drug delivery applications for cancer treatment.

8.5.4 Polymer nanocomposites in biosensing applications

Exceptional barrier and mechanical properties, thermal stability, and conductive

characteristics of polymer matrices-based nanocomposites have opened new possi-

bilities in the field of biosensing applications. These exceptional properties of poly-

mer nanocomposites allow these materials to be used in electrochemical sensors,

DNA biosensors, immunosensors, and aptamer sensors [154]. Polymer
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nanocomposites can detect biomarkers such as temperature, pH, urea, and glucose

and by tracking these specific biomarkers polymer nanocomposites can detect any

specific biological response in the human body. Although biocompatibility, bioac-

tivity, and limited toxicity of polymer-based nanocomposites have been discussed

earlier to perform as a biosensing material, polymer nanocomposites must be tai-

lored to contain specific binding sites. German et al. developed a glucose biosen-

sing polymer-based system by using polymer nanocomposites made from

polyaniline and polypyrrole polymer blend and glucose oxidase and gold nanoparti-

cles reinforcements on graphite rod electrodes. The prepared sensors showed high

sensitivity, low limit of detection, wide linear range, good repeatability, appropriate

stability, and excellent antiinterference ability to ascorbic and uric acids. These

properties utilize the sensors developed to be used in glucose measurement systems

effectively than other sensors [155]. Devi et al. created an electrochemical sensing

system to measure xanthine in fish meat. The prepared sensor was developed by

electropolymerizing polymer nanocomposite films of polypyrrole and zinc oxide

nanoparticles onto platinum electrodes. The sensor showed pH-controlled detection

of xanthine effectively [156]. Table 8.5 demonstrates various target analytes for

Table 8.4 Polymer nanocomposites for cancer treatment.

Polymer base Nano-

reinforcement

Drug Application Reference

Polyethyleneimine Paramagnetic

iron

nanoparticles

Doxorubicin Breast

cancer

[146]

Poly(ethylene

Adipate)

Poly(vinyl

pyrrolidone)

nanofibers

Artemisinin Prostatic

cancer

[147]

Poly(ethylene

glycol)-co-poly

(vinyl pyridine)

Silica

nanoparticles

Doxorubicin Breast

cancer

[148]

Poly(N-isopropyl

acrylamide)

Silica

nanoparticles

β-Cyclodextrin Tumor

therapy

[149]

Poly methacrylic

acid

Mcm-41

(mesoporous

nanostructured

silica)

Naproxen Rheumatoid

arthritis

[150]

Chitosan and poly

(methacrylic

acid) blend

Fe3O4

nanoparticles

Doxorubicin

hydrochloride

Breast

cancer

[151]

Poly(D,L,-lactic-

co-glycolic

acid)

Platinum

nanoparticles

Carboplatin Antitumor

drug

[152]

Poly(ethylene

glycol)

methacrylate

Chitosan

nanoparticles

Bevacizumab Ophthalmic

cancer

[153]
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Table 8.5 Different conductive polymer-based nanocomposites and their biosensing applications.

Conductive

polymers

Nanomaterials Target analytes Detection limit Application Reference

Polypyrrole Nickel oxide Glucose 0.33 μM Biosensor [157]

Polyaniline Nickel cobaltite Glucose 0.38 μM Biosensor [158]

Poly(3, 4-ethylene

dioxythiophene)

Titanium

dioxide

Ascorbic acid,

Diclofenac

20 nM for Ascorbic acid and 30 nM for

diclofenac

Biosensor [159]

Poly(3,4-ethylene

dioxythiophene)

Zirconia

nanoparticles

Vitamin B2, B6, C 0.012 μM for Vitamin B2, 0.2 μM for

Vitamin B6, 0.45 μM for Vitamin C

Biosensor [160]

Polypyrrole Tungsten

trioxide

Nitrogen dioxide 5 ppm Gas sensor [161]

Polyaniline Palladium

nanoparticles

Hydrazine 0.06 μM Electrochemical

sensor

[162]

Polyaniline Gold

nanoparticles

Melamine 1.393 1026 μM Biosensor [163]

Polypyrrole Gold

nanoparticles

Carcinoembryonic

antigen

1.63 1027 ng mL21 Immunosensor [164]

Poly(3,4-ethylene

dioxythiophene)

Palladium

nanoparticles

H2O2 2.84 μM Electrochemical

sensor

[165]

Poly(3,4-ethylene

dioxythiophene)

Multiwalled

carbon

nanotubes

Magnolo 3 nM Biosensor [166]



biosensors and electrochemical sensors based on different conductive polymer-

based nanocomposites and their limit of detection.

Along with conductive polymer-based nanocomposites, biopolymers have been

also studied to be used as polymer blends in biosensing systems with appropriate

nano-reinforcement. Polymer nanocomposites based on chitosan biopolymer matrices

and gold nanoparticles, molybdenum disulfide nanosheets, and gold�carbon dot

nanoconjugates as filler materials were reported to detect glucose effectively

[167,168].

8.6 Conclusion and future aspects

Because of their exceptional barrier properties, mechanical strength, thermal stabil-

ity, and controllable degradation rate polymer nanocomposites have been consid-

ered in applications where these materials can conveniently replace traditional

polymer and polymer composites. Recent development in biocompatible, biode-

gradable, bioactive, and nontoxic polymer nanocomposites along with the afore-

mentioned properties have given an edge to these materials over conventional

polymer composites used in biomedical applications. This chapter comes up with a

concise outline of recent studies where the properties of different polymer nano-

composites are needed for biomedical applications which include antimicrobial

activities against different kinds of microbes that include different bacteria and fun-

gus and biodegradation properties. Polymer nanocomposites on different medical

field-related implications like bone and soft tissue engineering, tissue damage

repair, tissue regeneration, scaffold preparation for research purposes, drug delivery,

targeted chemotherapy drug release, 3D and 4D bioprinting, and biosensing of dif-

ferent biomarkers are also discussed briefly in this chapter. Complicated biomedical

applications such as cancer imaging, gene delivery, and other medical imaging

techniques can also be improved by using these polymer nanocomposites due to

their tailorable half-life and active sites. Despite the research being undertaken to

prove eligibility of polymer nanocomposites to be used in these sophisticated areas

are limited, properties and controllability of these materials can surely insinuate the

potential of these materials to be used in these complicated and involved biomedi-

cal applications.

Although many research works have been conducted to report the properties and

potential applications of polymer nanocomposites in biomedical fields, the prepara-

tion of these materials at the industrial level still hasn’t met any significant success.

The preparation of polymer nanocomposites is still more expensive than conven-

tional petroleum-based polymers and their composites. But some recent studies

have reported reduced cost of production. With advances in technology, the produc-

tion cost will steep lower than the present cost which will instigate the replacement

of conventional polymer by these composite materials in various applications, par-

ticularly in biomedical fields.
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zation of melt intercalated poly(ethylene oxide)/lithium montmorillonite nanocompo-

sites, Thermochim. Acta 579 (2014) 86�92. Available from: https://doi.org/10.1016/j.

tca.2014.01.024.
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9.1 Introduction

In this era of digitization, the demand for electronic devices is ever on the rise.

Nowadays, most of the electronic devices and sensors preferred are getting minia-

turized for versatile applications in embedded and wearable systems. Shrinking

dimensions in electronic devices based on semiconductor materials come along

with various problems. Again, the increasing need for wearable devices demands

materials that have more flexibility and less brittleness. Also, these devices are

needed to be low power consuming and having a long run time. As the designing

processes and fabrication methodologies are trying to keep up with the pace, a new

dimension has been added to microelectronic devices by using polymer nanocom-

posites. Nanocomposites are referred to as a class of materials that have one of their

dimensions in the nanoscale range. To be precise, a nanocomposite material should

have a hybrid property apart from the parent material, which is the result of the sub-

micron dimension of the component.

A subcategory of nanocomposites suitable for fabricating electronic devices is

conducting polymer nanocomposites. These nanocomposites have conductive

nanofillers embedded in the polymer matrices, which support the conduction of

electrons. The nanofillers are usually made of carbon nanotube (CNT), metal

nanoparticles, graphene-based compounds, etc. Nanocomposites demonstrate low

density, flexibility, resistance to oxidation, ease of fabrication, tunable mechani-

cal, electrical and optical properties. Due to versatile properties, polymer-based

composites particularly nanocomposites have wider advanced applications such as

sensors, wearable flexible electronics, thermoelectric devices, energy-storage

devices, biomedical applications, and so on [1�8].

Some of the widely used polymer nanocomposites in designing microelectronic

devices and sensors are polyaniline (PANI), poly(3,4-ethylenedioxythiophene)

(PEDOT), polypyrrole (PPy), and poly(p-phenylene vinylene) (PPV) (Fig. 9.1).

These polymers are used as matrices to embed conducting nanofillers. Widely used
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conducting nanofillers include metal nanoparticles, metal nanowires, and various

metallic nanostructures. Apart from metal, nanostructured metal oxides are also

used as nanofillers. Carbon-based nanofillers are one of the most promising materi-

als, which include CNTs, graphene, and oxides of graphene. The focus of this arti-

cle is on the implementation of conducting polymer nanocomposites in fabricating

microelectronic devices and sensing applications. The application of nanocompo-

sites in optical devices brings out improvement in performance and stability.

Energy-storing supercapacitors is another device that is enriched by the use of

nanocomposites. Different sorts of sensors like strain sensors, electrochemical sen-

sors, gas sensors, temperature sensors and their improvement by using polymer

nanocomposites are discussed in this chapter.

9.2 Optical devices

Organic�inorganic polymer composite materials possess excellent optical proper-

ties, which are widely used in various optical applications. These composites

exhibit a wide range of bandgap values, hence covering the entire visible band-

width. The dimension of the inorganic nanoparticles in the composite has a signifi-

cant role in the operation of the nanocomposite. A study shows that the size of the

particles should be a decade less than visible light to avoid loss due to optical scat-

tering [9]. The addition of inorganic nanoparticles to organic polymers also

increases the stability of the overall device. The applications of polymer nanocom-

posites in optical device designing can be mainly divided into two groups, light-

emitting diodes used in display technology and photovoltaic cells used in energy

conversions.

9.2.1 Organic light-emitting diodes

The use of organic thin films for diodes was first introduced in 1987 by Tang and

VanSlyke [10]. Since then, organic light-emitting diodes (OLEDs) have been exten-

sively used in many applications. In general, an OLED has four layers. The first

layer is the anode which is supposed to be transparent hence deposited on a

Figure 9.1 Chemical symbols of (A) polyaniline, (B) polypyrrole, (C) poly(3,4-

ethylenedioxythiophene), and (D) poly(p-phenylene vinylene).
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substrate like plastic or glass. In most cases, indium tin oxide (ITO) is used for

anode due to its transparency towards the light. Then comes the hole injection layer,

which helps in injecting holes in the active layer from the anode. PEDOT: poly(sty-

rene sulfonate) (PSS) is usually preferred in this layer due to its efficiency and easi-

ness. A small potential barrier exists between PEDOT:PSS and ITO, which enables

high injection of charge carriers in the anode. The active layer in the third layer is

encapsulated by the fourth layer, which serves as the cathode. The work function in

between the metal used as cathode and the active layer is chosen to be low so that

electrons can be easily injected into the cathode. Polymer nanocomposites are pre-

ferred in designing OLEDs because they enhance the overall function of the device.

Some of the aspects are discussed below.

9.2.1.1 Improvement of efficiency

Recombination between electrons and holes occurs in the active layer of OLED.

But due to the difference in mobility of electrons and holes, recombination does not

occur as expected and decreases the efficiency of the device. One of the ways of

increasing the efficiency of OLED is to increase the amount of recombination

inside the active layer. Appropriate blocking layers can restrain the carriers inside

the active region and influence them to recombine. Moreover, increasing the num-

ber of injected charges increase the possibility of recombination. Nanocomposites

work a great deal in improving performance. During the preparation of the active

layer, if nanoparticles are added with the polymer, it is expected that due to their

weight, most of the particles will be in the vicinity of the anode. Due to this modi-

fied morphology, the surface of contact between the anode and active layer

increases significantly increasing charge injection. Apart from this, the addition of

nanoparticles in the polymer reduces the thickness of the film. Due to reduced film

thickness, the applied electric field increases and, in turn, increases the charge

transport and efficiency of the device.

Carter et al. reported the incorporation of insulating oxide to electroluminescent

polymer materials enhanced the performance of OLEDs [11]. They fabricated the

OLED from oxide nanoparticle/MEH�poly[2-methoxy-5-(2’-ethylhexyloxy)-1,4-

phenylene vinylene (PPV) nanocomposite. They found that the inclusion of oxide

nanoparticles enhanced the current densities by an order of magnitude with minimal

loss. A radiance of 10,000 cd m22 was obtained by the OLED at 5 V. Various

works show that the increase in the concentration of nanoparticles enhances the

conductivity and performance of OLED. From the work of Prasad, it can be seen

that the introduction of cadmium selenide (CdSe) nanoparticles in the matrix layers

of polycarbazole polymer increases the mobility of the charge carrier [12]. This

enhancement of charge carriers is strongly dependent on the electric field, indicat-

ing induced drift mobility. The nanoparticles absorb and accelerate the carriers, act-

ing as a booster of conductivity. He also showed that the size of the nanoparticle

plays a role in the electrical properties of the polymer. Small nanoparticles

(B20 nm) produced disorder and hampered the carrier transport, whereas large par-

ticles (B100 nm) increased the conductivity.
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9.2.1.2 Improvement of color emission

Light emitted from OLED is related to the bandgap between the materials.

Technically it is possible to get emissions of every color by modifying the bandgap

values. However, it is pretty tough to get a wide range of wavelengths from one

material. An approach to obtain a variety of colors from a single material is to

deposit emitting layers of red, green, and blue and controlling the thickness of all

three layers precisely to obtain e certain color. But this process, although techni-

cally sound, is not industrially feasible. A more feasible approach to reach the

whole range of the visible spectrum is to use a blue-emitting copolymer with con-

trolled amounts of red and green dyes. This was shown in the work of Kok et al.

[13]. They used polyspirobifluorene as a blue-emitting copolymer in addition to red

and green dye for preparing white OLEDs, which have color rendering indices

greater than 80%. A different approach for improving color emission uses a combi-

nation of polymer chains, although the combination of polymer chains usually

reduces light emission. But for certain materials, the combination of polymer chains

enhances the emission. Hong et al. termed this as aggregation-induced emission

[14]. Similar work was proposed by Tsai et al., where they displayed white light

from anthracene-fused norbornadiene.

9.2.2 Organic photovoltaic cells

Organic photovoltaic cells (OPVs) are quite similar in structure, although the oper-

ating principle is quite different. OPVs convert the energy from light into usable

electricity. This conversion process has three steps. First, an exciton (pair of elec-

tron�hole) having energy Ex is generated on the absorption of a photon. Second,

the exciton travels a length through the material known as exciton diffusion length.

By the end of the diffusion length, charges in the exciton are separated. And finally,

the separated charges are collected by their corresponding electrodes resulting in a

voltage difference and current flow in the external circuit. The typical diffusion

length in conjugated polymers is around 10 nm. This low value of exciton diffusion

length creates a problem in carrier collection. All the carriers generated in the pro-

cess are not collected; only the ones near the electrode interface get collected.

Hence this degrades the performance of the OPVs. Moreover, the large bandgap

value of polymer materials hinders the absorption of light in the infrared region.

Many researchers have suggested that the incorporation of nanoparticles in the

polymer results in enhanced performance of OPVs.

Two ways of incorporating nanoparticles in polymers for OPVs have been

explored. The first process is fabricating a structure out of polymer substrate and

blended polymer nanoparticles. This allows a good mixture of donor and acceptor

atoms and an easy deposition of the thin film, as shown by Hoppe and Sariciftci

[15]. One of the most widely used and efficient nanocomposites was designed by

Dennler et al. [16]. Their nanocomposite was made from regioregular poly(3-hex-

ylthiophene-2,5-diyl (P3HT) and phenyl-C61 butyric acid methyl ester, which is a

derivative of fullerene. Efficiencies of more than 4% for this material have been
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reported by Reyes et al. [17]. The second process of fabricating devices is the inor-

ganic�organic approach. The conjugated polymer solution is used with a nanopor-

ous metal oxide substrate. The inorganic metal oxide network enhances the

transport of electrons towards the electrodes [18].

A way to enhance the photonic absorbance in the photoactive layer of OPVs is

to incorporate dyes. Wang and Wang used a perylene derivative with P3HT and

TiO2 to fabricate OPVs [19]. The perylene derivative has a wide absorbance spec-

trum and enhances the efficiency of OPVs. Narrow bandgap nanoparticles have

been used to harvest current from low-energy photons and thus extend the photo-

voltaic response to the near-infrared region. Such a work has been reported by Cui

et al. [20]. They introduced PbS nanoparticles in a matrix of PPV to enhance infra-

red absorptions. Carrier transport improvement can be achieved by adding inorganic

semiconductors having high mobility. This was proposed by Huynh et al., who

devised a nanocomposite from P3HT and CdSe nanoparticles [21]. Their material

showed high conductivity due to fast charge separation and recorded a conversion

efficiency of nearly 1.7%.

A different method to enhance the performance of OPVs is to add nanowires and

nanorods to the polymer substrate as the electric properties of nanorods and nano-

wires are better than that of nanoparticles. Using nanorods and nanowires in photo-

voltaic cells increases the absorption of photons by decreasing the optical

reflectance of the material significantly. This was reported by Bouclé et al., where

they used TiO2 nanorods blended in hybrid P3HT and used as the active layer of

photovoltaic cells [22]. ZnO nanorods have also proven to be efficient in charge

transport when combined with a polymer to create nanocomposites for solar cells

[23,24]. Liu et al. constructed a solar cell using P3HT and vertically grown ZnO in

ITO/ZnO:P3HT/Ag structures [25]. Their cells recorded a short circuit current of

2.2 mA cm22, an open circuit voltage of 440 mV, 0.56 infill factor, and the power

efficiency was found at 0.53%.

9.3 Supercapacitors

Capacitors are widely used as energy-storage devices. The capacitance of the capac-

itor varies depending on the type of dielectric material used. In recent times, a new

type of capacitor is gaining popularity, which is known as supercapacitors. They

exhibit high power density, long charging�discharging cycle, and ultrahigh capaci-

tance. The material preferred for designing supercapacitors usually requires

mechanical and chemical constancy, high specific area, and low cost of production.

Conducting polymers can play a vital role in fulfilling all the requirements. Apart

from being conducted, these conducting polymers show a fast redox reaction with

electrolytes. PPy, PANI, and PEDOT are widely preferred conducting polymers

used in supercapacitance applications [26]. Although these polymers possess unique

qualities like high charging�discharging, high conductivity, and high capacitance

[27], they face stability issues when used for supercapacitance application over
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long periods. The redox reactions of conducting polymers give rise to mechanical

stress, which results in loss of material and ultimately the breakdown of capaci-

tance. A way around this demerit is to compound the conducting polymers with var-

ious forms of carbon. Graphene, which is a conducting form of carbon, has some

intrinsic properties which give it an upper hand in energy-storage facilities.

Incorporating conducting polymers with graphene gives rise to enhanced properties

for energy-storing supercapacitors. Compounds of graphene and conducting poly-

mers for supercapacitor applications are discussed here.

9.3.1 Graphene and polyaniline composites

PANI has high conductivity, high electroactivity, and high specific capacitance,

along with good stability, hence PANI has been broadly studied in fabricating

supercapacitors. Nanocomposites of graphene and PANI can be made through in

situ polymerization of aniline with graphene suspension in an acidic medium.

Zhang et al. prepared a nanocomposite with PANI and graphene oxide (GO) for

electrochemical analysis [28]. They reported that different concentrations of GO

resulted in a unique GO/PANI nanocomposite morphology, thus affecting the char-

acteristics of the supercapacitance electrode. The specific capacitance of the nano-

composite decreases with the increasing concentration of GO. This was evident as

pure PANI nanofibers exhibit a specific capacitance of 420 Fg21, whereas the spe-

cific capacitance of GO/PANI nanocomposite with 10 wt.% GO is 320 Fg21, with

50 wt.% GO is 207 Fg21, and with 80 wt.% GO is 158 Fg21. On the other hand,

the capacitance retention of the nanocomposites is improved over long cycles due

to the incorporation of GO. Pure PANI shows very poor cycling stability with spe-

cific capacitance decreasing to nearly 60% after five cycles due to the volumetric

change in PANI. GO nanoparticles compensate for this volumetric change and pro-

vide more stability over the charging�discharging cycles.

In GO/PANI nanocomposites, the GO nanoparticles provide very little contribu-

tion to the specific capacitance due to the insulating nature of GO. The developed

capacitance of the nanocomposite is mainly due to the pseudo-capacitance from

PANI nanofibers. Many researchers have proposed using reduced graphene oxide

(rGO) instead of GO in the nanocomposites [29,30]. rGO has a higher specific

capacitance, and for its high conductivity, it can substantially reduce the equivalent

series resistance of the supercapacitor electrode. Wang et al. proposed a way of syn-

thesizing rGO/PANI nanocomposites [31,32]. Their nanocomposites have a thick-

ness of 30�40 nm with a size of a few micrometers, hence having a large surface

area. The highest specific capacitance was reported to be 1129 Fg21. The cyclic

retention of rGO/PANI nanocomposites also showed significant improvement.

9.3.2 Graphene and polypyrrole composites

PPy has good conductivity and thermal stability for which is an attractive conduct-

ing polymer material for supercapacitor applications. However, unlike PANI, there

are submicron particles in a thin film of PPy. These particles combine into
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cauliflower-like structures due to increased polymerization and incline to increase

the thickness of the film. These thick films tend to reduce the surface area and

show a probability of blocking the electrolyte ions. Additionally, these structures

tend to collapse under stress caused by the charging�discharging cycles of the

supercapacitor. The performance of PPy nanocomposites for supercapacitor applica-

tion is not as promising as PANI nanocomposites.

Bose et al. synthesized graphene nanosheets (GNS) by reducing GO to prepare a

GNS/PPy nanocomposite [33]. They observed that the specific capacitance of the

GNS/PPy nanocomposite was almost double than that of pure PPy. The char-

ging�discharging cycle performance also improved significantly. The introduction

of graphene in PPy facilitates the electrochemical utilization of PPy and also pro-

vides structural stability by providing mechanical support to PPy during the char-

ging�discharging cycles.

9.3.3 Graphene and poly(3,4-ethylenedioxythiophene)
composites

PEDOT is one of the most widely used polymers in making nanocomposites. An

easy to fabricate polymer, PEDOT shows excellent electrical conductivity topping

at 500 S cm21 [34]. It also possesses good chemical and thermal stability. Due to

its outstanding cycling stability of holding 80% capacitance over 70,000 cycles, it

is highly preferred in supercapacitor applications [35]. However, PEDOT shows a

low specific capacitance due to its large molecular weight, which tends to be a dis-

advantage in supercapacitor application [36].

Graphene/PEDOT nanocomposites show better performances in supercapacitor

applications. Choi et al. stated that the electrical conductivity of graphene/PEDOT

nanocomposites doubled compared to pure PEDOT and the nanocomposite also

showed a sixfold improvement in mechanical strength [37]. The overall behavior of

charge transport of PEDOT improves on the incorporation of graphene is for the fact

that graphene creates pathways for percolation and propagation of charge in the nano-

composite [38]. The introduction of graphene in PEDOT reduces the structural

damages to PEDOT due to volumetric changes as graphene creates a heterogeneous

structure with PEDOT [39]. The electrical conductivity of graphene is also superior

to that of PEDOT, making the nanocomposite more conductive [39]. The incorpo-

ration of graphene makes a three-dimensional morphology of the nanocomposite,

increasing the surface area and hence improving the specific capacitance [39].

Depending on the method of polymerization, pure PEDOT supercapacitors have

shown specific capacitances of 70�130 Fg21 [35,39]. An improvement in cycling

stability and specific capacitance has been reported on adding graphene to PEDOT.

Graphene/PEDOT nanocomposites showing a specific capacitance of 304 Fg21 in

HCl electrolyte and 261 Fg21 in H2SO4 have been reported by Alvi et al. [40].

Research work by Wen et al. showed a specific capacitance of 136 Fg21 for GO/

PEDOT nanocomposites and 209 Fg21 for rGO/PEDOT nanocomposites. They also

reported 87% retention of capacitance over 2000 cycles [41].
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9.4 Strain sensor

In recent times, the demand for wearable devices and gazettes has been on the rise

in the healthcare and medical sectors, prosthetics, robotics, professional sports, etc.

An important application of wearable sensing technology is strain sensing. Various

sorts of strain sensors have been developed over time which include the physics of

Raman shift, fiber Bragg grating, liquid metal, piezoelectricity, and triboelectricity

[42,43]. Although fabrication complexity, low resolution, unsatisfactory dynamic

performance puts a limitation to their applications. A more popular and practical

strain-sensing mechanisms are the resistive-type and capacitive-type strain sensors.

These sensors have high flexibility, high sensitivity, and are easy to fabricate and

integrate [44,45]. Although inexpensive, traditional strain sensors have very limited

performance parameters. Sensors made from silicon and semiconductor films are

rigid and brittle in nature and pose complexities in incorporating flexible wearable

applications. Polymer nanocomposites are the choice of material for making flexi-

ble wearable strain sensors. A strain sensor from polymer nanocomposite has two

parts, one part provides pathways for signal production, and the other part is an

elastomeric polymer which provides protection, stretchability, and flexibility for the

conductive part [46]. Various sorts of polymer nanocomposites are used in develop-

ing strain sensors. Some of the recent types are discussed here.

9.4.1 Silver nanoparticle�based strain sensor

A highly stretchable resistive strain sensor is designed by adding silver nanoparti-

cles (Ag NPs) with rubber fibers. This composite is compatible with any substrate

and can be scaled up for large-area implementation. Ag NP precursor is absorbed in

electrospun poly (styrene-block-butadiene-block-styrene) (SBS) rubber fibers,

which are then transformed into Ag NPs in the fiber mat [47,48]. The percolation

of Ag NP within the SBS fibers leads to an increased conductivity at large deforma-

tion due to strain. Park et al. reported stress of 2200 S cm21 at a strain of 100% for

a fiber mat of 150 μm thickness.

Another nanocomposite of Ag NP in designing strain sensors is the composite

films of Ag NP and CNTs in the pattern of high aspect ratio fibers [49]. The com-

posite has a high conductive network due to CNT with high bendability. Ag NP

loading increasing the conductivity giving the composite high sensitivity to strain.

The composites show resistance that is high sensitivity to strain along with pressure

sensitivity of 8% Pa21. Both the resistivity and sensitivity of the nanocomposite

can be altered by a few orders by altering the composition ratio of the constituents,

making this material highly preferred for strain sensing.

9.4.2 Silver nanowire�based strain sensor

Silver nanowire (AgNW)�based composites have excellent electrical and mechanical

properties, making them an appropriate candidate for strain sensors. A nanocomposite
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of AgNW and polydimethylsiloxane (PDMS) elastomer has been explored for making

highly flexible, sensitive, and stretchable strain sensors [50,51]. Amjadi et al.

designed a sandwich structure of nanocomposite where AgNW thin film is implanted

between two layers of PDMS. Sensors designed from such nanocomposites showed

strong piezoelectricity along with adjustable gauge factors (2�14) and increased

stretchability (B70%). A similar sensor designed by Yao and Zhu [50] can detect

strain up to 50% and pressure up to almost 1.2 MPa. Although quite efficient and

robust, these proposed sensors detect strain in one direction. So such designs fail in

applications where multiaxial, multidimensional, complex strain is involved. A novel

scheme to counter this problem has been proposed by Kim et al. [52]. They have

used prestrained AgNW percolation networks to design a highly stretchable and sen-

sitive multidimensional strain sensor, which is capable of detecting multidimensional

strain loadings in real time. The design is based on two intersecting prestrained perco-

lation networks having decoupled electrical resistances. Electrical resistances are

detected in both the major axis and perpendicular direction of the principal strain,

thus detecting strain in both axes of surface strains. This design has demonstrated a

gauge factor of nearly 20, strain measurements greater than 35%, and dynamic load

performance with very little hysteresis. AgNW of lengths greater than 80 μm are

used to provide electrical and mechanical stability in the percolation network.

Another promising application of AgNW was proposed by Lee et al. [53]. They

developed very long AgNW and applied them as a recent type of highly conductive

and highly stretchable metal electrode. The high aspect ratio of the AgNW served

in favor of the high conductance and mechanical compliance. Very long AgNW

were formed and percolated on hydrogel substrate. Such composite gave a strain of

more than 460% with low sheet resistance.

9.4.3 Silver nanoflower fiber�based strain sensor

Flower-shaped Ag NPs having petals in the shape of nanodisks, also known as Ag

nanoflowers, dispersed in polyurethane, provides a nanocomposite with high con-

ductivity due to the enhanced surface area. Such materials are used in designing

highly conductive stretchable fibers. These fibers present a conductivity of 41,245 S

cm21, which is two times higher compared to fibers synthesized with Ag NPs [54].

The highest rupture strain of this fiber was found to be 776%, Young’s modulus of

731.5 MPa, and a strength of 39.6 MPa. These highly conductive, stretchable fibers

are an excellent choice for wearable strain sensors.

9.4.4 Graphene-based strain sensor

Graphene is one of the most preferred materials in terms of flexibility. Being a two-

dimensional (2D) material, graphene composites are used in various sorts of strain

sensors. Hempel et al. proposed a new design of strain sensor using graphene thin

films [55]. Thin films of overlapping flakes were made by spray deposition. A tun-

able gauge factor exceeding 150 was observed.
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A different type of graphene-based nanocomposites is the graphene woven fab-

rics (GWF) [56]. GWF has a behavior quite different from thin films. Due to their

polycrystalline structures, GWFs experience significant changes when mechanically

deformed. They also show high-density crack formation. GWFs have an electrical

resistance that is exponentially correlated with tensile strain. Gauge factors of

nearly 103 are observed under 2%�6% strains which goes as high as 106 under

higher strains [56].

Another graphene derivative for strain sensors is the graphene�nanocellulose

composite nanopaper. Crumpled graphene and nanocellulose are embedded in

PDMS elastomer, which gives the composite stretchability up to 100% [57]. This

novel technique provides a gauge factor of 7.1 and is effectively used in human

motion detecting applications.

9.4.5 Gold nanowire�based strain sensor

A novel technique for fabricating strain sensors using gold nanowires (AuNWs) has

been proposed by Gong et al. [58]. Ultrathin AuNW is quite different from other

metal nanowires and possesses high conductivity along with mechanical flexibility.

AuNWs can be fabricated to 2 nm thin and tens of micrometers long [59,60]. Gong

et al. fabricated 1.64-μm-thin black-gold films on latex rubber using a drop-casting

approach to create a highly stretchable strain sensor. The sensors could detect

strains from 0.01% to 350%, having a gauge factor of 6.9�9.9. The AuNW thin

films withstood 300% stretching without any apparent detachment or cracking. A

smooth, positive correlation between electrical resistance and applied strain is also

seen. A unique characteristic of this sensor is that it is fully reversible between 0%

and 100% strain with no notable hysteresis.

9.5 Electrochemical sensor

An interesting and booming application of polymer nanocomposites is in detecting

several chemical and biochemical analytes. Due to their high stability, simple syn-

thesis techniques, low operating temperature, economic behavior, and lightweight,

conducting polymer nanocomposites have been the material of choice for various

electrochemical sensors [61]. Out of the various polymer nanocomposite used, com-

posites of PANI, PPy, and PEDOT have unique qualities in favor of sensor applica-

tions [62,63]. Some widely researched conducting polymer nanocomposites in

combination with different materials such as carbon and its derivatives and metals

and their oxides are discussed here.

9.5.1 Conducting polymers/carbon nanoparticle�based sensors

Carbon nanomaterials are playing a leading role in designing sensors nowadays.

Various sorts of carbon nanomaterials include single-walled carbon nanotubes
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(SWCNTs), multiwalled carbon nanotubes (MWCNTs), carbon nanospheres,

and carbon nanofibers. The incorporation of these nanomaterials in conducting

polymers results in nanocomposites having improved thermal stability, electrical

sensitivity, chemical properties, and mechanical strength [64,65]. Carbon poly-

mer nanocomposites possess high corrosion resistance, low density, ease of

molding, and varying electrical conductivities compared to their metallic con-

ductor counterparts. Synthesizing nanocomposites with CNTs and nanofibers

yields in conducting polymer nanocomposites having high charge transfer

capacities and high surface area.

CNTs, an allotropic form of fundamental carbon having a single, double, or mul-

tilayered cylindrical shape, have been impacting the field of polymer nanocompo-

sites since their early days. CNTs possess many unique mechanical and thermal

properties, for which it is widely explored in electronics [66,67]. Using CNT nano-

fillers in conducting polymer matrix helps in modifying the electronic behavior of

the components. Electrochemical polymerization was utilized to make thin films of

PANI nanocomposite with functional SWCNT (f-SWCNT) doping to detect the

presence of H2S [68]. To make the nanocomposite, a thin film with the best sensi-

tivity, 0.01% f-SWCNT was added to the PANI matrix. Along with excellent sensi-

tivity, the sensor displayed good recovery and response time for H2S at 50�C.
Another work by Srivastava et al. described the process of using both SWCNTs and

MWCNTs with PANI composites to prepare a resistive-type sensor for H2 detection

[69]. They found a better response of SWCNT/PANI and MWCNT/PANI nanocom-

posites compared to pure PANI; the response for pure PANI was 1.033 improved to

1.071 for SWCNT/PANI and 1.062 for MWCNT. In some sensing applications, it

is needed to use materials that are tolerant to high temperatures. Sharma et al.

observed the thermal qualities of PANI and PEDOT:PSS with MWCNTs in devel-

oping high-temperature-resistant sensors for NH3 detection [70]. They found that

although both sensors had very impressive sensitivity, they had degraded recovery

time for NH3 gas. But PEDOT:PSS was concluded to be superior in terms of sensi-

tivity (B16%) and response time (B15 minutes) than PANI nanocomposite. The

PEDOT:PSS nanocomposite showed better thermal stability in detecting NH3 of

concentration 1�50 ppm.

PPy is another extensively used conducting polymer, which has superior electri-

cal properties and is highly used in electronic and chemical sensor fabrication.

Sadrolhosseini et al. used designed plasmon resonance technique to detect minute

amounts of mercury, lead, and iron using a PPy nanocomposite with MWCNT [71].

The incorporation of MWCNT enhanced the sensitivity of the sensor, giving it a

lower detection limit of 0.1 ppm. A PPy-based biosensor for detecting glucose was

proposed by Teh and Lin [72]. They designed an MWCNT/PPy nanocomposite

laden in glucose oxidase to deter the presence of glucose. Their results showed a

sensitivity of up to 20 mM, which is quite an important range for diabetic patients.

Another work using PPy was developing a sensor to detect the presence of NO2.

An et al. synthesized the PPy polymer with functionalized SWCNT in the presence

of oxalic acid as a dopant [73]. Their work measured the resistivity of the sensor at

different temperatures to detect the presence of NO2.
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9.5.2 Conducting polymers/graphene-based sensors

Graphene, another allotrope of carbon, is widely used in various applications. The

incorporation of graphene and its derivatives, namely GO and rGO, into nanocom-

posites have proven to improve the parameters of sensors in various applications.

Although GO behaves mostly as an insulator, it can be reduced to graphene and

acquire high electrical conductivity with the help of strong reducing agents like

sodium tetrahydroborate (NaBH4) or hydrazine (NH2NH2) [74]. So, GO is also

widely used in preparing polymer nanocomposites/graphene-based sensors. A com-

mon conducting polymer PEDOT incorporated with GO is used to detect the pres-

ence of dopamine (DA) [75,76]. The sensor has a wide range of detection from 0.1

to 175 μM, with the lowest detection level of 39 nM. The detection was also linear

and free of distortion from other components such as ascorbic acid and uric acid.

A popular polymer for designing electrochemical sensors is PANI. Knower et al.

designed a sensor using PANI nanocomposites and GO for the detection of metha-

nol vapor [77]. They synthesized the nanocomposite using a chemical synthetic

route and considered the conductivity of direct electric current as a parameter for

sensing. According to their work, the conductivity of the sensor was found 241 S

m21, which is quite impressive compared to pure PANI, which has a conductivity

of 7.5 S m21. rGO incorporated with PANI is used to detect heavy metal ions.

Yang et al. reported a work where fabricated rGO/PANI nanocomposites were used

for chemical oxidative polymerization to detect Hg21 ions [78]. Their designed

nanocomposite showed good sensitivity and selectivity of Hg21 ions within the con-

centration range of 0.1�100 nM. The lowest limit of detection was reported to be

0.035 nM. Ruecha et al. prepared a PANI nanocomposite modified by graphene for

sensing heavy ions like zinc, lead, and cadmium [79]. The graphene/PANI sensor

was found to detect the lowest level of 1.0 μg L21 of zinc, 0.1 μg L21 of lead, and

0.1 μg L21 of cadmium.

9.5.3 Conducting polymers/metal nanoparticle�based sensors

The inclusion of metal nanoparticles in conducting polymers has resulted in nano-

composites with superior electrical and mechanical qualities along with perfor-

mance upgradation. Some of the commonly used metal nanoparticles used to make

polymer/metal nanocomposites like Ag NPs, palladium nanoparticles (Pd NPs),

platinum nanoparticles (Pt NPs), and gold nanoparticles (Au NPs) are discussed.

9.5.3.1 Silver nanoparticles

Ag NPs are quite largely preferred due to their modifiable chemical, thermal, physi-

cal, and electrical properties [80,81]. These properties can be modified more by

using Ag NP with conducting polymers like PPy and PANI in preparing nanocom-

posites. Nia et al. designed a nonenzymatic sensor to detect H2O2. Their sensor had

a linear range of detection from 0.1 to 5 mM with a lowest detection level of 0.115
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μmol L21. The sensor also had great selectivity, repeatability, stability, and repro-

ducibility in detecting H2O2.

A few researchers focused on detecting ammonia gas using Ag NP with conduct-

ing polymers. Nia et al. prepared Ag/PPy composite nanotubes in the presence of

polyvinylpyrrolidone (PVP) to sense the presence of NH3 vapor [82]. The introduc-

tion of Ag in the polymer caused an improvement in the chemical-resistor response

of the sensor compared to pure PPy. Quite the same work was done by Nerkar,

where they fabricated Ag/PPy nanocomposite sensors for NH3 detection at room

temperature [83]. Their design showed a quick response of 58�153 seconds and a

recovery time of 347�746 seconds. The sensitivity was found to be high for

50�500 ppm NH3. Although the amount of Ag NP contributes to the enhancement

of sensor quality in conducting polymers, there is always a threshold of adding the

nanoparticles in polymers. After that, the performance of the sensor starts to

degrade. This was shown by the works of Park et al., where they synthesized

PEDOT nanotubes with Ag NP to detect NH3 [47,48]. They found that after a cer-

tain amount, the Ag NP starts to aggregate and diminish the performance of the

sensor.

An excellent electrochemical sensor was designed using Ag NP and PANI nano-

particles to analyze the anticancer drug 5-fluorouracil (5-FU) [84]. Differential

pulse voltammetry was utilized in measuring the electrochemical qualities of the

sensor. It was found that the sensor gave a wide linear relation in detection 5-FU

concentration. The maximum sensitivity was found at 1.0�300 μM with the lowest

detection of 0.06 μM. The sensor displayed superior selectivity in the presence of

other interfering compounds and drugs. It was concluded to be an effective, rapid,

and simple device for detecting 5-FU.

9.5.3.2 Palladium nanoparticles

Pd NPs have unique catalytic, optical, and electrical properties, which help in vari-

ous organic and inorganic reactions [85,86]. Incorporating Pd NPs in conducting

polymers enhances both the electrical and catalytical characteristics of the nano-

composite, and such materials are widely used in electrochemical sensor designing.

Pd/PANI nanocomposites were synthesized to detect the presence of H2 and

humidity by Sandaruwan et al. [87]. They found that the Pd/PANI films showed a

good response by having a decreasing impedance in contact with humidity compared

to pure PANI films. Moreover, Pd NP-incorporated PANI films showed outstanding

response towards H2, although interestingly, pure PANI did not respond to H2.

A sensor to detect glucose and H2O2 was designed by Hosseini et al. They syn-

thesized Pd NP in PEDOT nanofibers to prepare the nanocomposite for the sensor.

The sensor showed 20.3 V against Ag/AgCl electrode in the presence of H2O2.

Chronoamperometric measurements showed that the peak currents in the anode are

linear, with the concentration of H2O2 within the range of 0.2�25 μM and having

the lowest limit of detection as 0.05 μM. Again, the same sensor showed excellent

performance in detecting glucose, sensing 20.1 V against Ag/AgCl electrode. The

peak current at the anode was shown to be linear, with a concentration within the
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range of 0.04�9 mM and having a minimum limit of 1.6 μM. The sensor was capa-

ble of detecting glucose in the manifestation of interfering agents like ascorbic acid

and uric acid, making it a good candidate for implementation in human trials. For

high sensitivity and selectivity, good stability, and reproducibility, sensors made

from Pd/PEDOT nanocomposite can be considered inexpensive amperometric glu-

cose biosensors.

9.5.3.3 Platinum nanoparticles

Sensing biomolecules (DNA, proteins, antibodies, enzymes) and macromolecules

are efficiently done by Pt NPs [88]. Conducting polymers like PPy and PANI have

been synthesized with Pt NP to form nanocomposites in structures of nanotubes and

nanofibers for various applications in sensing. A biosensor was developed by

Mishra et al. using Pt NP and PPy nanocomposites to detect human C-reactive pro-

tein [89]. Both the Pt NP and PPy contribute separately in the transducing action.

PPy has a long chain that offers space between the transducer and the biomolecule.

Whereas Pt NP works in reducing the steric hindrance and preserving native confor-

mity, thus contributing to accessibility of biomolecules to the analyte. The sensor is

reported to have a large surface area and good performance. The sensor exhibited a

linear detection range of 10 ng mL21 to 10 μg mL21. Another application of Pt NP/PPy

nanocomposite as a biosensor was proposed by Adeloju and Hussain for sensing

sulfite [90]. They used a potentiometric detection technique to measure sulfite in

samples of beer and wine. They found the sensor to be linear within the range of

0.75�65.50 μM with a minimum sensing limit of 12.4 nM. The sensor also showed

a response time of 3�5 seconds. A different nanocomposite comprising Pt NP and

PANI was used in sensing glucose. Zhai et al. constructed the Pt/PANI hydrogel

heterostructures for the enzymatic detection of glucose [91]. Their model showed

excellent sensitivity of as high as 96.1 μA mM21 cm22. The response time of the

sensor was as fast as 3 seconds. The sensor exhibited a linear range of 0.01�8 mM

with a minimum detection level of 0.7 μM.

9.5.3.4 Gold nanoparticles

Au NPs incorporated with different conducting polymers construct nanocomposites,

which are widely used in sensing H2O2, NH3, DA, glucose, uric acid, ascorbic acid,

nitrite, and heavy metals. Hung et al. synthesized PANI nanocomposites with Au

NP to detect H2O2 [92]. Their sensor showed a quick response time of 3 seconds

and high sensitivity of H2O2 with the lowest sensing limit of 0.1 μM. A glucose

biosensor using a three-component nanocomposite was proposed by Miao et al.

[93]. They fabricated an Au/PANI/PVP system by electrodepositing Au NP on

glassy carbon having the two polymers. The sensor gave a large linear range of

detection from 0.05 to 2.25 mM with the lowest detection level of 1025 M. A high

sensitivity of 9.62 μA mM21 cm22 was also recorded. The sensor showed satisfac-

tory results in detecting glucose in human serum samples. Sadanandhan and Devaki

devised an electrochemical sensor to simultaneously detect uric acid, serotonin,
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ascorbic acid, and DA [94]. They fabricated a glassy carbon electrode with PANI

using electrochemical polymerization and added Au NP by the chronoamperometric

method. Their sensor was tested on blood serum and was suggested to be an excel-

lent choice for sensing neurotransmitters. Another versatile electrochemical sensor

fabricated from Au NP/PANI nanowires was put forth by Chaudhury et al. They

fabricated the nanocomposites with three separate biomolecules, glucose oxidase,

for detecting the presence of glucose, single-stranded DNA protein for detecting

complementary DNA, and lamin A antibody for detecting lamin A protein. In glu-

cose sensing, the sensor exhibited good stability and specificity. It gave a sensitivity

of 14.63 μA mM21 cm22 with the least detection of 1 μM. The sensor was capable

of detecting complementary and noncomplementary DNA in analyte concentrations

as low as 1 μM. A nearly similar result was found in protein detection. This por-

trays the effectiveness of Au NP/PANI nanocomposites as a general sensor plat-

form. A nitrite-sensing electrochemical sensor was proposed by Lin et al. [95].

They synthesized PEDOT nanocomposites doped with Au NP to sense nitrite in tap

water. Their sensor successfully detected nitrite in the range of 0.2�1400 μM, hav-

ing the lowest sensing limit of 60 nM.

9.5.4 Conducting polymers/metal oxide nanoparticle�based
sensors

The incorporation of metal oxides in conductive polymers improves the electro-

chemical properties of the nanocomposites, which gives an advantage in sensing

applications. Various works in electrochemical sensing have been reported by dif-

ferent research groups.

A common polymer used in different applications is PPy. Suri et al. reported the

synthesize of Fe3O4/PPy nanocomposites for the detection of humidity and CO2,

CH4, and N2 [96]. Their nanocomposite showed higher conductivity than pure PPy.

Sensitivity towards humidity was found to be increasing with the concentration

of PPy. A linear relation was also found between sensitivity and pressure in CO2,

CH4, and N2 sensing, with CO2 showing the highest sensitivity. Another application

of PPy was proposed in the design of the xanthine biosensor. Devi et al. constructed

ZnO/PPy nanocomposite films through electropolymerization on platinum electrodes

and immobilized xanthine oxidase on the surface through physisorption [97]. Their

design worked as an amperometric sensor with a response of 5 seconds at a tempera-

ture of 35�C and pH 7.0. A linear characteristic was recorded from 0.8 to 40 μM of

xanthine with the lowest sensing limit of 0.8 μM. The Michaelis�Menten constant

was 13.51 μM for xanthine oxidase with a maximum current (Imax) of 0.071 μA.
Another favorable polymer for fabricating sensors is PANI. PANI-based sensors

have been widely demonstrated in electrochemical and biosensing applications.

A TiO2/PANI nanocomposite-based sensor to detect the presence of blood glucose

has been proposed by Zhu et al. [98]. They implemented aniline on TiO2 nanotubes

and used oxidative polymerization to form TiO2/PANI nanocomposites. On the sur-

face, they immobilized glucose oxidase for sensing glucose. Their sensor showed a
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sensitivity of 11.4 μA and the lowest detection limit of 0.5 μM. A ternary nanocom-

posite comprising NiO�CuO and PANI was fabricated for electrochemical sensing

of glucose by Ghanbari and Babaei [99]. This Amperometric sensor displayed a

quick response, fair selectivity, and superior sensitivity for nonenzymatic detection

of glucose in alkaline solution. The detection was in a broad linear range of

20�2500 μM with the lowest detection range of 2.0 μM. Their sensor is capable of

detecting glucose in human serum samples avoiding unwanted interferences com-

pared to NiO2/PANI and CuO/PANI binary nanocomposites.

Jain et al. implemented a Bi2O3/PANI nanocomposite for analyzing pramipexole,

which is an anti-Parkinson drug [100]. The electrochemical performance, high elec-

troactive surface area, and easy fabrication make this nanocomposite a promising

sensor material. Pang et al. fabricated a ternary nanocomposite of TiO2�SiO2/

PANI in the form of nanofibers to detect the presence of NH3 [101]. The nanocom-

posite showed ideal selectivity, repeatability, and response values for sensing NH3

at room temperature. They also observed that the NH3-sensing capability of the

material improved with increasing concentration of TiO2.

9.6 Gas sensor

Conducting polymer-based nanocomposites has seen rapid development over the

recent years and has proven to be a potential aspirant for gas-sensing applications at

room temperature. This advantage is for the fact that the electrical conductivity of

polymer nanocomposites can be altered when subjected to oxidative or reductive

gas molecules [102,103]. Various sorts of conducting polymers used for gas sensing

include polyacetylene (PA), PPy, PEDOT, polythiophene (PT), PANI, PPV, and

their derivatives. These conducting polymers show insulated or semiconductor-like

nature in the undoped state. Doping processes such as protonic acid doping or redox

doping enhance the conductivity of the polymers. This unique doping characteristic

enables conducting polymers to be an ideal candidate for room-temperature gas-

sensing schemes. Here we will see some of the popular gas sensors built on con-

ducting polymer nanocomposite.

9.6.1 Metal oxide�conducting polymer-based gas sensors

Conducting polymers have very good electrochemical and electrical properties

along with the added advantage of being stable, low cost, and easy to synthesize.

However, slow response, low sensitivity, poor thermal stability, and sensitivity add

to their disadvantages and hinders their application as gas sensors. Luckily, nano-

composites of conducting polymer and metal oxides have been shown to improve

the demerits and thus paves the path for use in gas-sensing applications. Metal oxi-

de�conducting polymer nanocomposites of various forms such as thin films [104],

short rods [105], flowers [106], fibers [107], particles [108], sheets [109] have been

successfully applied as gas sensors.
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Various metal oxide nanocomposites with PANI were explored over the years. A

nanocomposite of TiO2�PANI was successfully implemented by Jiang et al. [104].

They implemented this sensor for sensing ammonia at room temperature. Their

work showed a higher performance of hybrid nanocomposites considering sensitiv-

ity, responsivity, stability, and recovery time compared to monophase PANI-based

sensors. Gong et al. also proposed a similar TiO2�PANI-based gas sensor to detect

diluted ammonia [110]. Their sensors detected 50 ppt of ammonia successfully. In

this sensor, the PANI nanoparticles were implanted on the surface of TiO2 microfi-

bers acting as switches. These switches get activated or deactivated depending on

the adsorption of ammonia particles on the nanocomposite. Wang et al. reported

another type of gas sensor based on the core�shell CeO2@PANI structure [75,76].

Their sensor was also based on detecting ammonia which should have a reliable

response of 6.5�50 ppm along with long-term stability. A nanorod like α-MoO3/

PANI-based triethylamine (TEA) sensor was put forward by Bai et al. [105]. The

sensor was made on an elastic polyethylene terephthalate substrate with the PANI

film enclosed onto the MoO3 nanorod structure. This sensor showed good sensitiv-

ity and high selectivity of 5.5�10 ppm TEA at room temperature. The enhanced

response of the sensor was due to the inclusion of MoO3 nanorods into PANI as the

nanorods provided a network of α-MoO3/PANI interfaces enhancing the adsorption

of molecules of gas.

Another conducting polymer of choice for detecting volatile organic compounds

is PPy. A tube-in-tube SnO2@PPy structure was constructed by Jamalabadi et al. to

detect dimethyl methylphosphonate (DMMP) [111]. Their proposed design could

detect extremely low concentrations of DMMP. A similar gas sensor based on

Zn2SnO4�PPy nanocomposite to detect ammonia was designed by Ly et al. [112].

They combined PPy nanospheres and Zn2SnO4 hollow spheres in an alternative

layer-by-layer deposition. This design was proved to be extremely sensitive in

detecting ammonia.

9.6.2 Metal-conducting polymer-based gas sensors

Metal-embedded nanostructures have been extensively used in gas-sensing applica-

tions. They have good stability with high electrolytic activity and can drastically

improve the conductivity, adsorption, and thermal stability of gas sensors. In gen-

eral, in a metal-conducting polymer system, metals occur in the form of nanoparti-

cles, whereas the conducting polymers exist as the framework of thin films.

Conducting polymers experiences an improvement in sensing properties due to the

inclusion of metal nanoparticles for three reasons. First, metal nanoparticles change

the conductivity of the polymers. Second, specific metal nanoparticles show chemi-

cal affinity towards certain gas substances, enhancing the selectivity of the sensors.

Third, the inclusion of metal nanoparticles in conducting polymers increases the

effective surface area of the nanocomposite.

In the early days of 2005, a study by Athawale et al. proposed the use of metal-

conducting polymer nanocomposite in gas-sensing applications [113]. Their work

stated the use of PANI/Pd nanocomposites in detecting various aliphatic alcohol
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vapors, which included methanol, ethanol, and isopropanol. They found the nano-

composite to be highly sensitive and selective to methanol vapors with good revers-

ibility and response time. This work paved the way for a further look into the field

of metal-conducting polymer nanocomposites for gas detection. Later in 2009,

Hong et al. came up with a nanocomposite of PPy with Pd for the detection of NH3

gases [114]. The nanocomposite showed 13%�58% responsivity for detecting NH3

at room temperature with a concentration of 50�2000 ppm. The sensor produced a

fast, reproducible, and responsive output with a response time of 14 seconds and

recovery time of 148 seconds for NH3 at a concentration of 1000 ppm. They have

added PVP to the nanocomposite to reduce the size of Pd NPs to less than 10 nm

and give a uniform distribution of the particles. Sensors made from this nanocom-

posite showed superior gas-sensing qualities as the active surface reaction sites

were increased due to the small-sized Pd NPs. A similar NH3-sensing nanocompo-

site was designed by Zhang et al., where they prepared PPy/Au nanocomposite and

introduced lysine to reduce the size of Au NPs [115]. The Au NPs were smaller

than 5 nm which made them very active in detecting NH3. The reported sensitivity

of PPy/Au nanocomposites for NH3 at room temperature was 1.47 for 300 ppm.

From these works, it is evident that the size of metal nanoparticles plays a key fac-

tor in the sensitivity of the gas sensor.

Apart from the size, the metal nanoparticle concentration in the nanocomposite

also plays a vital role. This effect of concentration was explored by Choudhury

[116]. He prepared PANI/Ag nanocomposites of 0.5, 1.5, and 2.5 mol% Ag concen-

tration. In comparison to pure PANI, the PANI/Ag nanocomposite-based sensor

showed improved dielectric and conductivity while the conductivity of AC was

increased by nearly 100 times. He used the sensors to detect the presence of etha-

nol. At a 2.5 mol% concentration of Ag, the sensor showed the best sensing capac-

ity and stability along with faster and reversible performance. Quite a close study

was conducted by Park et al., where they developed a nanocomposite of PEDOT

nanotubes with Ag NPs to detect NH3. They varied the concentration of Ag NPs

from 5% to 40% and found that a concentration of 5% produced the best sensitivity

and minimum detection limit for NH3.

9.6.3 Carbon nanotube�conducting polymer-based gas sensors

CNTs are widely used for sensing chemicals, their unique quality of adjustable

conductivity, high environmental stability, and excellent mechanical properties

[117,118]. Nevertheless, CNTs show poor selectivity and sensitivity in gas sensing.

On the other hand, gas-sensing polymers have good selectivity and sensitivity but

low stability and conductivity. Hence a nanocomposite from combining CNT with

polymers proves to be a better option for gas-sensing applications.

A nanocomposite of PANI and SWCNT for detecting N2H2 was proposed by

Ding et al. [119]. They reported that due to the nominal interaction among the

PANI shell and SWCNT core, the transfer of electrons was much easily achieved in

redox reactions. This ease of electron transfer improves the detection of N2H2 and

also makes it reversible.
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In nanocomposite formation, the combination between CNT and polymer plays a

vital role in sensing performance. Many research works have reported the use of

secondary influence in the bonding approach between CNT and polymers to

enhance the gas-sensing capability. For instance, Liao et al. fabricated PANI/

SWCNT in the presence of N-phenyl-p-phenylenediamine, which worked as an ini-

tiator [120]. Such nanocomposites displayed conductivities variable from 1024 to

102 S cm21. Another similar work by Wu et al. showed the fabrication of ultrafast

PANI/MWCNT in the presence of tetra-β-carboxyphthalocyanine cobalt (II)

(TcPcCo) [121]. The addition of TcPcCo enhanced the polymerization of MWCNT

and PANI and improved the conduction of PANI. It also performed like a sensitive

accelerator for the sensing mechanism of gas. The synergistic effects of TcPcCo,

MWCNT, and PANI made the hybrid nanocomposite highly sensitive, which results

portrayed as 140.99% to 100 ppm NH3 with a detection level as low as 36 ppb. The

response time and recovery time to 100 ppm NH3 were recorded to be 5.0 seconds

and 12.0 seconds, respectively.

A unique advantage of CNT is the high transmittance to light, which reveals the

scope to fabricate flexible transparent gas sensors from hybrid nanocomposites. Wan

et al. used nanostructured PANI nanorods with transparent functional MWCNT net-

worked conductive films to prepare a chemical gas sensor [122]. The gas sensors

showed a transmittance of 85% at a concentration of 550 nm with high sensitivity at

room temperature. The structural integrity was also found to be good as there was no

significant degradation after 500 stretch cycles. They reported that in this hybrid

nanocomposite, CNT provided the efficiency for conduction while the structure of

the composite provided the increased ratio between surface area and volume, making

the sensors more reliable and improving sensing performances.

9.6.4 Graphene-conducting polymer-based gas sensors

Graphene is an allotrope of carbon that is 2D in structure. In graphene, the carbon

atoms are sp2 bonded and form a honeycomb formation. Graphene has superior

mechanical strength, increased thermal conductivity, and sizable surface area, mak-

ing it an excellent choice for gas-sensing applications. Graphene-based sensors

have shown good sensitivity in detecting H2, NO2, NH3, H2O, CO, and similar

gases. This superior gas-sensing property of graphene is due to two reasons. First,

all the carbon atoms in the 2D honeycomb structure are exposed to the environment

providing a large surface area to interact with gas molecules. Second, the structure

of graphene lattice makes it more susceptible to electrical noise and shield charge

fluctuations. Hence, polymer/graphene nanocomposites have been the topic of

research for many scientists.

A PANI/graphene nanocomposite-based gas sensor for detecting H2 was pro-

posed by Al-Mashat et al. [123]. Ultrasonic treatment was used to form PANI nano-

fibers on the surface of graphene. They reported that the sensor displayed a

sensitivity of 16.57% in detecting 1% H2 gas, which is quite remarkable. Quite the

same work was done by Wu et al., where they used PANI/graphene nanocomposites

to detect NH3. They synthesized the nanocomposites by chemical oxidative
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polymerization. Their design of NH3-detecting sensor gave a nearly linear correla-

tion with a concentration within the range of 1�6400 ppm. It also had a sensitivity

that was about five times greater than pure PANI. The minimum detection level of

this hybrid nanocomposite is also 10 times a minute than pure PANI.

rGO, which is an alternative to graphene, comes in with a low cost of fabrica-

tion, and high surface area is also explored in developing hybrid nanocomposite gas

sensors. A PANI/rGO nanocomposite-based gas sensor to detect NH3 was proposed

by Guo et al. [124]. They modified PANI nanoparticles on rGO and incorporated

them on PANI nanofibers, which formed a hierarchical network film. The sensor

detected NH3 within the concentration range of 100 ppb�100 ppm along with a

recovery time of 18 seconds and a response time of 36 seconds. The film showed

transparency of 90.3% at 550 nm. It had very dependable flexibility showing no

noticeable lack of performance after 1000 bend�extension cycles.

9.7 Temperature sensor

The measurement of temperature is one of the basic needs in many industries like med-

ical applications, air conditioning, food storage, etc. Some applications need high accu-

racy temperature measuring systems. Although various temperature measuring schemes

like thermocouples, resistance-dependent sensors, thermistors exist, there are some lim-

itations in their application. One of the prominent limitations is the presence of electro-

magnetic disturbances in the industrial environment. A comparatively widely accepted

scheme for temperature measurement is conducting polymer nanocomposite-based tem-

perature sensors [125]. Various sorts of interferometric schemes for measuring tempera-

ture using polymer nanocomposite have been proposed by Mach-Zehnder [31,32] and

Fabry-Perot [126]. Other types of optical temperature measurement schemes include

attenuation of light [127], controlled mode coupling [128], total internal reflection

[129,130], fluorescence [131], and fiber Bragg grating wavelength shifts [132,133]. A

well-used approach for temperature measurement is using polymer optical fiber (POF)

[134]. Temperature-varying stress is introduced on the POF, which alters the index of

refraction of the fiber and, in turn, changes the output power of the fiber. This property

is used to measure temperature.

Metal nanoparticles are used as conducting fillers in polymer to synthesize con-

ducting polymers. The resistivity of polymers varies with temperature [135]. The sen-

sitivity of the polymer is evaluated by calculating the voltage with varying

temperatures. Both negative temperature coefficient and positive temperature coeffi-

cient (PTC) are available [136]. The variation of resistivity with temperature is due to

the insulating phase and conducting phase of nanocomposites in a conducting poly-

mer. At a low temperature, the conducting fillers are separated, which does not allow

any flow of electrical current resulting in a high resistivity. This is known as the insu-

lating phase. As the temperature rises, the polymer reaches a semimolten state where

the conducting fillers get close enough to allow electrical conduction, causing a low

resistivity. This state is known as the conducting phase. The type of the polymers and
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conducting fillers attribute to the temperature measuring limit of the sensor. Polymer

ceramics are used in case of sensing temperatures up to 850�C [137].

9.7.1 Gas-filled cellular structures

A differential structure for sensing temperature using conducting polymers was pro-

posed by Wang et al. [136]. The sensor shows an enhanced sensitivity in this struc-

ture. The introduction of a gas-filled cellular structure in the nanocomposite brings

an alteration in the electrical resistance with the variation of temperature. The mea-

sured temperature is converted to electrical forms by placing the sensor in an elec-

trical bridge.

9.7.2 Cellulose�PPy nanocomposite

Cellulose is used as a brilliant material for temperature sensing. Nano-scaled PPy,

acting as a sensitive layer for temperature and humidity detection, is introduced on

cellulose surface through in situ polymerization and is referred to as cellulose�PPy

nanocomposite. Cellulose�PPy nanocomposite provides a unique blend between

the properties of cellulose and the electrical properties of PPy. The work of

Mahadeva et al. shows the use of cellulose�PPy nanocomposites for detecting

humidity and temperature [138]. Capacitive sensor constructed from cellulose�PPy

nanocomposite with 16 hours of polymerization time shows a linear relation with

increasing temperature.

9.7.3 Carbon nanotubes

Temperature-sensing materials should be capable of performing under harsh tem-

peratures. Many PCT materials undergo poor reproducibility and low intensity,

which limits their performance. High-density polyethylene (HDPE) composites hav-

ing multidimensional carbon fillers serve to improve the performance of tempera-

ture sensors. Zha et al. worked on improving the performance of HDPE by

introducing both functionalized MWCNTs and carbon black (CB) as fillers in the

nanocomposite matrix [139]. They have shown that the addition of a small amount

of MWCNT (0.7 wt.%) together with 18 wt.% CB in HDPE composites shows sig-

nificant improvement in the PCT behavior. Sensing devices made from such materi-

als offer high current-bearing capacity and are very responsive [140].

9.7.4 Nanowires

Polyvinylidene fluoride (PVDF) nanocomposites along with thermally reduced gra-

phene oxide (TRG) as fillers show poor electrical conductivity and very little perco-

lation. A hybrid between TRG and AgNWs leads to remarkable improvement in the

electrical conduction property of the nanocomposite [141]. The synergistic effect of

AgNW leads to the improvement in electrical conductivity. Moreover, a positive

correlation between the resistivity and temperature has been found, which attributes
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to the PCT coefficient effect of the nanocomposite at the melting point of PVDF.

Such properties make this composite an effective material for thermal sensors.

9.7.5 Graphite-mixed nanocomposites

Graphite�PDMS composite dispensed on flexible polyimide films is used to make

flexible temperature sensors [142]. As per the finding of Shih et al., higher stability

and temperature sensitivity in PDMS nanocomposite are observed when mixed with

powdered graphite compared to other carbon fillers. The resistivity of the composite

decreases significantly as the volume fraction of powdered graphite reaches the

onset of percolation.

9.8 Conclusions

Since the past decade, the demand for embedded microelectronic devices has been

on the rise. The need for minute sensing is ever increasing with increasing automa-

tion and adaptive applications. The incorporation of nanocomposites in designing

sensors and devices has integrated a new aspect to the growth of the industry.

Polymers such as PANI, PEDOT, and PPy have added structural and thermal stabil-

ity to devices. The inclusion of various metallic and carbon-based conducting nano-

fillers has increased the conductivity and responsivity of sensors by many folds.

These have been evident from the discussion of different sensors and devices. It is

expected that the ever-developing field of nanocomposites will be the cornerstone

to enhanced sensing techniques and devices, which would pave the way for cheap,

robust, tunable applications in environmental, healthcare, agricultural, and various

other aspects of human life.
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10.1 Introduction

Nanocomposites can be identified as materials composed of two or more character-

istically distinct phases separated by an interfacial phase where at least one of the

component phases, usually the filler is modified at a nanometer (1029 m) scale.

Fillers in the nanometer range hold a higher surface area to volume ratio. This fac-

tor plays a critical role in enhancing the interactions with matrix, consequently giv-

ing nanocomposites superiority over conventional composites [1,2]. Dispersion of

nanosized fillers in polymeric matrix ensures enhanced interfacial interaction

between them [3]. Polymeric nanocomposites consist of a polymer as a matrix con-

taining a wide range of fillers. Polymer nanocomposites have emerged in the 21st

century as one of the most versatile materials. A significant amount of interest has

been given in the last two decades to ascertain the functionality of polymeric nano-

composites as coatings and adhesives. The basic property of both coating and adhe-

sive is adhesion to the surface. But the fundamental difference between a coating

and an adhesive is that the former adheres to a single surface, while the latter acts

as a bond sandwiched between two surfaces [4]. Other differences between coating

and adhesive are that coating protects the substrate against external conditions such

as heat, abrasions, or moisture, whereas adhesive renders a high fracture strength

during the pull-apart of two surfaces [5]. The inclusion of nanomaterials into the

polymeric matrices has been shown to increase the viscoelasticity of polymers

and requires higher energy for deformation [6]. Hence polymer nanocomposites

are widely considered as suitable candidates for coatings and adhesives. Among

the various types of polymers used as matrices for coating and adhesives, epoxy,

polyurethane (PU), vinyl ether polymers, cyanoacrylate, polyester, etc. are the pre-

vailing substances. The choice of reinforcements is also widespread including clay,

nanostructured carbon, or graphene, and oxides. The techniques used to form the
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polymer nanocomposites are correspondingly varied in nature. Therefore the possi-

ble combinations of polymer nanocomposites to be applied as coatings and adhe-

sives are great in number. Ongoing research is focused on determining the optimum

composites for particular applications.

10.2 Polymer nanocomposite coatings

The role of coatings is diverse in many aspects. A coating has to provide the sub-

strate with protection against corrosion from the surrounding environment, erosion

along with improvement of other properties corresponding to the nature of the

application. The coating on a particular surface can also act as an adhesive agent

for other coating materials. For example, phenolic, epoxy, and styrenated coatings

applied on bamboo fiber ensure satisfactory adhesion of further applied coating

materials [7]. Polymer nanocomposites have successfully proved their suitability as

coatings. Polymer nanocomposite coatings vary in the type of matrices and fillers.

The polymers that are most popular as matrices in nanocomposite coatings are

epoxy, PU, chitosan, polyethylene glycol (PEG), polyvinylidene fluoride, polyani-

line (PANI), polypyrrole (PPy), polystyrene, polyamic acid and polyimide, rubber-

modified polybenzoxazine, polymers containing reactive trimethoxysilane (TMOS),

pullulan, fluoroacrylic polymer, ethylene tetrafluoroethylene (ETFE), polyacrylate,

poly(N-vinyl carbazole), polycarbonate, fluorinated polysiloxane, polyester, poly-

acrylic, polyvinyl alcohol, polydimethylsiloxane, polyamide, and ultraviolet ray

(UV)-curable polymers. The broad range of polymer nanocomposite coatings can

be classified based on their type of fillers and fabrication techniques.

10.2.1 Fillers of polymer nanocomposite coatings

10.2.1.1 Inorganic fillers and clay-based polymer nanocomposite
coatings

Incorporation of inorganic nanoparticles such as clay in pristine polymer coatings

reduces their permeability to corrosive species and ensures a longer service life of

the coating and substrate [8]. In the bioengineering field, hydroxyapatite (HA) [9]

and silver nanoparticles [10] are the popular choice of fillers owing to their unique

microbial properties. Among clay-based nanocomposites, the use of organically

treated montmorillonite (MMT) has been reported by several research groups.

Japanese automobile giant Toyota pioneered the research on layered silicate-

reinforced polymer nanocomposite coating by developing a nylon-6 composite

interphase with MMT with enhanced mechanical properties in the late 1980s. The

use of nanoferrites [3], CaCO3 [11] has also been explored in recent years.

Nanosized glass flakes in epoxy matrix coating have been reported to exhibit better

corrosion resistance than MMT organoclay in epoxy [12] (Table 10.1).

236 Advanced Polymer Nanocomposites



Table 10.1 List of recent research on clay-based polymer nanocomposite coatings.

Polymer matrix Reinforcement Fabrication

process

Result Reference

Epoxy Montmorillonite Sonication

followed by

spray and

drying

Improved corrosion resistance Bagherzadeh and

Mahdavi [13]

Epoxy Nanoclay and zirconia

nanoparticles

Slurry method Better exfoliation of clay

particles and enhanced

corrosion performance

Behzadnasab

et al. [14]

Polybenzoxazine�trimethoxysilane Silica nanoparticles Ultrasonication

and dip coating

Enhanced interfacial interaction

and corrosion resistance

Zhou et al. [15]

Epoxy Vermiculite Solution casting Improved permeation Mittal [16]

Polyimide Dodecylamine�montmorillonite Solution casting Reduced oxygen permeability,

improved electrical resistivity

and adhesion

Khayankarn

et al. [17]

Polyurethane Organically modified

montmorillonite

Ultrasonication Improved corrosion protection Heidarian et al.

[18]

Polyurethane Montmorillonite Spray casting

followed by

thermosetting

Superhydrophobicity and high

adhesion to substrate

Steele et al. [19]

Soya polyurethane Silica nanonetwork In situ

polymerization

Improved mechanical properties

and corrosion resistance

Ghosal et al. [20]



10.2.2 Carbon-based polymer nanocomposite coatings

Carbon-based fillers include the present-day prominent materials carbon nanotubes

(CNTs) and graphene along with their derivatives. Graphene is a carbon allotrope

consisting of sp2-bonded planar sheets densely packed in a honeycomb structure

that acts as the building block of other allotropes [21]. Graphite is stacked graphene

sheets with a distance of 3.37 Å; CNTs are one-dimensionally rolled graphene

sheets; and fullerene are wrapped graphene sheets. Graphite sheets are often sub-

jected to solution-assisted exfoliation to produce graphene oxide (GO) where the

plane of carbon atoms contains a large amount of oxygen-containing groups [22].

All of these nanoscaled allotropes of carbon have gained significant interest as rein-

forcement of polymeric composites as they provide the coatings with improved

mechanical strength and corrosion resistance. GO is generally employed as the pre-

cursor material during the fabrication of graphene-based polymer nanocomposites

since its dispersion in the polymer matrix is easier owing to its decorating func-

tional groups, which include hydroxyls, epoxides, and carboxyl [23]. In some cases,

further functionalization of GO is performed to achieve better dispersion in the

matrix (Figs. 10.1 and 10.2).

Figure 10.1 Steps of graphene production and its derivatives.

Source: Modified from N.H. Othman, M. Che Ismail, M. Mustapha, N. Sallih, K.E. Kee, R.

Ahmad Jaal, R, Graphene-based polymer nanocomposites as barrier coatings for corrosion

protection, Prog. Org. Coat. 135 (2019) 82�99. https://doi.org/10.1016/j.

porgcoat.2019.05.030.
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The arrangement of graphene fillers in the polymeric matrix can be in three for-

mations: phase separated, intercalated, and exfoliated [22]. The agglomerated and

intercalated formations influence the corrosion performance of the composite coat-

ing, while the exfoliated state provides better properties for barrier protection [24].

Fabrication methods of graphene-based nanocomposite coatings comprise solution

mixing, melt mixing, and in situ polymerization. Solution mixing can be conducted

by surface functionalization of graphene by macromolecules [25] or through the

loading of inorganic particles on GO sheets [26]. CNTs have also been explored as

potential fillers for polymer nanocomposites by several research groups. Epoxy/

CNTs coating on glass fiber has been reported to improve the tensile strength of the

fiber significantly [27]. In a different study, PANI/functionalized CNT composites

and nanosilica integrated into ETFE matrix resulted in a superamphiphobic coating

[28] (Fig. 10.3; Table 10.2).

10.2.3 Preparation methods of polymer nanocomposite coatings

The properties of polymeric nanocomposite coatings depend largely on fabrication

methods. Preparation methods are crucial in imparting enhanced properties

suitable for the desired service of the composite coating. The procedures generally

utilized for developing polymer nanocomposite coatings are solution casting/blend-

ing, ex situ/in situ polymerization, mixed colloidal dispersion, and grafting [34].

The basic differences between these processes are the degree of interaction between

the reinforcements and the matrices both chemically and physically [1,2]. Blending

[35], casting [36], and colloidal dispersion [37] are preferable for achieving physi-

cal and electrostatic interactions between the fillers and the matrix. Meanwhile, the

in situ polymerization method favors the formation of chemical bonding along with

electrostatic bonding, hydrogen bonding, and physical boding resulting in better

Figure 10.2 The molecular arrangements of graphene oxide (GO) (left) and reduced

graphene oxide (rGO) (right).

Source: From R. Aradhana, S. Mohanty, S.K. Nayak, Comparison of mechanical, electrical

and thermal properties in graphene oxide and reduced graphene oxide filled epoxy

nanocomposite adhesives, Polymer 141 (2018) 109�123. https://doi.org/10.1016/j.

polymer.2018.03.005.
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dispersion [38]. A study comparing the effects of in situ process and grafting exhib-

ited in situ process producing superior adhesion in hybrid silica/ PU nanocompo-

sites while grafting rendered better mechanical properties [39].

Polymer nanocomposite coating can be further modified by chemical processes

conducted on fillers and matrices in order to attain better mechanical, adhesion,

thermal, and chemical resistance properties. These modifications include functiona-

lization of carbon and silica-based fillers, polymer conduction with polar groups,

hyperbranching, functionalization of polymeric chain end, etc. Hyperbranched poly-

mers have heavily branched molecules with a spherical structure, low viscosity, and

contain several functional groups on the chain end. Hyperbranched polyester filled

with layered silicate Na1 MMT has been reported to possess better hardness, adhe-

sion, and flexibility [40] (Fig. 10.4).

10.2.4 Conductive polymer nanocomposite coatings

Modern-day nanocomposite coatings often contain electrically conductive polymers

(ECPs) and conductive fillers. CNTs and graphene are the preferred choices among

carbon-based conductive fillers. ECPs contain conjugation along the polymer chain

backbone. Well-known ECPs are PANI, PPy, and polythiophene, etc. ECPs can

transport electrons from the surrounding environment and thus provide excellent

corrosion protection [41] (Fig. 10.5).

Figure 10.3 Illustration of filler arrangement types in a polymer matrix: (A) phase

separated, (B) intercalated, and (C) exfoliated.
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Table 10.2 List of recent studies on graphene-based polymer nanocomposite coatings.

Polymer matrix Reinforcement Fabrication process Result Reference

Solvent-based epoxy Graphene oxide

(GO) nanosheets

Addition of GO into polyamide hardener

to be mixed with epoxy followed by

spray coating

Improved barrier properties and corrosion

protection

Pourhashem

et al. [29]

Waterborne

polyurethane

(WPU)

GO�silica (GOSI)

nanocomposites

Preparation of GOSI by surface

functionalization of GO and SiO2

followed by mixing into WPU

Enhanced interfacial cross-linking, tear and

abrasion resistance, surface adhesiveness

Kale et al. [30]

Tannic acid�based

hyperbranched

epoxy resin

Reduced GO Solution technique Improved tensile strength, scratch hardness,

impact strength, initial degradation

temperature, and gloss

Boro and

Karak [31]

WPU Polydopamine

functionalized

GO

Solution blending Uniform dispersion, enhanced corrosion

protection, adhesion, and hydrophobicity

Zhao et al.

[119]

Polyvinyl butyral GO Spin coating, surface modification by poly

(methylhydrosiloxane)

Better corrosion resistance for aluminum Zhu et al. [32]

Oleo-polyurethane GO The synergy of π�π interaction and in

situ polymerization

Improved filler dispersion, antimicrobial and

anticorrosion properties

Ahmadi and

Ahmad [33]



Corrosion protection by ECPs can be attained by three mechanisms. These are as

follows:

1. Isolation of metal substrate by barrier protection [42];

2. Anodic protection by passive layer formation [43];

3. Providing the capacity to perform self-healing by the release of the doped corrosion

blocker anions from the ECPs triggered by the electrochemical reduction [44].

For example, a dual-layer of PPy coating consisting of a molybdate-doped internal

layer and dodecyl sulfate-doped external layer rendered outstandingly longer corrosion

protection to steel than monolayer PPy coating where the outer layer prevented

aggressive anion infiltration, while the inner layer exhibited a controlled release of

the molybdate anions that ensured the self-healing capability [45]. In a separate study,

Figure 10.4 Arrangement of nanoparticles in linear and hyperbranched polymer

nanocomposites.

Source: From Y. Ahmadi, S. Ahmad, Chapter 19 - Polymeric nanocomposite coatings, in:

S. Rajendran, T.A. Nguyen, S. Kakooei, M. Yeganeh, Y. Li (Eds.), Corrosion Protection at the

Nanoscale, Elsevier, 2020, pp. 363�378. https://doi.org/10.1016/B978-0-12-819359-4.00019-2.

Figure 10.5 Molecular structure of common ECPs: (A) polyaniline, (B) polythiophene, and

(C) polypyrrole.

Source: From N.Y. Abu-Thabit, A.S.H. Makhlouf, Chapter 24 - Recent advances in

nanocomposite coatings for corrosion protection applications, in: A.S.H. Makhlouf, D.

Scharnweber (Eds.), Handbook of Nanoceramic and Nanocomposite Coatings and Materials,

Butterworth-Heinemann, 2015, pp. 515�549. https://doi.org/10.1016/B978-0-12-799947-

0.00024-9.
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well-dispersed multiwalled carbon nanotubes (MWCNTs) in conducive PU expanded

the diffusion route of corrosive ions and hindered their infiltration [46]. ECP nano-

composite coatings have been revolutionary for electrical energy storage systems as

good corrosion resistance is a crucial factor in determining their service life.

10.2.5 Smart polymer nanocomposite coatings

Smart nanocomposite coatings can repair damage sustained during service and thus

perform better than traditional coatings. Contrary to the practice of direct mixing of

corrosion inhibitors into the matrix, smart coatings encompass the inhibitors in

microcapsules, nanocontainers, and nanoreservoirs. Microencapsulation is the tech-

nique of packing solid, liquid, or gaseous active ingredients called core inside the

shell of a second material to protect them from the surrounding environment.

Microencapsulation prevents direct exposure of inhibitors to the coating and pro-

vides a constrained release thus ensuring lower consumption of inhibitors [42].

Microcapsule containing a poly(urea-formaldehyde) shell and hydrolyzable organic

silane core used as fillers in epoxy coating imparted good corrosion resistance [47].

Generally utilized nanocontainers are halloysite nanotubes (HSNs), mesoporous sil-

ica nanocontainers, HA microparticles, and nanocrystalline-layered double hydro-

xides that provide deactivation, storage, and constrained release of inhibitors [42].

Some research groups have reported the use of ceramic-based nanocontainers such

as cerium oxide [48] and cerium molybdenum [49].

10.2.6 UV-cured polymer nanocomposite coatings

UV-cured polymer nanocomposite coatings encompass photoinitiators which upon

activation by radiation produce active free-radical species that interact with the

unsaturated polymer matrix to give a polymerized solid film [50]. The photoinitia-

tors utilize the high energy from UV-ray to go through photolysis. This phenome-

non can produce either active radicals to cure acrylate monomers or yield cationic

species that cure cycloaliphatic epoxy-based systems [51]. UV-cured nanocompo-

site coatings are economically sustainable alternatives to traditional coatings. UV-

cured methacrylic�siloxane coating reinforced with boehmite nanoparticles have

been reported to be an effective coating for wood elements [52]. Another research

group focused on the effect of clay filler contents on UV curing behavior of ure-

thane-acrylate/clay nanocomposite coating and reported that UV curing rate

increased with increasing clay content [51].

10.2.7 Biocompatible and antimicrobial polymer nanocomposite
coatings

In recent years, polymer nanocomposite coatings have gained significant acclamation

as biocompatible and antimicrobial coatings for implants. Biocompatible coatings do

not release any toxic substances into the human body and in some cases promote
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tissue growth accelerating the healing process. Antimicrobial coatings hinder the

growth of harmful microbes and prevent bacterial infections. Nanocomposite coatings

developed recently have also exhibited promising results as drug reservoirs and drug

deliverers. Poly(carboxybetaine methacrylate) coating embedded with a silver (Ag)�
zwitterion nanocomposite synthesized through in situ reductions of Ag1 precursor

ions loaded on zwitterionic polymer brushes has been reported to possess satisfactory

antimicrobial properties [35] (Fig. 10.6).

Hyperbranched poly(esteramide) with PANI nanofiber-modified MMT nanocom-

posite coating developed by separate research groups has exhibited potent microbial

properties [53]. Another research group reported the fabrication of silver nanoparti-

cle (AgNP)�embedded polymethyltrimethoxysilane composite coating through

layer-by-layer assembly and siloxane self-condensation reaction where the self-

healing polysiloxane provided better corrosion resistance while the AgNPs coun-

tered the susceptibility of polysiloxane to bacterial infection [54].

10.3 Polymer nanocomposite adhesives

The definition of adhesive according to Kinloch is a material that can join two sur-

faces when applied and resist separation [55]. Three basic qualities must be pos-

sessed by an adhesive to be effective: (1) surface wettability of the substrate by the

adhesive, determined by pressure, time, viscosity, and surface energy; (2) proper

curing to ensure a rigid mechanical bond between substrates; and (3) the ability of

load transmission [56]. In general, the main ingredient of an adhesive is an organic

polymer originally applied or produced from a chemical reaction of one or more

components after application [4]. A prerequisite for polymer adhesives is that they

must be in liquid form during application to wet the surface properly and eventually

harden. Exceptions are pressure-sensitive adhesives (PSAs) that do not undergo any

curing. Based on the curing process, adhesives can be classified into waterborne,

solvent-borne, hot melt, hyperbranched, etc. Modification of polymer adhesives at

the nanoscale has opened the door to the development of better adhesives with mul-

tifunctional properties. Similar to nanocomposite coatings, nanofillers used in adhe-

sives also include carbon-based fillers such as graphene, CNTs, inorganic nanoclay,

and oxides. In recent years, polyhedral oligomeric silsesquioxane nanocompounds

having the general formula RSiO1.5 (R is either a hydrogen atom or an organic

functional group) have gained considerable attention as nanoreinforcement [57].

The next part of the chapter is dedicated to the discussion of different classes of

polymer nanocomposite adhesives and their fabrication.

10.3.1 Epoxy-based high-performance nanocomposite adhesives

Epoxy resins are thermosetting polymers with desirable properties, such as out-

standing adhesion, high strength, low shrinkage, low creep, and good corrosion

resistance [58]. Due to these critical properties, epoxy resins are the most widely
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Figure 10.6 Illustrative representation of the Ag ion-embedding process in zwitterionic

polymer brush.

Source: From R. Hu, G. Li, Y. Jiang, Y. Zhang, J.-J. Zou, L. Wang, X. Zhang,

Silver�zwitterion organic�inorganic nanocomposite with antimicrobial and antiadhesive

capabilities, Langmuir 29 (11) (2013), 3773�3779. https://doi.org/10.1021/la304708b.

https://doi.org/10.1021/la304708b


used matrices for high-performance or structural adhesives. Structural adhesives are

capable of sustaining substantial loads. These are gradually replacing traditional

joining techniques used in the building, mining, aerospace, and automotive sectors

[59]. The dilemma that researchers face with epoxy resins is that the high cross-

linking density which provides the epoxy its strength and corrosion resistance is

also responsible for its brittleness and poor crack resistance. The introduction of

nanoparticles in epoxy has allowed us to overcome its drawbacks without

compromising other properties. The addition of nanofillers also improves favorable

properties like wettability and adhesion [60]. Several mechanisms have been pro-

posed by researchers about how nanoparticles render toughening of epoxy resins

such as crack deflection, crack pinning, and plastic void growth [61]. However, the

plastic void growth theory is more acceptable since nanoparticles are too small for

crack deflection or pinning [62]. The degree of curing in epoxy nanocomposites is

largely responsible for its end properties, and the addition of nanoparticles influ-

ences the curing of the epoxy [63]. The commonly used nanofillers in epoxies are

various organic and inorganic particles such as CNTs, graphene nanoplatelets

(GNPs), nanoclay, nanosilica, and nanoalumina [64]. The uniform dispersion of

nanofillers in the epoxy matrix is vital as it ensures uniform stress distribution [65].

Ultrasonication, shear mixing, and calendaring methods are employed either indi-

vidually or in combination to ensure the proper distribution of nanofillers in an

epoxy matrix [64]. Epoxy adhesive reinforced with GNPs has been reported to fol-

low a complex mechanism for moisture absorption, and their mechanical properties

vary with the amount of water uptake which is controlled by the GNP content [66]

(Table 10.3).

Aradhana et al. reported better mechanical properties in epoxy�GO adhesives

than epoxy�reduced graphene oxide (rGO) adhesives which they ascribed to the

existence of a greater number of oxygen functional groups in GO that favored reac-

tion with epoxy resin and curing agent [67,68]. Han et al. studied the contrast

between the effect of graphene platelets and CNTs on epoxy adhesives and con-

cluded that GNPs and CNTs both enhance the mechanical properties and electrical

conductivity of epoxy adhesives but CNTs provide the better structural reinforce-

ment [75]. The scope of using recycled materials has also been explored by

researchers to ensure sustainability in adhesive production. Epoxy adhesive filled

with recycled poly(ethylene terephthalate) (PET), ground rubber tire, and GO nano-

flakes possesses drastically improved tensile strength, and toughness [63]. A sepa-

rate research group incorporated epoxy adhesive with microsized alumina fillers in

combination with recycled tire particles and phenolic resin that resulted in an 80%

rise in lap-shear strength [76] (Fig. 10.7).

10.3.2 Waterborne polyurethane nanocomposite adhesives

Waterborne polyurethanes (WPUs) are a special class of polymers that are synthesized

by organic reactions between water and PU prepolymer in a water medium [77]. The

reaction mechanism of WPU production is the introduction of hydrophilic groups into

the hydrophobic PU by the addition of deionized water to emulsify and disperse the
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resultant hydrophilic WPU prepolymers along with the chain extension process [1].

The basic chemical components of WPUs are diisocyanates, polyols, amines, catalysts,

and additives [78]. The main reactions that occur during the process are as follows:

1. Polyaddition reaction of excess isocyanates with polyols to produce PU polymers.

2. Reaction between remaining isocyanate groups and amines to form ureas.

3. Hydrolyzation of isocyanate groups by water medium to produce amines and ureas [78].

The synthesis methods of WPUs include prepolymer emulsification polymeriza-

tion, ketamine�ketazine miniemulsion polymerization (MEP), homogeneous solu-

tion polymerization, acetone process, melt dispersion process, etc. [2]. WPU

adhesives came into vogue when the use of solvent-borne polymers got restricted

due to their harmful effects on the environment. Solvent-borne adhesives contain

volatile organic content, which is hazardous to human health. Moreover, WPU

adhesives are flame retardant and more cost-friendly [79]. WPU nanocomposite

Table 10.3 Recently reported studies on epoxy-based structural nanocomposite adhesives.

Reinforcement used Result Reference

Multiwalled carbon nanotube and a

nanoclay

Improved thermal stability Aradhana et al.

[67,68]

Zirconia nanoparticles Improved mechanical

properties and interfacial

wettability with an

aluminum substrate

Dorigato et al.

[60]

Untreated and calcined fumed

alumina nanoparticles

Improved mechanical

properties and interfacial

wettability with an

aluminum substrate

Dorigato and

Pegoretti [69]

Glycidyloxypropyl

trimethoxysilane-modified silica,

alumina, and titania nanoparticles

Improved viscoelastic

properties

Bauer et al. [70]

Acrylic rubber and montmorillonite Increased glass transition

temperatures Tg and

adhesive strength

Wang et al. [58]

Fullerene like tungsten disulfide

and functionalized nano-

polyhedral oligomeric

silsesquioxane

Increased shear and peel

strength of both low- and

high-temperature cured

epoxy

Shneider et al.

[71]

Amine-functionalized and

nonfunctionalized graphene

nanoplatelets (GNPs)

Higher Young’s modulus but

lower tensile strength due

to the aggregation of GNPs

Salom et al.

[72]

Nanosilica particles Increased toughness Meng et al. [73]

Organo-modified nanoclay Improved elastic modulus,

tensile strength, and

fracture toughness

Dorigato and

Pegoretti [74]
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adhesives exhibit a vast array of attractive properties. A superior level of interaction

and dispersion occurs between nanofillers and WPU matrices owing to the exis-

tence of polar groups and ionic moieties in the WPU structure [2]. WPU/organoclay

Cloisite 15A developed by Rahman et al. exhibited the highest level of thermal sta-

bility, mechanical property, and adhesive strength at optimum 2 wt.% clay content

[80]. Huh et al. incorporated organically modified clays Cloisite 15A and Cloisite

30B into the WPU matrix and observed that Cloisite 30B rendered better dispersion

stability, tensile strength, Young’s modulus, and adhesive strength to the adhesive

than Cloisite 15A [81]. Another research group developed a nano-SiO2/fluorinated

WPU nanocomposite adhesive for laminated films. The resultant adhesive showed

improved adhesion strength owing to better wetting behavior, water resistance, and

thermal stability [82] (Fig. 10.8).

Cakić et al. utilized (3-aminopropyl) triethoxysilane (APTES) as a chain

extender to fabricate waterborne castor oil�recycled polyol-based PU�silica nano-

composite adhesive via the sol�gel method and observed that APTES can improve

the thermal stability of WPU [83]. The effect of 2,2-dimethylol propionic acid

(DMPA) on the dispersion in WPU/CNT nanocomposite adhesive was studied by

another research group, and the results showed that the degree of homogeneous

CNT dispersion increased with increasing DMPA content and the resultant adhesive

displayed higher adhesive strength than pristine WPU at higher temperatures [84].

WPU reinforced with modified lignin amine reportedly exhibited increased adhe-

sive strength and endured exposure to normal atmospheric weather conditions for

180 days making it a promising adhesive [80].

Figure 10.7 Graphical representation of a comparison of impact strength against notch depth

of pristine epoxy, epoxy�GO, and epoxy�rGO adhesive systems.

Source: From R. Aradhana, S. Mohanty, S.K. Nayak, Comparison of mechanical, electrical,

and thermal properties in graphene oxide and reduced graphene oxide filled epoxy

nanocomposite adhesives, Polymer 141, (2018) 109�123. https://doi.org/10.1016/j.

polymer.2018.03.005.
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10.3.3 Pressure-sensitive adhesives

PSAs are adhesives that are permanently soft and deformable and adhere instantly to

the substrate by basic contact with the slightest pressure without further curing or

chemical bonding. The contact formed between the substrate and the adhesive is accre-

dited to the weak van der Waals forces between the linear aliphatic polymeric chains

with few polar functional groups [85]. Debonding of PSAs from substrates occurs by

cavity formation that leads to cavity expansion that creates fibrils [86]. The require-

ments of an ideal PSA are an optimum viscosity and a significant amount of energy

dissipation during deformation [58]. The most used polymers in PSAs are natural rub-

ber, styrene-butadiene rubber, block copolymers, amorphous polyolefins, and acrylics

[4]. Clay-based polymer nanocomposite adhesives have been observed to have better

tack and shear resistance and peel strength than pristine polymeric ones [5].

Poly(lauryl acrylate) particles with Laponite clay armor were added to standard

poly(butyl acrylate-co-acrylic acid) latex to develop waterborne PSA with a super-

ior balance of viscoelasticity and tack energy [87]. Both modified and unmodified

MMT clays dispersed in ethyl acrylate (EA)/2-ethylhexyl acrylate (2-EHA) mono-

mer mixture polymerized via suspension polymerization technique resulted in an

acrylic polymer/MMT PSA with an increased shear strength and storage modulus

[88]. In a separate study, a solventless acrylic/modified MMT UV cross-linkable

PSA was synthesized by bulk polymerization process of 2-EHA, acrylic acid (AA),

and t-butylacrylate monomers, which exhibited satisfactory shear strength and stor-

age modulus, but the addition of MMT adversely affected the UV cross-linking

[89]. PU/(meth)acrylates matrix reinforced with exfoliated molybdenum disulfide

(MoS2) nanoplatelets possesses a superior balance of viscoelastic properties and

tack adhesion energy with 0.25 wt.% MoS2 [90]. Khalina et al. employed MEP

of 2-EHA/AA/methyl methacrylate to produce latex that was later filled with

Figure 10.8 Imaginative representation of formation process of nanosilica/fluorinated WPU

nanocomposite adhesive. PA, polyamide; PU, polyurethane; HFBMA, 2,2,3,4,4,4-

hexafluorobutyl methacrylate.

Source: From H. Fu, C. Yan, W. Zhou, H. Huang, Nano-SiO2/fluorinated waterborne

polyurethane nanocomposite adhesive for laminated films, J. Industr. Eng. Chem., 20 (4),

(2014), 1623�1632. https://doi.org/10.1016/j.jiec.2013.08.009.
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nanosilica, which located themselves in the shell of latex particles providing

improvement in elastic and loss modulus, viscosity, and tack resistance [91]. Wang

et al. dispersed single-walled CNTs functionalized with hydrophilic PVA in poly

(butyl acrylate) latex to fabricate a PSA with high tack energy, optical transparency,

and electrical conductivity [87]. Ouzas et al. successfully studied the potential

effectivity of cellulose nanocrystals (CNCs) as a PSA property modifier by adding

it to semibatch emulsion polymerization of 2-EHA)/n-butyl acrylate (BA)/methyl

methacrylate (MMA) [92]. PSA developed from acrylic copolymers and terpoly-

mers of EA, BA, and AA, and nanosilica via solution polymerization method also

exhibited improved peel strength [93].

The application possibility of PSAs for transdermal drug delivery is a widely

researched area. Poly(EHA-co-AA)/silicate nanocomposite prepared by the emul-

sion copolymerization of 2-EHA and AA with sodium silicate embedded with

Cloxacillin sodium antibiotic exhibited satisfactory microorganism degradation

[94]. Optimization of organosilicate content in polydimethylsiloxane (PDMS)/orga-

noclay can provide enhanced control over drug release dynamics and improved

adhesive properties [95]. Polyacrylamide and poly(acrylamide-hydroxyethyl meth-

acrylate) hydrogel nanocomposites with monodisperse polystyrene nanoparticle fil-

lers showed properties to be a promising PSA for dermatological patches [96].

10.3.4 Hydrogel and biomimetic adhesives

Polymer hydrogels are soft gel-like materials consisting of three-dimensional hydro-

philic polymeric chain networks. These cross-linking networks are capable of absorbing

and reserving water amounts up to 99 wt.% [97]. Hydrogels are considered to be a rev-

olutionary innovation in wound healing technology due to their nontoxic and biode-

gradable characteristics [98]. This particular water-absorbing property of the cross-

linked network makes hydrogels swell in aqueous solutions instead of dissolving [99].

The cross-linked network of the hydrogel can be formed either by a physical or a

chemical process. Chemical cross-linking in hydrogels can be conducted via radical

polymerization, reactions between complementary groups, energy irradiation, and

enzymes [99]. Physical cross-linking processes include ionic interactions, crystalliza-

tion, aqueous self-assembly of amphiphilic block and graft copolymers, hydrogen

bonds, and protein interactions [99]. Hydrogels have structural similarities with natural

soft tissue [75] and recovering capabilities after deformation [100]. Consequently, poly-

meric hydrogels have emerged as potential biomaterials. The main drawback of virgin

polymer hydrogels is that they have a restricted elastic modulus range, rendering them

unsuitable for load-bearing applications [97]. The application of nanotechnology in the

hydrogel structure has immensely widened the scope of their implementation.

Hydrogel nanocomposite adhesives encompass various types of particles ranging from

organic to inorganic modified at the nano level dispersed among the cross-linked poly-

mer chain network.

Research on nanocomposite hydrogel has gathered conspicuous momentum in

the last decade. Wang et al. developed silane-modified sodium montmorillonite
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(NaMMT)�reinforced hydrogel adhesive through free-radical polymerization of

PEG methyl ether acrylate possessing the ability of dynamic restructuring- a poten-

tial material for self-healing and acoustic dampening [100]. A visual illustration of

this fabrication process is depicted in Fig. 19.5. Skelton et al. prepared nanosilicate,

Laponite-filled polyacrylamide (PAAm) nanocomposite hydrogels copolymerized

with dopamine methacrylamide (DMA) [97]. The content of Laponite and DMA

played a crucial role in determining the resultant nanocomposite adhesive’s equilib-

rium water content, stiffness, and viscous dissipation properties. A separate research

group used Laponite fillers poly(acrylic acid) (PAA) hydrogel nanocomposite adhe-

sive produced via aqueous in situ free-radical polymerization [24]. This particular

adhesive showed a tunable adhesive strength based on the Laponite content and

could be considered as a suitable bioadhesive for dental, wound healing, and tissue

engineering applications. Rajabi et al. developed an injectable hemostatic surgical

adhesive consisting of thiolated gelatin (Gel-SH) and gelatin methacrylate (GelMA)

matrix holding polydopamine functionalized Laponite (PD-LAP) nanoparticle by

facilitating Michael reaction between Gel-SH and GelMA, and covalent interaction

between PD-LAP and hydrogel [101]. The adhesive exhibited satisfactory recovery

ability, tissue adhesiveness, cytocompatibility, and notably shorter blood clotting

time. Hydrogel synthesized via polymerization of AA with SiO2-g-polyacrylamide

core�shell hybrid nanoparticles as cross-linking sites has been reported to possess

outstanding skin mimetic, stretchability, and self-healing characteristics [102]

(Figs. 10.9 and 10.10).

A special class of polymer nanocomposite adhesives can be labeled as mussel-

inspired adhesives. Mussels are sea organisms that can rapidly attach themselves to

solid surfaces by strong, durable adhesion. The adhesion mechanism of mussels in the

aqueous environment has been the motivation for developing biomimetic adhesives.

Essential strategies and technologies could be developed by mimicking the mussels’

adhesion mechanism, which helped to overcome the high dielectric and solvation prop-

erties of water that hindered adhesive performance [51]. In order to replicate the cate-

cholic functionality dihydroxyphenylalanine decorated mussel adhesive proteins,

synthetic polymers have been modified with catechols to obtain improved adhesive,

sealant, coating, and anchoring properties [103]. Shao et al. fabricated a mussel-

inspired conductive self-healing adhesive through multiple coordination bonds among

tannic acid-coated cellulose nanocrystals (TA@CNCs), PAA chains, and metal ions

[104]. TA@CNCs were incorporated into chitosan/PAA double-network nanocompo-

site hydrogels via a salt soaking process in different research in order to prepare a con-

ductive and strain-sensitive adhesive to be used as conformable biosensors [105].

Another research group incorporated Laponite into dopamine-modified four-armed

PEG to develop a mussel mimicking injectable bioadhesive [106]. A tunable bone

adhesive for sternal closure was developed by Zhang et al. [107] by introducing HA

nanoparticles into hyperbranched poly-(β-amino ester) (polydopamine-co-acrylate)

matrix. Polydopamine�clay�polyacrylamide hydrogel adhesive was prepared by Han

et al. [108] by in situ polymerizations of acrylamide monomers resulting in increased

adhesion, toughness, and biocompatibility.
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10.3.5 Conductive polymer nanocomposite adhesives

Electrically conductive adhesives (ECAs) are primarily polymeric composites com-

posed of a conductive filler dispersed in an insulating polymer matrix [109]. ECAs

are used in electronic assemblies such as smart cards, liquid crystal displays, semi-

conductor packaging to provide shock resistance, vibration dampening, and inhibit-

ing moisture and other corrosive constituents [5]. Based on the loading degree of

conductive fillers, ECAs can be classified into three categories: isotropic conductive

adhesives (ICAs), anisotropic conductive adhesives (ACAs), and nonconductive

adhesives (NCAs) [109]. The difference between these three kinds is that ICAs can

exceed the percolation threshold owing to the heavy filler load and conduct electric-

ity in all directions, whereas ACAs and NCAs can only conduct electricity in one

direction [109] (Fig. 10.11).

Figure 10.9 Visual representation of the fabrication process of PEG/MMT nanocomposite

hydrogel adhesive. PEG-OMe, poly(ethylene glycol) methyl etheracrylate; TEPS,

triethoxyphenylsilane.

Source: From M. Wang, D. Yuan, X. Fan, N.G. Sahoo, C. He, Polymer nanocomposite

hydrogels exhibiting both dynamic restructuring and unusual adhesive properties, Langmuir

29 (23) (2013) 7087�7095. https://doi.org/10.1021/la401269p.
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Figure 10.10 Schematic representation of the recovery process of PAAm/Laponite/DMA

nanocomposite adhesive.

Source: From S. Skelton, M. Bostwick, K. O’Connor, S. Konst, S. Casey, B.P. Lee,

Biomimetic adhesive containing nanocomposite hydrogel with enhanced materials properties,

Soft Matter 9 (14) (2013) 3825�3833. https://doi.org/10.1039/C3SM27352K.

Figure 10.11 Illustrative and scanning electron microscopic images of cross sections of ICA

(A, B), ACA (C, D), and NCA (E, F) bonded flip-chip joints.

Source: From M.J. Yim, Y. Li, K. Moon, K.W. Paik, C.P. Wong, Review of recent advances

in electrically conductive adhesive materials and technologies in electronic packaging, J.

Adhes. Sci. Technol. 22 (14) (2008) 1593�1630. https://doi.org/10.1163/156856108X320519.
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The majority of the reported research works on ECAs is based on epoxy matrix

reinforced with conductive metal fillers such as silver nanowires or carbon-based

filler like graphene and CNTs [110]. Other polymer matrices used for ECAs are

silicone, polyamide, PU, and PDMS. In recent years, the scope of using epoxy-

based ECAs as an alternative to metallic solder has been widely explored by

researchers due to its environmental safety and high-temperature usability. CNTs

have an advantage over other ECAs fillers because of their outstanding electrical

conductivity, suitable size, and high aspect ratio, which commends the foundation

of the electron transport network [110] (Table 10.4).

Aromatic polyimides are potential ECAs for their dielectric property and thermal

stability. However, the use of polyamides is restricted by high glass transition tem-

peratures and insolubility in organic solvents [115]. Hatami filled the polyamide

matrix with silver nanowires via the solution mixing method and concluded that

the resultant nanocomposite adhesive exhibited optimum conductivity and thermal

stability with 2 vol.% Ag nanowires [115]. Poly(methyl/vinyl)silsesquioxane (PMVS)

nanospheres were produced by hydrolytic condensation method and added to PDMS

before curing to develop a nanocomposite adhesive with improved tensile strength,

conductivity, and thermal stability [116] (Fig. 10.12).

10.4 Application of polymer nanocomposite coatings
and adhesives

Challenges of modern technologies demand the utilization of advanced composite

materials [117]. The application of polymer nanocomposite coatings and adhesives can

be observed in almost every industry and field of engineering nowadays. The exploita-

tion of polymer nanocomposites as coatings and adhesives has revolutionized sectors

such as automobiles, marine, biomedical, electronics, textile, and construction.

Table 10.4 List of recently reported epoxy/CNT ECAs.

Filler type Result Reference

CNTs Maximum electrical conductivity 1.53 105 S/m with

3 wt.% CNTs, thermal diffusivity improved

threefold

Li and

Lumpp

[111]

Ag and CNTs Conductivity 105 S/m with 66.5 wt.% Ag and 0.27%

CNTs

Li et al.

[112]

CNTs coated

with Ag

Conductivity 43 105 S/m with 28 wt.% CNT�Ag Wu et al.

[113]

CNTs

decorated

with Ag

Conductivity 33 103 S/m with 0.5 wt.% CNT�Ag,

improved flexural strength, and thermal conductivity

Ma et al.

[114]

Source: From A. Santamaria, M.E. Muñoz, M. Fernández, M. Landa, Electrically conductive adhesives with a focus
on adhesives that contain carbon nanotubes, J. Appl. Polym. Sci. 129 (4) (2013) 1643�1652. https://doi.org/10.1002/
app.39137.
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Biomedical and bioengineering may have ripped the most benefits from the devel-

opment of polymer nanocomposites. Polymer nanocomposites are probably the most

explored materials for coating metallic and ceramic bioimplants. Polymer nanocom-

posite coatings are capable of protecting the bioimplant from corrosion in body fluids,

act as drug reservoirs, and promote bioactivity. A porous nanocomposite coating of

nanohydroxyapatite and poly(ε-caprolactone) on magnesium implants was reported

to increase resistance to localized corrosion and improve bioactivity [118]. A separate

research group developed a bionanocomposite of chitosan and gold nanoparticles

through the electrodeposition method on titanium implants and successfully achieved

a passive coating that inhibits bacteria [120].

The eligibility of nanocomposites to be used as surgical glue depends on three

factors: resemblance to healthy tissue, nontoxicity, and minimal damage [5].

Antimicrobial property is another concern for developing nanocomposite for bioad-

hesives. A sunflower oil-based hyperbranched PU nanocomposite filled with iron-

oxide nanoparticle-decorated MWCNTs was reported to be effective for wound

dressing and controlled drug release [121]. A poly(methyl methacrylate)-grafted

clay nanocomposite fabricated through free-radical polymerization has been

reported to be a promising dental adhesive [122].

Figure 10.12 Illustration of the fabrication process of PDMS/PMVS nanocomposite ECA.

Source: From V. Anoop, S., Sankaraiah, N.L. Mary, Development of an optically transparent

polysilsesquioxane/PDMS addition-cured nanocomposite adhesive for electronic applications.

N. J. Chem. 43 (41) (2019) 16322�16330. https://doi.org/10.1039/C9NJ04092G.
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Polymer nanocomposite coatings are used in the automotive industry as engine

enamel, decorative paint, etc., to provide durability. Self-healing carbon-based smart

nanocomposites can be utilized as scratch-resistant coatings that can achieve recovery

upon treatment such as heating [123]. Clay-based polymer nanocomposites are frequently

used in the aerospace industry due to their thermal stability and flame retardancy [124].

Clay�epoxy nanocomposites are promising candidates for use in the marine environ-

ment because of their barrier properties and less moisture absorption [125].

Tan et al. reported the application of a flame retardant nanocomposite adhesive

consisting of organo-modified HSNs and epoxidized natural rubber with 50% epoxi-

dation level with increased hardness [126]. A PSA consisting of methacrylic nanopar-

ticles in colloidal dispersion of soft acrylate copolymer particles has been reported to

exhibit tunable tackiness via nanoparticle concentration distribution with potential

application in sustainable disassembly and recycling of electronics [127].

10.5 Conclusion and future prospects

Exploration of polymer nanocomposite materials for the role of coatings and adhe-

sives has emerged as one of the fastest-growing research areas of materials science.

From the topics discussed in this chapter, it is evident that polymer nanocomposites

can be utilized as coating and adhesives in many different aspects ranging from struc-

tural applications, corrosion protection to electronics, and smart material applications.

The properties and performance of polymer nanocomposite coatings and adhesives

depend on various factors including filler choice, filler modification, the synthesis

process, and choice of matrix. Due to this diversity of options, the possibilities of

polymer nanocomposite coatings and adhesives are endless. New and advanced

coatings and adhesives nanocomposites are replacing traditional materials at a fast-

growing pace. Advanced polymer nanocomposites have opened the door to a propi-

tious future for coatings and adhesives in all branches of engineering and technology.

However, the development of polymeric coatings and adhesives is yet to achieve its

prime. At present, the most important goal in developing polymeric coatings and

adhesives is to produce them via a cost-effective and environmentally sustainable

method without compromising their superior properties and performance. The current

research in this area is focused on developing the next generation of coatings and

adhesive materials such as smart coatings and biomimetic adhesives. It can be pre-

sumed unequivocally that polymer nanocomposite coatings and adhesives will revolu-

tionize all areas of modern technology in the near future.
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[83] S.M. Cakić, M.D. Valcic, I.S. Ristić, T. Radusin, M.J. Cvetinov, J. Budinski-Simendić,
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11.1 Introduction

The United Nation forecasts that by 2030, the fleet of global vehicles is expected to

double as much as 850 million by now to almost 1.5 billion. Nanotechnology is a

fascinating field of scientific research that promises cheaper, quicker, and lighter

automotive in the future. Companies and research institutions throughout the world

are thus concentrating on their research and innovation increasingly to modify the

reliability, convenience, and environmental efficiency of the automotive to fulfill

consumers’ increasing demands [1].

In many applications, nanotechnology research has been done, including

enhanced tires; grains; cleaner energy fuel cells; lightweight and more solid engine

and body-based materials; improved catalysts; nonporous filters; environmentally

friendly corrosion-resistant, scratch-resistant, and self-healing coatings; self-

cleaning windshield wipers; and changing colors [2�4].

Nanocomposites are a significant technology of polymeric material with outstanding

material characteristics, increased modules and impact resistance, heat resistance,

increased resistance to scratches and sea, superior heating and processing characteris-

tics, reduced component warping, and improved dimensional stability that makes these

composites ideal to be utilized in automobile applications [5]. It is thought to have a

profound influence on the mechanophysical characteristics of nanocomposites due to

the interactions between nanoparticles and the polymer matrices at the molecular level.

The marketing of nanocomposite polymers was initiated in 1991 when Toyota

Motor Co., together with Ube industries, brought nylon-6/clue nanocomposites to

the marketplace as part of manufacturing their engine. At around the same time,

Unitika co. of Japan had launched a 20% reduced weight and an outstanding surface

finish in nylon-6 nanocomposite for engine cover for Mitsubishi’s GDI engines produced

by injection molding. In 2002, General Motors introduced a 3% nanoclay-reinforced
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step-assist autocomponent for Chevrolet Astro and GM’s Safari vans, supplemented using

similar nanocomposites at the doors of Chevrolet Impalas in partnership with

LyondellBasell Industries.

Natural fiber composites not only acquire great interest due to their beneficial

environmental impact but mostly because of their economic advantages [6]. The

most recent progress has been in the design and implementation of nanocomposite

polymers as electrodes and electrolytes for supercapacitors, polymer electric mem-

brane cells, and secondary batteries [7]. Poly-L-lactic acid (PLA) nanocomposites

were a great material by making progress in the field of nanotechnology. These

materials provide great potential for food packaging, medicinal uses, and tissue cul-

tivation applications [8].

Another potential hybrid nanocomposite material in the automobile industry is

the hybrid multiscale reinforcement because of its improved cargo transfer at the

matrix/reinforcement interface, that is, by adapting its interface shearing strength,

consisting of microsized carbon fiber and carbon-nanostructured fabrics. Excellent

characteristics like structural rigidity, thermal protection, shock, compressive

strength, and many more are needed for high-performance racing vehicles and

high-end automobiles. Materials with increased thermal insular features, higher

load capacity, increased threshold loads, and impact loads might be a good choice

for polymer nanocomposite (PNC) foams.

The different players in an automobile value chain must notice the research and

innovation of PNCs that are expanding internationally, but a deficiency that must

also be solved is the higher cost of decomposition technique. This chapter describes

how nanocomposite in the automobile industry progresses, prospects of goods, and

how benefits and limits are achieved.

11.2 Composite and nanocomposite

A composite material consists of a basic matrix and a reinforcement agent. The

matrix acts as a binder for the reinforcing agents and determines the material’s

overall form and surface characteristics. The reinforcing ingredient improves and

contributes to the composite’s desirable characteristics, such as strength and high-

temperature resistance.

One method to categorize composites is by the kind of matrix material they

include. Based on the matrix material, they can be categorized as follows [9]:

1. Metal matrix composite: The matrix is metallic in nature. For example, matrix of Al, Mg,

etc.

2. Ceramic matrix composite: Ceramic is used to make the composite matrix, for example,

alumina matrix.

3. Polymer matrix composite: Matrix made out of polymers, such as an epoxy matrix.

Another method to categorize composites is by the kind of reinforcement that

has been added. Generally, particles, knitted and braided fiber bundles (continuous

fiber-laminated composites, short fibers), and woven composites (braided and
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knitted fiber form) are used to reinforce the composite matrix [10]. If a composite

material is reinforced with particles or fibers which have at least one external

dimension, which is less than 100 nm, then the composite is called nanocomposites.

Therefore nanocomposites are materials made up of nanosized particles suspended

in a matrix of standard material that does not dissolve in one another [1].

Nanocomposite can be classified into three major types according to their micro-

structure [11]:

1. Nanoparticulate composites: a combination of nanoscale particles and a matrix.

2. Nanofilamentary composites: a combination of nanoscale-diameter filaments and a

matrix.

3. Nanolayered composites: a combination of alternating layers having nanoscale dimension.

11.3 Nano-advantage

Nanocomposites have been extensively documented in the published research dur-

ing the past decades to offer significant property improvements, even at small nano-

particle concentrations. The improved properties are applicable to a wide range of

purposes, including electronics, cosmetics, construction, energy, automotive, semi-

conductors, packaging, and aerospace [12]. Some distinct benefits provided by

nanocomposites are improved tensile strength and mechanical properties; enhanced

impermeability to liquid, vapor, and gases; lighter weight as a result of low filler

loading; noise dampening; better wear properties; higher heat distortion tempera-

ture; higher electrical conductivity; enhanced flame retardancy; higher optical prop-

erties, etc. The smaller and more disorganized architecture of nanofillers resulting

in more active, higher surface-energy areas is the key reason for the enhanced prop-

erties. Because of these active regions, polymers have a greater mechanical/physio-

chemical connection [1]. Some commercial usage of nanocomposites is shown in

Table 11.1 [13].

11.4 Polymer nanocomposite

A PNC is essentially a composite in which a polymer matrix (matrix produced from

elastomers, thermosets, or thermoplastics) is combined with a nanomaterial. As a

result, PNCs can be defined as polymers having different-shaped fillers with one

dimension less than 100 nm. These nanofillers can be categorized according to their

morphologies as spherical particles [three dimensional (3D)], layered materials like

clay (two dimensional), and fibers and nanotubes (one dimensional) [14,15].

Nanoparticles include polyhedral oligomeric silsesquioxanes (POSS), silica nano-

particles, and carbon black (CB), while fibrous materials include carbon nanotubes

(CNTs) and cellulose nanofibers [15]. Layered nanomaterials are nanofillers with a

nanoscale thickness, a plate-like structure, and a high aspect ratio (30�1000), such
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Table 11.1 Commercial usage of nanocomposite.

Polymer

matrix

Nanoparticle Property

improvement

Application Company

and/or

product

trade name

Polyamide 6

thermoplastic

polyolefin

Exfoliated clay Stiffness Timing belt

cover:

automotive

Toyota/Ube

Exfoliated clay Stiffness/

strength

Exterior step

assist

General

Motors

Polyamides

nylon-6, 66,

12

Exfoliated clay Barrier Autofuel

systems

Ube

Unknown Silver Antimicrobial Wound care/

bandage

Curad

Imperm:

Nanocor

Pirelli

Various Silica Viscosity

control,

thixotropic

agent

Various

Natural rubber Silver Antimicrobial Latex gloves

SBR rubber Not disclosed Improved tire

in winter

Winter tires

Nylon MXD6,

PP

Exfoliated clay Barrier Beverage

containers,

film

Epoxy Carbon

nanotubes

Strength/

stiffness

Tennis

rackets

Babolat

Various MWCNT Electrical

conductivity

Electrostatic

dissipation

Hyperion

SBR, natural

rubber,

polybutadiene

Carbon black

(20�100 nm:

primary

particles)

Strength,

wear, and

abrasion

Tires Various

Polyisobutylene Exfoliated clay Permeability

barrier

Tennis balls,

tires,

soccer

balls

InMat LLC

Epoxy Carbon

nanotubes

Strength/

stiffness

Hockey

sticks

Montreal:

Nitro

Hybtonite

Notes: Information from company web pages and industry journal reviews. MWCNT, Multiwalled carbon nanotube;
PP, polypropylene; SBR, styrene�butadiene rubber.
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as graphite or montmorillonite (MMT) [16]. The reinforcing material is chosen

depending on the application.

For the preparation of PNCs, various methods have been devised, such as

sol�gel process, in situ polymerization, template synthesis, direct blend of particu-

late matters and polymer, melt intercalation, in situ intercalative polymerization,

and intercalation of the polymer [17]. Due to its outstanding mechanical features,

including high strength and elastic stiffness with a lower percentage of nanofiller,

PNCs have received more interest from both industry and academics [18]. PNCs

reinforced with 2%�6% of nanoparticles through in situ polymerization or melt

compounding method are more electrically conductive, heat resistant, flame retar-

dant, dimensionally stable, lightweight, and have improved thermomechanical char-

acteristics [1].

Polymer nanocomposites are hybrid organic�inorganics in which inorganic

phases such as nanoclay, nano-ZnO, and nanosilica are dispersed at the nanoscale

inside an organic polymer matrix. Nanofillers with a larger surface area have a

more robust interfacial polymer�nanofiller interaction. This improves mechanical

and other characteristics, with applications in chemical, optical, electrical fields [1].

11.5 Advantageous properties of PNC

Some significant properties of nanocomposites are shown in Fig. 11.1 [19].

11.5.1 Mechanical strength and toughness

Even at pretty low dosage levels (5 wt.%), mechanical properties, particularly the

strength of a pure polymer, improve considerably when appropriate nanoparticles

are included. The more nanoparticles interact with the polymeric matrix, the more

mechanical strength is gained [20]. Impact strength rises when the nanomaterial is

loaded up to a specific level in most PNCs. The interaction of nanoparticles with

polymer matrix enhances the hardness. The inclusion of appropriate nanoparticles

in the polymer matrix improves overall mechanical characteristics considerably. It

is worth noting that combining appropriately functionalized nanoparticles with

appropriate polymer matrices may also improve elongation at breaks while simulta-

neously increasing strength, making the resulting PNC a highly strong material. In

situ functionalized Reduced Graphene Oxide (RGO)/hyperbranched polyurethane

(PU) nanocomposites, for instance, demonstrated exceptional toughness by improv-

ing both elongations at break and tensile strength [21].

11.5.2 Thermal stability

Because nanoparticles function as thermal insulators, operate as a mass transport

barrier for volatiles produced during the decomposition, and modify the course of

their breakdown, the integration of numerous nanomaterials improves thermal
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stability [22]. The limitation of polymeric chain mobility by stiff nanoparticles also

raises the glass transition temperature (Tg). In addition, the creation of PNC may

improve the total enthalpy of crystallization and crystalline melting temperature

(Tm). Nanomaterials function as nucleating agents in these situations, promoting the

crystallization of crystalline polymer matrices [19].

11.5.3 Chemical and barrier resistance

The barrier properties and chemical resistance of pure polymers improve considerably

when appropriate PNCs are formed. Because 2D nanomaterials’ high aspect ratio signifi-

cantly reduces gas permeability, the remarkable increase in barrier characteristics can be

described using the zigzag or tortuous pathway concept. The tortuosity factor is calcu-

lated as the ratio of the actual distance that penetrants must travel to the shortest distance

they would travel if barriers were not there. As diffusion becomes more complex, ions or

chemical vapors created in various chemical settings have more difficulty interacting

with PNCs, resulting in increased chemical resistance [19].

Figure 11.1 Significant properties of PNC.
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11.5.4 Electrical activity

With the exception of conducting polymers, most polymers function as insulators in

their natural state, owing to their covalent composition and absence of ionic or elec-

tronic routes. PNCs with numerous conducting nanoparticles, on the other hand,

have intriguing electrical characteristics. For example, adding 2% functionalized

RGO to hyperbranched PU increased conductivity by 1010 times compared to pure

PU [23].

11.5.5 Catalytic activity

Because of the increasing surface activity of nanomaterials, stability, and uniform

dispersion in the polymer matrix, these catalysts with polymer support have been

demonstrated to be more efficient than bare nanomaterials. Furthermore, “three-

point anchoring” and cage effects allow the catalyst’s access to the reactants due to

the various functional groups and shape of the polymer. Similarly, photocatalytic

effects in photoluminescence PNCs are shown to be more beneficial than bare

nano-photocatalysts [19].

11.5.6 Optical activity

When nanocomposites are formed, the transparency of a transparent polymer is

often preserved. PNCs can also show other intriguing optical characteristics, such

as nonlinearity, luminescence, fluorescence, and so on, depending on the nanoma-

terials employed [19].

11.5.7 Smart response

Some PNCs also displayed unique and intelligent characteristics, such as stimulus-

sensitive behaviors. The response characteristics of these polymeric materials were

far better than those of pure systems. These intelligent behaviors are often bioin-

spired, making them suitable for complex applications. Some PNCs have smart fea-

tures like self-cleaning, self-healing, and shape memory, to name a few [24].

11.5.8 Biological activity

By customizing the design and functionalization of PNCs, researchers have shown

that they can achieve high biocompatibility. The most researched biocompatible

materials include PU, polyamide, and polyester nanocomposites. While several

metals and metal oxide nanoparticles were shown to be harmful to a variety of cell

types when examined in vitro, those produced using a greener approach showed

potential cell compatibility. Furthermore, following functionalization and integra-

tion of nanomaterials for instance, CNTs, graphene, and other materials into poly-

mer matrices, their toxicity is significantly reduced. Furthermore, cell proliferation,
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growth, and adhesion in PNCs have been proven to be advantageous for biocompat-

ible materials [25].

11.6 Limitations of PNCs

Some of the limitations of PNCs are the following [26]:

1. Compatibility and uneven distribution problems.

2. Yields with high filler content and high viscosity.

3. Agglomeration and void formation.

4. Volume production consistency and dependability.

5. Nanoclays’ oxidative and thermal instability.

11.7 Factors influencing the properties of polymer
nanocomposites

PNCs’ characteristics are impacted by a number of factors, including the following

[27]:

1. Types of fillers and their orientation.

2. Nanofiller material’s size and form.

3. At the matrix interface, the adhesion type.

4. Fabrication method for nanocomposites.

5. At the matrix interface, the characteristics of interphase evolved.

6. Characteristics of nanoparticles.

7. Nanoparticle’s volume fraction.

8. The system’s morphology.

The nanoparticles should be evenly distributed in the matrix material to achieve

optimum properties. If nanoparticles are not dispersed and disseminated, they will

clump together, which will degrade their characteristics. Nano-titanium oxide

(TiO2), nano-aluminum oxide (Al2O3), nanosilica (N-silica), single-walled CNTs

(SWCNTs) and small-diameter nanotubes, CNTs (multiwalled CNTs [MWCNTs]),

POSS, carbon nanofibers (CNFs), and MMT organoclays (OCs) are among the

most commonly used nanoparticles. When the matrix/filler interface is well-

bonded, the total characteristics of nanocomposites will be outstanding. Flame

retardancy, thermal stability, fatigue, dielectric characteristics, shear strength, and

corrosion resistance all benefit from good interface adhesion [27].

11.8 Types of nanoreinforcements

To understand the structure-property relationships of PNCs, the knowledge of the

ratio of surface area to volume of nano-reinforcements plays an essential role.
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At the nanoscale, material characteristics can be extremely size dependant, and the

ratio of surface area and volume for nanoreinforcements is generally greater than

threefold for micron-sized equivalents. As a result, as previously indicated, the

nanoreinforcement’s surface chemistry controls the characteristics of PNCs.

Following types of nanoreinforcements may be distinguished [12].

1. Nanoparticles

Micron-sized particles are commonly used as reinforcement in traditional polymer

composites to enhance yield strength and elastic modulus. By reducing the size of these

particle reinforcements to the nanoscale, on the other hand, can result in extraordinary

new material characteristics. Gold nanoparticles, for example, are red, whereas silver

nanoparticles (AgNPs) vary color based on form and size [28] as shown in Fig. 11.2.

2. Layered platelet materials

For PNCs, layered platelet materials can be of three kinds. These are graphene, graph-

ite, naturally occurring and synthetic clays—mica, MMT, saponite, etc.

The unit and ratio of crystal types present in layered clay may be used to classify it.

The following are the categories [1]:

1. 1:1 type: consists of one silica tetrahedron crystal sheet coupled with one alumina tet-

rahedron crystal sheet, for example, illite, kaolinite, etc.

2. 2:1 type: its unit crystal is made up of two silica tetrahedron crystal sheets and one alu-

mina tetrahedron crystal sheet in the middle, for example, hectorite, bentonite, sapo-

nite, MMT, etc.

3. 2:2 type: its constituent lamellar crystal is made up of four crystal sheets that alter-

nately include silica tetrahedrons and alumina or magnesium octahedrons, for example,

chlorite.

Nanoclay nanocomposites have thermal stability, toughness, strength, and higher

stiffness as well as decreased coefficient of thermal expansion and gas permeability

[13]. The smectite group (2:1) clays, on the other hand, are the most often utilized

Figure 11.2 Solutions with an average diameter of 50 nm silver nanoparticles; the colors of

those nanoparticles vary based on their shapes, dictated by their circumstances of

preparation.

Source: Reprinted with permission from G. Armstrong, An introduction to polymer

nanocomposites, Eur. J. Phys. 36 (6) (2015) 063001 [12], Copyright 2015, IOP Science.
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polymeric nanofillers. The most cost-effective nanomaterials are layered MMT clays

made up of nanometer-thick platelets. A brief overview of MMT is given below:

a. Montmorillonite

MMT is the main constituent of bentonite mineral clay, which also includes minerals

including zeolite, feldspar, mica, and quartz; depending on the source, bentonite is

acquired via mining or quarrying. MMT is a phyllosilicate that belongs to the 2:1 group.

[(Na, Ca)0.33(Al, Mg)2(Si4O10)(OH)2-nH2O] is the general formula of MMT. Two fused

silica tetrahedral sheets sandwich an edge-shared octahedral alumina sheet to form one

layer of MMT. When a certain crystal structure’s atoms are substituted by atoms with dif-

fering valence electrons, this is called isomorphic replacement. Because of the large gap

and flimsy binding between the layered sheets, MMT has the potential to absorb water

between the charged layers, and it belongs to the smectites or smectite clays group of

water-expandable clay minerals [1].

The layers of MMT are linked by a weak van der Waals force of attraction and orga-

nized in stacks with a space in between, which is commonly referred to as “interlayer” or

“gallery spacing.” The amount of negative charge produced by the isomorphic replace-

ment of metal ions controls the characterization of the clay type, which is referred to as

the cation exchange capacity (CEC) of the clay. The group I and II metal cations (Ca11,

Na1, etc.) in their hydrated state balance this charge in natural MMT, which is why it is

well-matched with hydrophilic polymers. However, dispersing this clay into a hydropho-

bic polymeric matrix is challenging. MMT may be organically changed to solve this issue

by swapping inorganic cations like K1, Na1, and Ca11 (which occur in the galleries of

the silicate layer) with quaternary alkyl ammonium ions, resulting in improved silicate

compatibility with the polymeric matrices [29�31].

Recently, graphene has gained a lot of attention as a potential nanomaterial. Graphene

is made up of single sheets of graphite that have been exfoliated. These are comparable in

thickness to exfoliated nanoclay, but they have much better characteristics than nanoclay

platelets [12].

3. Nanotubes

CNTs, a key component of nanotechnology, have the potential to transform a number

of areas in material science. CNTs, which are cylindrical carbon molecules, have become

important components in high-strength composite materials, fuel cells and batteries, cata-

lysts, optical devices, electrical devices, and sophisticated sensors because of their excep-

tional mechanical and electrical characteristics [32]. The percolation threshold of CNTs is

considerably lower (i.e., a lower amount is needed for equivalent reinforcement). By

incorporating a very tiny quantity of CNTs into the silica-filled material to produce elec-

trical conductivity, it may be feasible to create a compound that has all the benefits of the

“green” tire [33].

CNTs in their pristine form, single-walled CNTs (SWCNTs), are thought to have a

unique set of characteristics that no other material can match, as shown in Table 11.2

[34].

Consider a piece of graphite, which is made up of layers of carbon atoms covalently

linked in a honeycomb-shaped lattice, to see how CNTs, graphene, and graphite are con-

nected. Imagine peeling a single layer of carbon atoms off a piece of pure graphite: this is

a graphene sheet. Consider wrapping this graphene sheet into a tube—this is a CNT. It is

referred to as an SWCNT since it only has one layer of graphene. A double-walled CNT

is made by wrapping a second layer of graphene around it, while a MWCNT is made by

wrapping three or more graphene sheets around each other. Fig. 11.3 shows the
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connection between these materials. Each graphene layer may be rolled up to create vari-

ous atomic configurations, each of which gives the nanotube varied properties—metallic

or semiconductor. CNTs, graphene, and graphite are not produced in this manner in real-

ity. In fact, there are a variety of methods to create each of them, and each technique

yields material of varying purity and properties [12].

4. Nanowires and nanofibers

Nanowires, like nanotubes, have diameters in the range of 10 nm, but length var-

ies from microns to submillimeters. An archetypal CNF has a diameter greater than

Table 11.2 Properties of SWCNTs.

Property SWCNT Comparison

value

Material

Thermal stability (�C) 2800

(vacuum)

750 (air)

600�1000 Metal wires in

microchips

Thermal conductivity at room

temperature (W m21 K21)

6000 3320 Diamond

Electric current carrying

capability (A cm22)

13 109 13 106 Copper wire

Tensile strength (MPa) 2000 276�2000 Steel

Elastic modulus (TPa) 1.2 1.2 Diamond

Density (g cm23) 1.33�1.40 2.7 Aluminum

Figure 11.3 The relationship between carbon nanotube, graphene, and graphite structures.

Source: Reprinted with permission from G. Armstrong, An introduction to polymer

nanocomposites, Eur. J. Phys. 36 (6) (2015) 063001 [12], Copyright 2015, IOP Science.
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a nanotube—diameters usually vary from 50 to 200 nm—and topologies that are

diverse [35]. Various nanofiber morphologies result in different material characteristics, as

we observed with CNTs. Many polymers, such as epoxy, acrylonitrile�butadiene�styrene

(ABS), poly(phenylene sulfide), poly(ethylene terephthalate), poly(ether sulfone), nylon,

polycarbonate (PC), and polypropylene (PP) have been reinforced with CNFs produced via

vaporization. Many of the manufacturing, characterization, and modeling difficulties faced

by CNF composites, for example, adhesion and dispersion, are comparable to those faced

by nanoclay, nanoparticle, and nanotube-reinforced composites [12].

11.9 Most commonly used polymer matrices and
nanoparticles

11.9.1 Polymer matrices [26]

1. Styrene�butadiene rubber (SBR)

2. Polyolefin

3. Polyamides (nylons)

4. Polyethylene terephthalate

5. PUs

6. Polyimides

7. Epoxy resins

8. Polystyrene

9. Ethylene-vinyl acetate copolymer

10. Conducting polymer.

11.9.2 Nanoparticles [26]

1. MMT OCs

2. Magnetic nanoparticles

3. Nano- TiO2

4. Nano- Al2O3

5. POSS

6. Graphene

7. Nanosilica

8. CNTs

9. CNFs.

11.9.2.1 Polyhedral oligomeric silsesquioxane

POSS has been utilized to make PNCs over the last decade. It stands out from other

nanofillers such as CNFs, CNTs, and nanoclays because of its flexible chemistry,

which allows for nearly unlimited chemical customization. Pendant-type, bead, or

3D network POSS-based PNCs may be produced depending on their functionality.

These composites may be used to make goods with particular nanostructures for

certain end-use applications.
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11.10 Applications of PNC in automotive sector

PNCs are a novel kind of polymer with better thermal, mechanical, and processing

characteristics, decreased warpage of components, and increased impact resistance,

making them ideal for replacing metals in automotive applications. As a result,

PNCs have the prospect of enhancing the quality of current technologies in areas

including paints, catalytic converters, exhaust systems, transmissions, and engines

[36]. Examples of successful nanocomposites with improved mechanical character-

istics are shown in Fig. 11.4.

PNCs are widely used in the automobile sector because of their low cost and

lightweight. The mechanical characteristics of PNCs are vital in vehicle design to

fulfill some of the most urgent needs, such as reducing total vehicle weight [41].

The rationale is that decreasing vehicle weight improves fuel economy and reduces

exhaust emissions, lowering pollution [42]. Several automakers have used PNCs to

produce various parts of automobiles. Table 11.3 lists PNC-using automakers, mod-

els, and components [42,43].

11.10.1 Coatings

Esthetic attractiveness and visual smoothness are vital to car purchasers. Not all

paints have good adherence to a wide range of surfaces and are long-lasting. If the

parts are constructed of PNCs that are electrically conductive, then electrostatic

painting may be used instead of priming. This method improves paint consistency

and control. Paint droplets are drawn to the back of the component during electro-

static painting. Controlling paint emission of volatile organic compounds lowers the

environmental effect. This may save money and weight by replacing primer with

PNC-enabled electrically conductive coatings on the outside of cars. Metal-free

conductive PNCs are a possible cost-saving solution. Metal flakes, carbon fibers,

and metal fibers are used in conjunction with a polymer matrix to create an electri-

cally conductive network that serves as a Faraday cage [26].

With minimal coating, PNC coating may provide good shielding efficiency and

electrical conductivity in high-volume manufacturing environments. PNC coating is

a durable and cost-effective alternative to conventional paint processes. It also

comes in brushed metal and chrome finishes. Aside from improved characteristics,

PNC coatings save 10%�12% on costs by eliminating conventional painting.

11.10.1.1 Clear coatings

The inclusion of nanoparticles such as TiO2, ZrO2, Al2O3, and SiO2 into a clear

coat matrix has been discovered to improve scratch resistance substantially

[44�47]. Ceramic nanoparticles have been shown to substantially enhance clear

coat hardness and scratch resistance when used as hardening agents. Poor particle

dispersion prevents easy improvement. They have no inherent affinity for the

organic phase. These factors result in phase separation and aggregate formation.

Clear coating features, particularly optical clarity, are degraded by aggregated
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particles (. 100 nm). In order to make fillers more hydrophobic and therefore

more dispersible in polymeric matrixes, surface modification using organosilanes

has been attempted. As a consequence of surface alteration, particles and matrix

may adhere more physically and chemically [47]. Specific nanofiller characteristics

like surface modification, particle shape, size, and chemistry may influence scratch

resistance. Nanoparticles have been shown to enhance clear coat characteristics.

The hardness and elastic modulus of inorganic nanoparticles exceeds organic poly-

mers. More hardness does not ensure scratch resistance in a clear coat. It is not all

good news. The excessive force causes fracture-type scratches. As hardness

Figure 11.4 Examples of successful nanocomposites with improved mechanical

characteristics. (A) Carbon nanotubes or graphene platelets are dispersed in a hard

conjugated polymer to create nanocomposites with structural properties of better toughness

and high mechanical stiffness [37]. (B) Nylon-6 intercalated layered clay platelets are used in

under-the-hood parts and engine covers in automobiles [38]. Car image: Noel Hendrickson/

DigitalVision/Getty Images. (C) When compared to its discontinuous counterpart, a

micrometer-scale agglomerated lignin phase, a co-continuous network of stiff

biomacromolecules (lignin) in a nitrile rubber matrix exhibits a 10-fold upgrading in rubbery

storage modulus (E). The discernible lignin network phase had lamellae with a thickness of

100 nm, revealing a strong yield point with yield stress as high as 40 MPa in tensile

stress�strain curves. Without a clearly defined yield point and a low initial modulus, the

discontinuous lignin agglomerates show elastomeric stress�strain behavior [39].

Source: Reprinted by permission from A.K. Naskar, J.K. Keum, R.G. Boeman, Polymer

matrix nanocomposites for automotive structural components, Nat. Nanotechnol. 11 (12)

(2016) 1026�1030 [40], Copyright 2016, Springer Nature Customer Service Centre GmbH.
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increases, so does brittleness, reducing other characteristics like as flexibility. To

solve this issue, nanoparticles have been used to create a durable transparent layer.

Recent study shows that nanoparticles may alter the clear coat’s cross-linking den-

sity by influencing the curing process. Organosilane nanoparticles have functional

groups capable of interacting with resin functional groups. Some chemical linkages

between hardener (curing agent) and resin will be substituted by particle/resin or

particle/hardener bonds. The transparent coat’s cross-linking density decreases.

Nanofillers, on the contrary, increase flexibility and hardness. Clear coat toughness

is enhanced by these two effects when nanoparticles are present. A strong transpar-

ent coat resists abrasion and shows less breakage [45�48].

Clear coatings with nanofiller incorporated are more scratch and wear-resistant.

The agglomeration of nanoparticles will affect the clear coat transparency.

Obtaining suitable dispersion requires surface modification and several dispersing

methods. The in situ synthesis of inorganic phases within an organic matrix utiliz-

ing the sol�gel method was explored [3,49,50]. Organic/inorganic precursors may

Table 11.3 Automobile manufacturers and components made of polymer matrix

composites.

Automakers Models Components

Volkswagen Passat Variant, Golf,

Bora,

Boot-lid finish, panel boot liner, door panel,

seatback

BMW 3,5,7 series Boot lining, seatback, door lining panel

Opel Vectra, Zafira, Astra Instrument panel, headliner panel, door panel

Fiat Marea, Brava, Punto Door panel, boot liner

Audi A2, A3, A4, A6, A8 Seatback, boot lining, hat rack, door panel,

spare tire lining

Toyota ES3, Brevis, Celsior,

Raum

Door panel, floor mat, seatback, spare tire

lining

Volvo V70, C70 Seat padding, natural foam

Mercedes-

Benz

A, E, and S class Roof cover, engine cover, windshield,

dashboard, cover panel, door panel,

seatback

Mitsubishi Outlander and Eclipse

cross

Door panel, cargo area floor, the instrument

panel

Daimler

Chrysler

A, C, E, and S class Pillar cover panel, car windshield, dashboard,

door panels

Peugeot 406 Parcel shelves, seatbacks, door panels (front

and rear)

General

Motors

Cadilac De Ville,

Chevrolet, Trial

Blazer

Cargo area floor mat, seatbacks

Ford Mondeo CD 162,

Focus

Floor trays door inserts, boot liner, door

panels

Renault Twingo and Clio Rear parcel shelf

Note: Various applications of PNCs in the field of automotive are discussed broadly in the following sections.
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generate in situ silica networks. Adding these precursors to the main polymeric

film-forming, either as network formers or as network modifiers, allows for the for-

mation of hybrid nanocomposite films to be formed. This includes the hydrolysis of

precursors as well as self-condensation. Hydrolyzed precursors may be cross-linked

with the organic coating matrix utilizing polyol and other curing cross-links such as

amino or isocyanate molecules, or they may be coated directly on the organic coat-

ing matrix. As shown in Fig. 11.5, this results in a hybrid nanocomposite that con-

tains both organic and inorganic phases. The inorganic phase may help coatings

resist mechanical damage, while the organic phase can help coatings adhere to sur-

faces and be more flexible [51].

Ahmadi et al. studied [53] the impact of nanolayers of silicates on the character-

istics of a clear coat made of PU. Different weight percents of synthetic nano-

layered silicates were distributed in a matrix of PU. The X-ray diffraction (XRD)

findings revealed that the distance between the layers of the silicates increased

partly, indicating that the nanocomposite is intercalated partially. Mar and scratch

resistance testing revealed that nano-filled coating characteristics had improved sig-

nificantly. Nobel et al. [54] used MMT, Boehmite, and Laponite particles to make

Figure 11.5 Structure of organic/inorganic hybrid structure.

Source: Reprinted by permission from J. Jiao, P. Liu, L. Wang, Y. Cai, One-step synthesis of

improved silica/epoxy nanocomposites with inorganic-organic hybrid network, J. Polym.

Res. 20 (8) (2013), 202 [52] copyright 2013, Springer Nature Customer Service Centre

GmbH.
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acrylic PNC resins and films. Based on PNC liquid suspension versus cured film

condition and added nanoparticle concentration, overall nanosized dispersion by a

combination of transmission electron microscope (TEM) and XRD exhibits a het-

erogeneous morphology (zones of both intercalated and exfoliated nanostructures).

The Halpin Tsai model predicts a degree of exfoliation that is consistent with exper-

imental findings from TEM and wide angle x-ray scattering (WAXS) tests.

Shielding nanoparticles with resin or organomodification surface coating is benefi-

cial due to increased contact with the polymer matrix and decreased interactions

between individual nanoparticles. Nobel et al. [54] and Verma et al. [55] investi-

gated the physical and chemical interaction between the continuous polymeric

matrix (PU coatings) and the dispersed nanofiller (OCs). Contact angle investiga-

tions, fourier transform infrared spectroscopy (FTIR)/attenuated total reflectance

(ATR), and atomic force microscopy (AFM) offer visual and spectral evidence of

such interactions. The chemical examination of these coatings confirmed the images

of nanoplatelets of OC in hard segments of PU. Changing key bands like N�H,

O�H, C�N, and C5O revealed the chemical interaction between PU functional

groups and clay modifiers. The affinity is determined by two factors: (1) the quan-

tity of OCs and (2) the kind of modifier employed to make the clay compatible

with the PU formulation. These conclusions may assist material and polymer nano-

technologists design coating nanostructures, allowing them to control desired prop-

erties and applications better.

11.10.1.2 Weather-resistant coatings

The use of nanoparticles to polymeric coatings to enhance ultraviolet (UV) protec-

tion has received much interest. Nanoparticles such as silica, titanium oxide, cerium

oxide, zinc oxide, and iron oxide have all been utilized. Nanoparticles, with a large

surface area for absorbing UV radiation, protect coatings against deterioration.

They are inorganic and nonmigratory as they are particles. So they are more effec-

tive and protect longer [1].

TiO2 nanoparticles can protect the coating against UV radiation and degradation.

However, these nanoparticles may generate extremely reactive free radicals,

degrading the coating in which they are embedded. TiO2 nanoparticles’ photocata-

lytic activity must be regulated. Treatment of nanoparticles with silane agents, for

example, decreases the photocatalytic activity of TiO2 nanoparticles while provid-

ing obvious benefits such as simplicity, low price, and low processing temperatures.

TiO2 nanoparticles with aminopropyltrimethoxysilane surface modification

decreased photocatalytic activity and increased weathering resilience of coating of

PU [56]. Zinc oxide nanoparticles have been proven in different studies to be an

excellent alternative for almost fully blocking UV radiation and protecting the coat-

ing [50,57]. Nano-ZnO particles were utilized to enhance the UV resistance of an

aromatic PU-based automobile electrocoating. The findings demonstrated that the

inclusion of nano-ZnO particles might reduce the film’s photodegradation propen-

sity and preserve it from deterioration [58].
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11.10.1.3 Self-healing nanocomposites for automotive coatings

Recently, there has been considerable interest in the study and development of self-

healing anticorrosive coatings. It protects the material by immediately repairing any

damage. The use of self-repairing materials is expected to spread quickly across all

industries, including the automotive sector [59�67].

For multidimensional applications, smart high-performance materials are essential. In

order to verify this hypothesis, aliphatic hyperbranched polyurethane nanocomposites

(HPU/Si-GO) derived from bioresources were synthesized in situ utilizing different

weight percents of 3 aminopropyltriethoxysilane-treated GO sheets (Si-GO). The addition

of a very small quantity of Si-GO in the HPU matrix caused substantial increases in

mechanical characteristics, including tensile strength, elongation at break, and toughness.

Under microwave and sunshine irradiation, the nanocomposites showed efficient self-

mending with high efficiency. Without any further surface treatment, the surface of the

nanocomposite showed naturally hydrophobicity. As a result, the development of high-

performance polymeric materials with intrinsic smart properties, including self-cleaning

and self-healing materials, is beneficial for a variety of applications [68]. It has become

more common in recent years to see graphene and its derivatives integrated into many

types of polymeric materials. Because of the outstanding characteristics of graphene and

graphene-based materials, graphene-filled polymeric materials are well suited for use in

coatings, biological systems, conductive devices, and pharmaceuticals, among other appli-

cations [69]. Mendability is an essential factor in polymeric materials. As a result,

research has been performed on the mendability efficacy of thermoplastic polyurethane

(TPU) filled with graphene�CNTs and induced by microwave actions. The findings

show that graphene/CNT synergy caused the creation of a combined structure of gra-

phene/CNT. This graphene�CNTs combination has a synergistic impact on microwave-

graphene�CNTs interface interaction and improves overall composite repair [70].

11.10.2 Tire

A tire is the most rubbery component of a vehicle. It is a toroidal high-performance

composite having the qualities of a flexible membrane capable of holding pressur-

ized gases while also bearing load, providing cushioning and traction. Modern tires

are radial, with carcass cords running transversely from bead to bead. An inextensi-

ble restraining belt consisting of multiple layers is put above the carcass plies and

beneath the tread to restrict radial expansion. The key components of a tire are

shown in Fig. 11.6 [71].

The incorporation of clay mineral polymer nanocomposites (CPNs) into tire

compounds aims to achieve the following qualities: (1) reduction in weight; (2)

decrease in the dissipation of energy by the compounds; (3) increase in the balance

of rolling resistance, wet traction, and wear—the so-called “magic triangle” of tire

tread performances (as shown in Fig. 11.7); (4) reduction in heat build-up, resulting

in fewer tire failures; (5) improvement in air retention; (6) improvement in color-

ability; and (7) improvement in electrical conductivity [71].
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Low cost-to-performance, superior gas barrier property, outstanding antifatigue

properties, improved flame-retardant property, increased traction, tread for lower

rolling resistance, and increased flexibility with excellent tensile strength are some

of the enhanced properties of polymer-layered silicate nanocomposites/clays that

have sparked a tremendous amount of interest in the tire industry. Tire inner tubes,

inner tire liners, off-the-road tire tread, and conveyer belts are all examples of PNC

uses. Experts believe that there are eight distinct polymer kinds utilized in the tire

business, although halogenated butyl rubber, isoprene rubber, butadiene rubber

(BR), SBR, and natural rubber (NR) is the most widely used. Out of all of these

polymers, SBR is the one that is most prevalent in tire manufacturing today [26].

Properties of some of these polymers are discussed below.

11.10.2.1 SBR/clay nanocomposite

SBR/clay nanocomposites were created to achieve substantial nanoclay dispersion

in a polymer matrix, which can be measured by XRD. It has been discovered that

SBR may be strengthened in tension up to 40% by adding 10 parts nanofillers. It

also enhances the compound’s dynamic characteristics considerably. However, the

impact of nanoclay on SBR is largely reliant on the concentration of nanoclay pres-

ent, with up to 6 parts per hundred resin (phr) of nanoclay providing substantial

mechanical and dynamical improvements. By incorporating CB with SBR, the

impact of nanoclay may be substantially increased. It has been discovered that add-

ing CB to an SBR/clay nanocomposite improves the mechanical characteristics

Figure 11.6 Key components of tire.

Source: Reprinted from M. Galimberti, V.R. Cipolletti, M. Coombs (2013). Chapter 4.4—

Applications of clay�polymer nanocomposites, in F. Bergaya, G. Lagaly (Eds.),

Developments in Clay Science, vol. 5, Elsevier, 2013, pp. 539�586. https://doi.org/10.1016/

B978-0-08-098259-5.00020-2 [71], with permission from Elsevier.
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dramatically. In passenger vehicle tread based on SBR/BR, nanoclay in conjunction

with CB demonstrates a significant decrease in abrasion loss [1,73].

11.10.2.2 Epoxidized natural rubber/organoclay nanocomposite

Epoxidized natural rubber (ENR) is rubber with characteristics of both natural and

polar rubbers. To make nanocomposites, ENR (50%) was combined with nanoclay

(10A, 15A, 20A) grades. Nanoclay is a lightweight alternative for polyamide

(PA)1 30% glass beads that is as robust as PA filled with 7% glass and has a den-

sity of 1.14 g cm21. In a 3:1 ratio, nanoclay replaces conventional fillers [17].

Compared to traditional ENR compound, nanoclay reduces scorch time and

increases maximum torque. ENR/clay nanocomposites exhibit greater storage mod-

ulus, indicating improved polymer�filler interaction and therefore superior physical

characteristics.

At high temperatures, the composites’ tan delta values were found to be substan-

tially decreased, indicating that the ENR/clay nanocomposites had lower rolling

resistance and improved fuel efficiency. As a result, ENR/OC nanocomposite may

be utilized as a tread composition for high-performance tires in the future [74].

Temperature-dependent variation in storage modulus is shown in Fig. 11.8.

Figure 11.7 Magic triangle of tire tread performance (comparison of performance of tire

made of solution SBR nanocomposite and super elastomer material).

Source: Reprinted with permission from X. Qin, J. Wang, B. Han, B. Wang, L. Mao, L.

Zhang, Novel design of eco-friendly super elastomer materials with optimized hard segments

micro-structure: toward next-generation high-performance tires, Front. Chem. 6 (2018) 240

[72], an Open Access article distributed under the terms of the Creative Commons

Attribution License.
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When it comes to the orientation of the particles of clay mineral, which is impor-

tant in the construction of an inner tire liner, a number of factors are involved,

including filler particle blockages, processing energy, and OC alkyl ammonium ion

breakdown at high temperatures [76].

11.10.2.3 Butyl/clay nanocomposite

Butyl (IIR)/halobutyl (XIIR) has a well-known good air retention characteristic in

the tire industry. These rubbers are widely utilized in tube-type tire inner tubes

(IIR) and tubeless tire inner lines (XIIR). Other elastomers, for instance, PU, poly-

sulfide rubber, and epichlorohydrin rubber are not utilized in tire manufacturing yet

have excellent air retention characteristics (PU). There are other elastomers with

modest air retention characteristics, such as ethylene/acrylate copolymers and nitrile

rubber. The air retention characteristics of butyl as an elastomer and clay as a filler

with a high aspect ratio may be enhanced by 50 times over those of a standard butyl

combination. As a result of using this filler, the inner liner gauge or inner tube

gauge may be lowered while maintaining the same level of service. Because CB is

spherical, it has better air barrier characteristics than other fillers. This is because

the flat form of the nanocomposite needle filler slows down the air movement [1].

Figure 11.8 Temperature-dependent variation in storage modulus.

Source: Reprinted from P.L. Teh, Z.A. Mohd Ishak, A.S. Hashim, J. Karger-Kocsis, U.S.

Ishiaku, Effects of epoxidized natural rubber as a compatibilizer in melt compounded natural

rubber�organoclay nanocomposites, Eur. Polym. J. 40 (11) (2004) 2513�2521 [75], with

permission from Elsevier.
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11.10.2.4 Nanorubber

Drs Werner Obrecht and Lanxess worked together to make a number of patents on

the manufacture and use of nanorubber. It is called nanorubber due to its chemical

nanostructure and 40�65 nm rubber particles. High shear does not damage the

nanorubber’s particle morphology since it contains a cross-linked particle core.

A strong cross-linking prevents accelerators, sulfur, and oil from being absorbed

into the core. The Tg is determined by the particle core’s cross-link density and

chemical composition. When dispersed in a conventional polymer matrix, they

form a separate phase in the continuous phase of the polymer matrix, and as a

result, they function just like filler. Nanorubber also has particle sizes similar to

N550 and N660 CBs. Based on the observation that microgel at a high level and

70�C (158�F) in old SBR (E-SBR) emulsion and old polymerized BR emulsion

gave high-rebound resilience to the resulting vulcanizates, which corresponds to

low rolling resistance in tire treads, and low-rebound resilience at 23�C (73.4�F),
ensuring high wet skid. While the microgel vulcanizates had excellent dynamic

characteristics, they exhibited negative impacts on mechanical parameters, includ-

ing wear resistance, tear resistance, and tensile strength [1].

11.10.3 Fuel cell and fuel tank

In recent years, increased government restrictions and environmental concerns have

spurred research into fuel cell applications in cars. The following general fuel cell

technologies are currently in development: polymer electrolyte fuel cells (PEFCs),

phosphoric acid fuel cells, molten carbonate fuel cells, solid oxide fuel cells, alka-

line fuel cells, and direct methanol fuel cells. However, due to its solid-state design,

quick start-up features, and low operating temperature, PEFC development is get-

ting significant attention in the automotive industry. PNCs that are electrically con-

ductive may be utilized in PEFCs as bipolar plates, without the requirement for

painting. Hyundai, Honda, Suzuki, Mitsubishi, Volkswagen, Peugeot, Fiat, GM,

Ford, Renault, Nissan, Daimler Chrysler, and Toyota are among the world’s major

car manufacturers working on PEFCs [26].

Fuel cells of the present generation use catalysts based on platinum (Pt) for the

fuel redox reaction process. These catalysts are nanoparticles of Pt-coated carbon

that are extensively utilized in PEFCs nowadays (e.g., CB) [77]. Pt nanoparticle

activity intensifies with the decrease in particle size down to �3 nm [78]. Gas-

phase N-doping of CNTs resulted in a metal-free electrocatalyst, according to Dai’s

group [79]. Following that, many research showed excellent efficacy of N-doped

carbon nanomaterials, including carbon quantum dots [80], mesoporous graphitic

array (R [81]), graphene [82], and SWCNTs [83] as replacements for catalysts

based on Pt [79,84,85]. Findings in Fe (or Co)/N/C systems and N-doped carbon

nanomaterials may be integrated by utilizing graphene or CNTs as support in Fe (or

Co)/N/C catalysts rather than CB. However, carbon nanoparticles seem to play a

considerably larger role in next-generation fuel cell catalysts than they do in present
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Pt/C commercial catalysts. The main problem would be the rational design of the

nanostructure of the “upcoming catalyst” [1].

Although there is no longer any interest in fabricating solid-phase hydrogen

reservoirs using CNTs, the discovery of the carbon-based thinnest materials, gra-

phene, has reignited expectations for hydrogen storage tanks based on carbon

[86�88]. In reality, since the hydrogen storage process in carbon nanostructures is

based on physical absorption on the surface of graphene, hydrogen absorption is

proportionate to the nanostructure’s specific surface area with the greatest uptake

occurring in graphene (2630 m2/g) [87].

11.10.4 Battery and battery packaging

A “stretchy” polymer created by Stanford University and the US Department of

Energy’s SLAC National Accelerator Laboratory in Menlo Park, California, may

pave the way for self-healing electrodes in future lithium-ion batteries. According

to the researchers, a silicon electrode coated and bonded with the polymer repairs

tiny fractures that occur during battery operation. Nanoparticles of carbon are

mixed into the polymer to improve its electricity conduction ability. When ions

flow into silicon electrodes during charging, they swell to three times their usual

size, then shrink back to normal size when the ions are released during discharge.

Because of the polymer coating, the electrodes saw a 10-fold increase in longevity,

which “repaired any fractures in only a few hours,” according to tests [89].

Yoo et al. [90] suggested a novel method for creating multifunctional hybrid

nanocomposites by impregnating CB surfaces with nanosized MgO getter particles

and then distributing the high-density polyethylene (HDPE) polymer matrix as

shown in Fig. 11.9. For electric vehicle battery packaging, an effort was made to

meet many criteria at the same time without causing trade-offs. This study also

tested the characteristics of carbon-supported MgO polymer composites, including

thermal conductivity, water-vapor transmission rate, and mechanical strength.

11.10.5 Mirror

Modern vehicle mirrors and headlights are made of high-quality glass and polymer

components. Unique characteristics of nanotechnology are achieved. To do this, a

tiny coating of aluminum oxide (less than 100 nm thick) is placed on the mirror sur-

face or headlights. Thin coatings applied to mirrors may also make them more

resistant to stains, grease, and moisture. Mirrors may be coated with nanometric

oleophobic and hydrophobic layers using chemical vapor deposition. Fluoroorganic

compounds may enhance surface hydrophobicity and oleophobicity at 5�10 nm

thicknesses. The nanoscale layer may also create a surface smooth enough to wipe

of waterdrops, dirt, grease, and fingerprints. This ultrathin coating is resistant to

friction and may be used for extended periods. As shown in Fig. 11.10, the layer

may be chemically attached to the mirror surface from the anchor group side. In the

opposite direction, a hydrophobic surface is formed.
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Today’s safety requirements for vehicle drivers have led to the development of

rearview mirrors that provide an adequate vision at dusk and dawn. This may be

accomplished by incorporating functional layer composites having electrochromic

(EC) characteristics into glasses. When the intermediate layer, which transfers

charges, is provided with a voltage, the glasses using this technology will have an

alteration in their optical characteristics. Color centers generated by ions at the elec-

trodes will absorb the incoming light. As a consequence, just a tiny amount of light

is reflected. As the pole shifts, the glass may return to its previous characteristics,

similar to how a vehicle battery charges and discharges. This glass, which was fit-

ted with a rear sensor, could detect and regulate the glare from approaching cars.

The mirror returns to its natural form as soon as the blazing light fades away [1].

11.10.6 Glasses

PC is a popular glass polymer because of its excellent toughness, impact strength,

and lightweight. PCs have previously been utilized in the manufacture of light cov-

ers and lenses. PC, on the other hand, has poor scratch/abrasion and chemical resis-

tance, as well as a propensity to yellow when exposed to UV radiation over an

extended period of time. Glass is a tough substance that resists scratches well.

When compared to polymeric glasses, it is heavier and has a lesser impact strength.

Scratching PC glass components is caused by washing (both automated vehicle

washes and manual washes) and sand/dust particles in the air. This may result in a

substantial decrease in the transparency of the headlights and, as a consequence,

light scattering. Attempts to address the issue have been made. For this aim, two

approaches have been considered. One approach is to use nanoparticles embedded

in PC polymeric glass parts and/or polysiloxane or acrylate paints over the head-

light to create PC polymeric glass parts. In another approach, nanoparticles of alu-

minum oxide are also utilized in the coating’s configuration to make it scratch and

Figure 11.9 Diagrams depicting a straightforward and practical method for fabricating

multifunctional getter-impregnated CB polymer nanocomposites.

Source: Reprinted with permission from J.E. Yoo, V. Roev, J. Bae, D.-S. Yoon, S.-D. Kim,

E.-S. Lee, Multifunctional hybrid polymer nanocomposites for automotive-battery packaging,

J. Appl. Polym. Sci. 137 (36) (2020) 49059 [90], Copyright (2020) John Wiley and Sons.
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abrasion-resistant. Since the filler particles are so small, and because of their excel-

lent dispersion, this coating has a high degree of transparency. The nano-embedded

coating applied to PC has a thickness of around 1 mm on average. The UV stability

of polycarbonate plastic glazing, antifogging, easy-to-clean, and antiscratch is

achieved via the application of various nanocoating layers. Nanoparticles, for

instance, Al2O3, SiO2, and TiO2 are utilized for TiO2 for easy-to-clean characteris-

tics, sol�gel-based TiO for antifogging behavior, UV protection, and abrasion resis-

tance [92].

Using polymer and dichromic technologies, smart glasses can automatically

regulate the transmission of solar radiation, improving the safety and comfort of

passengers. EC smart glasses are among the most significant. In the presence of a

voltage differential, nanotech EC materials change their optical properties (light-

ness/darkness). They may be used in displays, sunroofs, antiglare rearview mirrors,

and energy-efficient windows [1].

11.10.7 Lightweight purpose

The automobile sector requires plastic parts with high dimensional precision and

low weight, which pushes research into nonconventional manufacturing methods.

The creation of lightweight automotive components is critical for increasing vehicle

performance. By combining polymers with CNTs, glass fibers, and carbon fibers,

polymer composites have been extensively used to decrease weight and enhance

mechanical characteristics. To achieve even more weight reduction and water resis-

tance, PP has been integrated into the carbon-fiber-reinforced nylon-6 (CF/PA6)

composite. The inclusion of PP, on the other hand, decreased the mechanical char-

acteristics. To compensate for the reduced mechanical characteristics caused by the

addition of PP, MWCNTs were used by Nguyen-Tran et al. [93]. To assess the

mechanical characteristics, tensile and bending tests were performed. CF/PA6/PP

composites with a modest quantity of CNTs have better mechanical characteristics.

The density of CF/PA6 was decreased from 1.214 to 1.131 g cm23 (6.8%) by add-

ing 30 wt.% PP, and the tensile strength of the 30 wt.% PP composite was increased

Figure 11.10 Modern mirrors’ ultrareflective layer composition.

Source: Reprinted with permission from M. Mohseni, B. Ramezanzadeh, H. Yari, M.

Moazzami, M., The role of nanotechnology in automotive industries, in: J. Carmo (Ed.), New

Advances in Vehicular Technology and Automotive Engineering, InTech, 2012. https://doi.

org/10.5772/49939 [91], an Open Access article distributed under the terms of the Creative

Commons Attribution License.
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from 168 to 173 MPa (3.0%) by adding 0.5 wt.% CNTs with a slight increase in

density (1.135 g cm23) by adding 0.5 wt.% CNTs. The composite that has been cre-

ated will be extensively utilized for lightweight automobile components with

enhanced mechanical characteristics.

The influence of matrix materials, filler size, and filler type on the emission of

particles during a low-velocity impact test was investigated by Sachse and the team

using micro- and nanoreinforced glass fiber�polymer composites [94]. Extrusion in

two stages, followed by final injection molding of the structures, yielded nano- and

microsilica, as well as nanoclay-reinforced crash cones. The inclusion of secondary

filler to glass-fiber-reinforced polymer composites has a substantial impact on both

the material’s mechanical behavior and particle emission.

Another study used glass-fiber-reinforced polyamide 66 (PA66), which has out-

standing characteristics but is restricted in use due to its expensive cost. This study

investigated the use of microcellular injection molding to decrease component costs

while retaining material characteristics. The effect of processing factors on the per-

formance and morphology of PA661 30% glass-fiber-foamed components was

studied. An analysis of variance (ANOVA) was used to discover important vari-

ables influencing the shape of molded components. According to ANOVA, a 300�C
injection temperature, a big part thickness, and a high gas injection pressure are

required for homogeneous foamed components with excellent mechanical character-

istics [95].

11.10.8 Gears

A few test rigs for PNC gears were constructed by Yousef et al. [96]. Yousef

inspected the wear behavior of gears made of PNC with the help of the TS univer-

sal test rig [96,97]. The wear resistance of the CNT/acetal worm, bevel, helical, and

spur gears increased by 47%, 44%, 35%, and 28%, respectively, according to the

findings. The experimental parameters of PNC gear tests, such as the kind of test

rig utilized in performing the test, PNC gear materials, and major findings, are

listed in Table 11.4.

The heat produced by cumulative meshing in metallic gears may be dissipated in

two ways: (1) by convection from the gear to the environment and (2) by conduc-

tion via the gear material. Because thermal conductivity is a determining factor in

the conduction of heat transfer, and thermal conductivity of polymeric materials is

very low, all heat generated is focused in the contact meshing area, causing higher

wear rates. Adding nanofiller elements like CNT and graphene to polymeric poly-

mers increased their heat conductivity, according to many studies. A further advan-

tage of this component is that it can be tested with the TS universal test equipment,

which provides an ideal setup for assessing thermal behavior in PNC gears, espe-

cially tooth surface temperatures [100].

During operation, the gearbox and other components often generate noise.

Polymeric materials can reduce noise and can replace metallic materials to reduce

acoustic emissions. According to Yousef et al. [96], adding nanomaterials may

boost strength.

292 Advanced Polymer Nanocomposites



Table 11.4 Gear materials, features, test settings and conditions, and tribological parameters of PNC.

Gear material Properties Test rig Test conditions Results Reference

CNT/POM

(Polyoxymethylene)

Wear TS

universal

test rig

No. of

cycles5 2003 103,

speed5 1420 rpm,

torque5 4 Nm

Improved

percentage of average wear resistance

of gears (CNT/acetal), worm5 47%,

bevel5 44%, helical5 35%,

spur5 28%

[97]

CNT/POM

(Polyoxymethylene)

Wear Simple test

rig

No. of

cycles5 2003 103,

speed5 1420 rpm,

torque5 4 Nm

Improved percentage of average wear

resistance of spur gear (CNT/acetal)

with addition of 15 wt.% of CNT

[96]

Nanosize clay/PA Transmission

efficiency

Power

absorption

type

No. of cycles5 107,

speed5 1200 rpm,

torque5 1.5, 2, 2.5

Nm

Improved

power

transmission

efficiency of gears

[98]

Nanoclay/PA Wear Power

absorption

No. of

cycles5 93 103,

speed5 800 rpm,

torque5 1.5, 2, 2.5

Nm

Reduction in wear, heat generation and

friction; increase in life

[99]



11.10.9 Rear floor

Moulded Fiber Glass Companies (MFG, Ashtabula, Ohio) developed Nano-fill

sheet Moulding Compound (SMC), a one-piece compression-molded nanocompo-

site for use in rear-floor applications in 2009. A density of about 1.5 g cm23 was

obtained by mixing OC with a thermoset resin. The density was considerably lower

than that of typical microsphere-filled SMC and resulted in increased fuel economy.

General Motors used the composite material in the Pontiac Solace, as well as the

Corvette ZO6 and Chevrolet Corvette Coupe [71].

11.10.10 Seatbacks

The structural seatbacks of the Honda Acura TL 2004 vehicle were manufactured

using Noble Polymers’ Forte PP nanocomposite, which replaced glass-filled PP and

avoided issues including processing difficulties, esthetic flaws, and warping. CPN

had a reduced density of 0.928 g cm23, better mechanical characteristics, and was

recyclable. Honda Acura has produced clay mineral PP nanocomposites for struc-

tural seatbacks more recently [71].

11.10.11 Timing belt cover

A timing belt is an internal combustion engine component that controls the valve

timing. Toyota and Ube collaborated in the early 1990s to create the first commer-

cial CPN in automotive applications for Toyota Camry vehicles [101]. Exfoliated

Mt was treated with o-trimethylammonium undecanoic acid to make the CPN. Only

4.2 mass% Mt caused a substantial increase in mechanical characteristics. The

strength was raised by more than 50%, while the modulus was enhanced by a factor

of 2. When compared to the virgin polymer, the heat distortion temperature was

raised by 80�C [102]. The CPN was five times more resistant to gasoline penetra-

tion than the unloaded PA, according to Ube, with just 2% OC. Coextrusion of a

multilayer nanocomposite composed of PA12/adhesive/PA6/66 nanocomposites

based on PA6 was created as a product line with the Ecobesta brand name. The

multilayer structure was claimed to provide cost savings, barrier properties, recycla-

bility, adhesive properties, and high-speed extrusion [103].

11.10.12 Engine cover

The portion of a vehicle that provides access to the engine is known as an engine

cover, sometimes known as a hood (in the United States) or a bonnet (in the United

Kingdom). For the Mitsubishi GDI engine cover, Unitika Co. used Nylon-6 nano-

composites. This occurred about the same time as Toyota introduced CPN [103]. A

20% mass decrease in the CPN was achieved via injection molding, and the surface

quality was reported to be excellent.
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11.10.13 Miscellaneous

According to a study, Ethylene Propylene Diene monomer rubber (EPDM) and PP

were used to make thermoplastic vulcanizates (TPVs) and thermoplastic vulcanizate

nanocomposites (TPVNs). New-generation ultrahigh molecular weight EPDM

(UHMW-EPDM) and nano-(nanosilica and nanoclay) filled PP have been thor-

oughly researched and described for applications in the automotive industry. This

unique kind of UHM-EPDM-based TPV outperforms standard EPDM-based TPVs

in terms of physicomechanical characteristics, and in the presence of nanofillers,

they outperform them even more. The UHMW-EPDM/PP TPVNs may be utilized

in a variety of automobile applications, including side panels, window seals, air bag

covers, cooling air guides, roof trim, and dashboards [104].

Another study investigated the mechanical strength of polymer-based bumper

beams reinforced with natural fiber. These materials were tested for tensile

(strength and modulus), flexural (strength and modulus), and impact characteristics.

The study showed that natural fiber could not provide the mechanical characteristics

required in the automobile sector (as a bumper beam material). Despite its small

weight, it has a low environmental impact due to its eco-friendliness, biodegradabil-

ity, and carbon neutrality. The combination of natural (treated or untreated) and

synthetic fibers improves the mechanical characteristics of the polymer composite

compared to utilizing natural fiber alone as reinforcement. But it does not address

the issue of insufficient impact attributes. Future studies should continue to opti-

mize key factors for improved mechanical performance [105].

To replace an existing monoleaf metal leaf spring in a light commercial vehicle,

composite-based monoleaf spring systems were developed and produced by

Oztoprak et al. [106]. This research revealed that hybrid composite systems may be

used to make composite-based leaf springs that have good mechanical performance.

The findings showed that the kind and direction of the reinforcement had an impor-

tant influence on the spring rate. With enhanced mechanical characteristics, the pro-

totypes exhibited a substantial weight reduction of approximately 80%.

11.10.14 Green nanocomposite

In response to the demand for renewable, eco-friendly materials with better charac-

teristics, researchers and industries have focused on natural filler composites (natu-

ral fibers, nanocrystalline cellulose, and nanofibrillated cellulose). Eco-friendly or

green materials have been proposed as next-invention competitors for low-cost,

lightweight, long-lasting, eco-friendly, and high-efficiency nanocomposites [107].

To create sustainable materials, several organic and manufactured green nanofillers

and green polymers have been used. Natural fibers such as sisal (scientifically

known as Agave sisalana), coconut (scientifically known as Cocos nucifera), jute

(scientifically known as Corchorus capsularis), and curaua (scientifically known as

Ananas erectifolius) have been utilized extensively in composite creation. Natural

fibers also have been extensively used to produce cellulose nanofibrillated cellulose

and nanocrystals, which are the crystalline parts of the cellulose. The natural fillers
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have also been extensively utilized in a variety of polymer matrices, with noticeable

enhancements in their mechanical and thermal characteristics [108].

11.10.14.1 Green composites in automotive sector

In various sectors, including the automobile industry [107,108], polymer composites

strengthened with natural fillers have also been utilized to substitute widely used

substances. The incorporation of natural fillers into polymer matrices is appealing

for this sector for a variety of technical and environmental reasons. The tensile

strength of the fibers, as well as their biodegradability, have prompted the develop-

ment of polymer composites strengthened with organic fillers [109�111]. Another

factor to consider is the fuel economy of lightweight vehicles constructed of poly-

mer composites reinforced with natural fillers, such as automobiles, lorries, buses,

and planes. Greenpeace, nongovernmental organizations in different countries, and

the European Commission have published sustainability recommendations for com-

panies [112]. These polymer composites are constantly being developed for these

reasons, and their use in the automobile sector has been documented [113,114]. Wu

et al. [115] produced organic fiber-structure composites along with good mechani-

cal properties and low energy utilization, resulting in a more viable method.

Green materials like natural fiber and soy-based polymers were first used in the

automobile sector in the 1950s [116]. As a result of the great expense of petroleum

resources, hemp and jute biocomposites were used to create interior automobile

components. In this sector, petrochemically manufactured polymers have been

substituted with green composites. Seatbacks, door linens, the back door, shelving,

and other vehicle interior components were developed using green composites

[117,118]. Natural fibers have been used to restore glass fiber�strengthened com-

posites in the automobile sector since they are more eco-friendly [119].

Several automobile firms have utilized polymer composites reinforced with natu-

ral fillers, particularly in interior vehicle components like door panels, dashboard

trim pieces, parcel shelves, and so on [120,121]. In E-class cars, Mercedes-Benz

utilized jute/epoxy door sheets [122], whereas the Audi A2 utilized PU filled with

sisal/flax as door trim sections [123]. In the RAUM 2003 model, Toyota utilized

various polymer composites coupled with organic fillers as additional tire wraps

[124]. Mitsubishi Motors utilized poly(butylene succinate) strengthened with bam-

boo fibers designed for inner elements [124], whereas BMW applied a thermoset-

ting acrylic copolymer packed with prepreg natural fiber matting for the bottom

door panel [125]. Weather considerations, such as temperature and humidity, pro-

vide a barrier for the usage of composites strengthened along with natural fillers in

external vehicle components [126]. As a result, there are only a few components

manufactured specifically for this purpose [127,128].

11.10.14.2 Green nanofillers

Ecological nanofillers must be used to create a sustainable nanocomposite [129].

The demand for green reinforcement emerges as a result of nanocomposite’s
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nonhazardous and nontoxicological impacts on the environment [130,131].

Fig. 11.11 shows a few examples of green nanofillers. Green nanocomposites with

silica nanoparticles have been developed. Nanosilica has been utilized in nanocom-

posites to improve their strength [132]. Green nanofiller halloysite nanotube (HNT)

is a common kind [133]. Aluminosilicate nanoclay structure is seen in HNTs.

HNTs have been utilized in nanocomposites to improve dispersion, surface hydro-

phobicity, and mechanical characteristics [134,135]. Green nanofillers such as cel-

lulose nanofibers and cellulose nanoparticles are also common [136,137]. Using

ultrasonic or chemical treatment techniques, cellulose nanofibers were extracted

from plant extracts. To make the nanocomposites, starch nanocrystals were utilized

as eco-friendly nanofillers [138,139]. In nanomaterials, starch reinforcement has

been utilized in both its natural and chemically modified forms. Soy protein has

been used to create effective green nanofillers [140]. Jute, zein, bamboo, and other

natural fibers have also been utilized as green fillers. Nanocarbons are a kind of

green nanofiller that is widely used [141]. As long-term fillers, graphene, graphene

nanoplatelets (GNPs), and graphite have been utilized. These nanoparticles have

been utilized to create nanocomposites that are lightweight, conductive, and dura-

ble. Several additional carbonaceous nanofillers, such as CNTs, nanofillers, and so

on, were also studied [142�144].

11.10.14.3 Green polymeric nanocomposites

Waterborne PU, poly(ethylene oxide), poly(ethylene glycol), and poly(urethane-

urea) are examples of well-known eco-efficient polymers [145�147]. Green

Figure 11.11 Green nanofiller.

Source: Reprinted from A. Kausar, Progress in green nanocomposites for high-performance

applications, Mater. Res. Innov. 25 (1) (2021), 53�65 [107], with permission from Taylor &

Francis, Copyright 2020.
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synthesis methods are often used to create these eco-polymers. MMT nanoclay is a

mineral that belongs to the phyllosilicate family. MMT has long been regarded as

an environmentally beneficial nanofiller. Due to its high surface area, aspect ratio,

nanoclay, and minimal cost have been utilized as a nanocomposite strengthening. In

PU and other green polymer matrices, charged nanoclay platelets may aid homoge-

neous dispersion [148]. Chemical stability, barrier characteristics, and thermal con-

stancy of PU and nanoclay-based nanocomposites are all excellent. Green

elastomeric PU nanocomposites with Cloisite nanoclay have been described [149].

For biodegradable PU, nanoclay may be used as a green-colored flame-retardant

nanofiller. Nanofillers made of graphene oxide (GO) and graphene are also popular

for their eco-friendly characteristics [150]. PLA is an aliphatic thermoplastic poly-

ester created from sugarcane or starch that is biodegradable. PLA is a biodegradable

polymer that may be utilized in a selection of applications. PLA is often treated

along with poly(hydroxy acids) to inhibit enzymatic breakdown or hydrolysis [151].

11.10.15 Recent research reports

Longkullabutra et al. [152] have reported utilizing CNTs to increase the tensile

strength of epoxy resin/hemp and epoxy resin composites (CNTs). Vibration milling

was used to vibrate the CNTs after adding nanopowder for 6�48 hours. For epoxy

resin/hemp composites, different percentages of CNTs were distributed. The

findings show that milled CNTs can increase tensile strength. Liu and Erhan [153]

synthesized epoxidized soybean oil-built composites along with flax fiber reinforce-

ment and nanocomposites with OC reinforcement. The produced composites’ ten-

sile and flexural moduli increased proportionately along with the volume of epoxy

resin, 1,1,1-tris(p-hydroxyphenyl)ethane triglycidyl ether.

Faruk and Matuana [154] investigated the best way to incorporate nanoclay into

Wood-plastic composites (WPCs) in order to improve their mechanical characteris-

tics. Nanoclays were introduced into HDPE-based WPCs using two distinct techni-

ques. The experimental findings showed that by combining the nanoclay and the

combination agent content in HDPE/wood�flour composites, the mechanical char-

acteristics could be considerably enhanced.

Controlled synthesis of carbonate in an aqueous solution originated from a natu-

ral originator in the existence of wood cellulose fibers, and CaCl2 has been used to

create CaCO3/wood cellulose nanocomposite materials. CaCO3/cellulose nanocom-

posites may be used as strengthening fillers in polyethylene(PE) matrix-built com-

posites, given that early dynamic mechanical analysis tests revealed that PE

composites containing CaCO3/cellulose fibers performed much better mechanically

[155]. Once a proper scattering in the matrix is attained, the use of cellulose nanofi-

bers as a replacement for microsized fibers is acknowledged as being more success-

ful owing to contacts between the nanosized components that make it to a

permeated group linked by hydrogen bonds or entanglements [156].

The mechanical characteristics of PLA-HNT nanocomposites are altered by add-

ing a plasticizer [tributyl citrate (TBC)], with the goal of achieving mechanical

qualities appropriate for automotive applications. A chosen plasticizer (TBC) was
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co-combined with HNT into the PLA matrix to adjust the characteristics of PLA-

HNT nanocomposites. Plasticization substantially enhanced the crystallization

characteristics of PLA and PLA-HNT nanocomposites, permitting thermal classifi-

cations. The mechanical characteristics of the PLA-HNT-TBC ternary system have

been investigated. The impact resistance and ductility of nanocomposites have been

shown to be enhanced when increasing the plasticizer content. Despite this, a high

TBC content (12.5�15 wt.%) developed in a reduction in tensile and flexural

strength and stiffness. This research found that adding a plasticizer to PLA-HNT

nanocomposites improves their strength and stiffness while also increasing other

desirable characteristics, including impact resistance, ductility, crystallization speed,

and crystallinity. Finally, a thorough examination showed that an improved PLA-

HNT-TBC formulation (including 10 wt.% plasticizers) might be suggested as a

bio-obtained substitute to automotive applications [157].

MMTs’ influence on the morphological and tensile characteristics of PLA nano-

composites were also studied [158�160]. The optimal MMT concentration was

determined to be 5 phr, or about 30 MPa, based on the tensile strength. In situ ring-

opening polymerization was used by Sabatini et al. [161] to make PLA/MMT nano-

composites. 3-Glycidoxypropyltrimethoxysilane was used to treat the top of the

MMT. Even extremely small quantities of MMT (0.1 wt.%) were shown to have a

substantial influence on the characteristics of nanocomposites. MMT concentration

of 0.1 wt.% was adequate to provide the same results as greater MMT levels

(5 wt.% or more). Furthermore, when treated MMT was included in PLA nanocom-

posites, they were more thermally stable than plain PLA, while when untreated

MMT was present in PLA matrix, the thermal stability of the nanocomposites was

reduced.

Wu et al. [162] investigated the impact of aspect ratio on CNT characteristics.

PLA nanocomposites with reinforcement PLA/CNT nanocomposites with a high

aspect ratio CNT had a greater modulus than those with a minimal aspect ratio

CNT, indicating that CNT dispersion is strongly dependent on its aspect ratio.

Moon et al. [163] investigated mechanical and thermal characteristics as well as the

electrical conductivity of PLA/CNT nanocomposites. The inclusion of CNT

decreased the tensile strength and elongation at the break of PLA/CNT nanocompo-

sites, whereas Young’s modulus rose somewhat. Furthermore, PLA/thermal CNT’s

stability improved, while its electrical surface resistance was reduced. Moreover,

PLA has been shown to be a suitable option for 3D printing and would reduce the

requirement for spare parts storage [120].

MMT and GO-reinforced PU nanocomposites were developed by Vieira et al.

[164]. These nanofillers were also combined with the poly(ethylene glycol) deriva-

tive polymer. GO has excellent mechanical and thermal characteristics, according

to many experts, and is anticipated to become a key component in automotive pur-

poses [165�168]. Because of their oxygenated surface functions, GO is anticipated

to disperse easily in the PLA matrix, resulting in stable dispersibility through elec-

trostatic repulsion and potential chemical interactions in PLA/GO nanocomposites

[169,170]. Wang and Qiu [171] synthesized PLLA/GO nanocomposites with vary-

ing levels of GO (0.5, 1, and 2 wt.%). They discovered that PLLA/GO
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nanocomposites’ nonisothermal melt crystallization peak temperatures were some-

what higher than plain PLA. The addition of 1% GO to PLA raised the crystalliza-

tion highest temperature from 95.1�C to 100.4�C. Furthermore, the addition of GO

to the PLA matrix raised isothermal melt crystallization temperatures. The Tg of

neat PLA (61�C) and its nanocomposites also revealed that the addition of GO to

PLLA did not affect the Tg of PLA/GO nanocomposites when contrasted to simple

PLA. The structural and rheological investigations were taken out in order to deter-

mine the capability of these eco-friendly materials. Singh and Dhaliwal [172] uti-

lized an eco-polymer, poly (acrylic acid), to make nanocomposites containing

AgNPs. The surface shape, crystallinity, and thermal characteristics of eco-

materials were studied. Nanocomposites can hold/retain water and discharge a regu-

lated quantity of water. The ability to retain water is critical to avoid environmental

risks.

Recently, hybrid green nanocomposites have gotten a lot of interest because of

their potential to make costly nanofillers more cost-effective by partly substituting

them with a smaller amount of expensive ones. Furthermore, the characteristics of

hybrid nanocomposites are dependent on the different nanofiller, with a balance of

attributes achieved via nanofiller hybridization [173]. Studies reported the utiliza-

tion of hybrid nanofillers in the PLA matrix to create PLA hybrid nanocomposites

[174�177]. PLA/clay/CNT hybrid nanocomposites were produced and the impact

of nanofillers content and UV radiation duration on the elastic moduli of the hybrid

nanocomposites were studied by Gorrasi et al. [175]. Because of the strengthening

action of the nanofillers, the PLA hybrid nanocomposites had a greater elastic mod-

ulus than clean PLA. Meng et al. [176] used melt blending to make PLA/MMT/

wood nanocomposites. In comparison to clean PLA, the tensile modulus of PLA

hybrid nanocomposites rose from 3.8 to 7.1 GPa. With the supplement of 5 wt.%

MMT, however, the tensile strength dropped by approximately 20 MPa. In addition,

as compared to PLA/wood composites, the thermal breakdown temperature of PLA

hybrid nanocomposites rose by around 10�C. When contrasted to plain PLA, Tg of

PLA hybrid nanocomposites and melting temperature remained constant.

Poly(vinyl alcohol) (PVA) is a biopolymer that dissolves in water. PVA and car-

boxymethyl cellulose (CMC)-built eco-materials were developed by Morsi et al.

[178]. Gold nanoparticles were used to strengthen the PVA/CMC (AuNP).

Biosynthesis was used to extract AuNP from a green mint leaf extract.

Nylon 1010 was mixed with an aromatic polythioamide (PTA) that was synthe-

sized. PA1010 (polyamide 1010)/PTA (PTA) (90:10) was chosen as the matrix

material for the nanocomposite because it has the best molecular weight and rheo-

logical characteristics. GNP has been discovered to be an outstanding nanofiller

with mechanical, morphological, and automotive characteristics. The findings also

showed that adding GNP nanoparticles to processable blends and nanocomposites

improved their thermal and flammability characteristics. As a result, original nylon

1010-built materials may be regarded as a potential option for the development of

high-temperature-resistant automobile materials. PA1010/PTA/GNP3 nanocompo-

site along with appropriate flexural, tensile, and impact characteristics was

injection-molded applying the appropriate method for automotive component

300 Advanced Polymer Nanocomposites



application. The waistline molding for automobiles was created successfully. Future

study into the influence of greater GNP loading on the flexural, tensile, and impact

characteristics of PA1010-based materials will lead to the development of a new

class of nanoparticulate-packed polyamide nanocomposite intended for automotive

products [179].

Irez et al. analyzed [180] fracture toughness of epoxy-recycled rubber-built com-

posite strengthened with GNPs for structural applications in the automotive sector.

Three-point bending tests were used to evaluate the composites’ bending strength

and fracture properties after they were manufactured. The use of GNPs as reinforce-

ment improved the modulus of elasticity and fracture toughness of these new com-

posites, according to mechanical tests.

For the earliest time, the decision-making model was used to choose the most

suitable nonwoven organic fiber type built on a PP matrix for the internal compo-

nents of an automobile. This decision was made after weighing several natural com-

posites against a variety of factors at the same time. Coir, flax, date palm, kenaf,

jute, and sisal fiber composites were examined. This would improve the natural

fiber composite range process and minimize mistakes and bias in the choice pro-

cess. The impact strength was discovered to be the most significant assessment cri-

teria in assessing organic fiber composites for inner components in the automobile

sector, while the tensile modulus was determined to be the least important.

Determining the optimum kind of natural fiber composites for automobile produc-

tion would not only improve the sector’s sustainability and efficiency, but it would

also help the environment by producing more apparent solutions that may decrease

product weight and, therefore CO2 emissions. In terms of the overall six assessment

criteria, the treated flax/PP composite with 30 wt.% fiber loading has been deter-

mined to be the finest. PP/date palm has also been shown to be likely for use in

automobiles [181].

11.11 Challenges

Reports have shown that there is a tremendous rivalry in the use of green materials

in the automobile sector. The size and value of materials may be related. Recent

efforts to develop hybrid composites combining plant fiber and aluminum to create

lighter, more fuel-efficient vehicles have been made owing to persistent environ-

mental pressures. However, the soaring cost of raw ingredients in the manufacturing

process has been questioned in numerous published publications. Growth drivers

and challenges of PNCs for the automobile industry are illustrated in Fig. 11.12.

Uniform dispersion, interfacial adhesion between components [182], and guided

assembly of nanoparticles are all difficult to achieve in nanocomposites. The pro-

cessing conditions have a large impact on flow-induced viscoelasticity [183].

Particle�particle interactions cause nanoparticles to agglomerate [184].

Heterarchical long-variety order in the polymer matrix may be formed by using stiff

high aspect ratio rod-like nanoparticles [185]. Enhancing PNCs’ mechanical

301Polymer nanocomposites for automotive applications



properties involves dispersing nanomaterials in the host polymer matrix, creating

co-continuous structures of nanomaterial and polymer matrix held composed by

irreversible adhesion among components, and directed fabrication of mesoscale

constructions made of both. All these approaches are valid. Using a solvent-built

nanoparticle diffusion approach resulting in solvent evaporation to maintain phase

co-continuity without losing the directed character of the particle-matrix building is

slow and expensive. Aerospace companies presently utilize these methods [186].

An overall idea of relative cost and performance profiles in the production of nano-

composites is shown in Fig. 11.13 [40].

To stay up with steel manufacturers’ efforts to enhance alloying and processes,

alternative materials like green composites should be developed, allowing for ligh-

ter, more eco-friendly future cars. Some of the issues with plant fibers should be

addressed by this method. Green composites are troublesome, according to another

opinion article, owing to their breakdown nature. When aiming for 100% bio-based

composites, natural fiber biodegradability must be considered. Because of this, nat-

ural fibers cannot be used in the manufacture of car exterior panels. However, pro-

blems like repeatability and the life cycle of car components are still unresolved.

Eco-friendly solutions may invert the value chain and place a fair price on existing

efforts, according to some experts. Regarding the future, it is also important to con-

sider how these materials may be blended in the most eco-friendly way feasible

while maintaining comparable performance [187].

Figure 11.12 PNCs’ growth drivers and challenges for the automobile industry.

Source: Reprinted by permission from V. Patel, Y. Mahajan, Polymer nanocomposites:

emerging growth driver for the global automotive industry, in: J.K. Pandey, K.R. Reddy,

A.K. Mohanty, M. Misra (Eds.), Handbook of Polymer Nanocomposites. Processing,

Performance and Application: Volume A: Layered Silicates, Springer, 2014, pp. 511�538,

https://doi.org/10.1007/978-3-642-38649-7_23 [26], Springer Nature Customer Service

Centre GmbH: Springer, Copyright 2014.

302 Advanced Polymer Nanocomposites

https://doi.org/10.1007/978-3-642-38649-7_23


11.12 Potential steps for quick commercialization

Several steps can be taken for faster commercialization of PNCs in the automotive

industry [1]:

1. Develop quick, minimal-cost analytical processes for small trials that can deliver a point

of exfoliation and direction, as TEM, XRD, and rheology are too costly and time-

exhausting. For example, infrared can identify the silicon�oxygen bond in clay, which

can aid in determining the degree of clay dispersion.

2. Develop low-cost, high-volume products to fulfill market demands quickly.

3. Create new nanoclay treatments to improve nanofiller adherence to polymers.

4. By combining nanofillers with traditional reinforcements like glass fiber, researchers can

better understand the impact on performance.

5. Know how polymer composites behave in terms of rheology and chemorheology.

6. High rigidity without compromising impact resistance.

7. Cost/performance ratio of thermoplastic polyolefins (TPOs) against HIPS, PC/ABS, and

PC (TPO).

8. Create online testing for nanocomposites.

9. Prediction of orientation and flow models.

10. Quantitative evaluation of changes in absorption and toxicity of chemically modified

nanoparticles [188].

11. Fine dispersion, interfacial adhesion, and full exfoliation.

Figure 11.13 Relative cost and performance profiles in the production of nanocomposites.

Source: Reprinted by permission from A.K. Naskar, J.K. Keum, R.G. Boeman, Polymer

matrix nanocomposites for automotive structural components, Nat. Nanotechnol. 11 (12)

(2016) 1026�1030 [40]. Springer Nature Customer Service Centre GmbH, Copyright 2016.
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12. Life cycle analysis (LCA) exercises are critical for understanding the health impacts of

nanotechnology, and LCA reports for various classes of nanoparticles and nanoproducts

are required to anticipate the actual danger of nanowaste [188].

11.13 Conclusions

Over the past several years, tremendous technical breakthroughs have been wit-

nessed in the automobile industry in PNCs, especially concerning the synthesis and

commercialization of therapeutic polyolefin and polyamide nanocomposites.

Nanocomposite products have achieved remarkable popularity in the automobile

industry for exterior body parts, internal and sub-bonnet parts, fuel lines, coating,

and fuel system component applications, by Original Equipment Manufacturers

(OEMs) and molders. The pandemic of COVID-19 will undoubtedly impair the

expansion of the sector to some extent. Major companies in the sector are apprehen-

sive about the market’s prospects and strive to rethink tactics in this challenging cir-

cumstance. By giving solutions for creating Personal Protective Equipment (PPE),

they are attempting to help governments all around the world. The epidemic has

had a serious impact on automotive manufacturing, and several major firms have

been forced to halt production and other activities. This has entirely dropped the

demand from these industries. There is a lack of workforce in various regions of

the world owing to frequent lockdowns. The expansion of nanocomposite activity

continues uninterrupted as further R&D funds are being provided by funding agen-

cies, risk capitalists, and firms to utilize the wider variety of new characteristics

that are being found. For example, the automobile sector invests more than 5% of

its yearly gross revenue in research and development in Europe, and the emphasis

is on improving coatings and paints and on strengthening end-use components for

longer durability. In the next 10 years, the usage of PNCs in the car sector is there-

fore expected to grow.
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12.1 Introduction

The aging of asphalt is a universal phenomenon that may occur anywhere in the

world and could be related to internal chemical changes in the asphalt binder.

Throughout the world, engineers and researchers work to explain the aging phe-

nomenon of asphalt binder. The exact extent of damaged roadway/highway is not

precisely known/reported in the open research literature, due to the very complex

and highly nonlinear nature of aging in asphalt pavement [1]. Even the recently

developed MEPDG software, which has been adopted in almost 48 states in the

United States, does not incorporate aging phenomena in asphalt binder in the long

service life of highways [2]. It is therefore necessary to carry out a study of the

aging mechanism on asphalt roads. Many literatures found the use of nanocompo-

site to resist the aging effect [3�5].

It has been stated that aging happens because of oxidation inside the asphalt

binder [6,7]. Oxidation in hot-mix asphalt concrete (HMAC) pavement makes it

stiffer with oldness. As asphalt ages, subject to mainly the binder’s chemical struc-

ture, composition as well as environmental factors, the asphalt pavement becomes

more and more vulnerable to fracture under different stresses produced by different

traffic loads [8]. Two types of aging are described in the research: long term and

short term. Although long-term aging is thought to occur throughout long service

life in the pavement structure, short-time aging occurs during transportation and

storage. In the laboratory, both types can be simulated using rolling thin-film oven

(RTFO) and pressure aging vessel (PAV) processing.

During the last few years, the demand for asphaltic materials in the Gulf region,

particularly in Saudi Arabia, has increased markedly, due to the rehabilitation of

existing highways and the construction of new highways to neighboring countries.

The local refineries have been under pressure to meet this high demand in a short
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period. This has led to variation in the quality of asphalt produced by the local

refineries. In addition, the local highway construction industry is currently facing

problems in meeting the performance grade (PG) criteria for different regions of

Saudi Arabia. As a result, the aging of asphalt is a significant factor in the region.

Hot-mix asphalt pavements subsequently turn out to be stiffer with age mainly

due to oxidization. As they grow older, mainly subjected to asphalt chemistry and

local ecology-related factors, asphalt made pavements befall vulnerable to malfunc-

tion under loads caused by heavy vehicles. Fresh samples of modified asphalts may

pass the PG criteria, but aged (RTFO processed) asphalts may not satisfy them.

This may be due to variations in the quality of asphalt being produced locally.

Therefore the study of the asphalt aging process from both chemical and nanoscale

points of view may help in addressing the issue.

This paper deals with aging in asphalt binder, which can direct to early and pre-

mature degradation of asphaltic pavements. In pavement engineering, asphalt aging

has been described as the time-dependent performance depreciation of asphalt

binder which occurs with time and is caused by several factors including oxidation,

sunlight, heat, and moisture. Aging can be simulated in the laboratory using an air-

convection oven. The current research focuses on the aging characterization of

nanocomposites [carbon nanotubes (CNTs)] and polymer-modified asphalt binder

with different additives using chemical force microscopy (CFM) tips.

12.2 Background of current study

The application of nano- to microlevel laboratory testing and technologies to the

aging behavior in asphalt binder have been elaborated in various studies. For exam-

ple, Adham and Arifuzzaman (2014) used CNT to investigate moisture damage in

asphalt binder [9], and Hassan (2015) used CNT and artificial neural networks

(ANNs) to model the damage due to moisture [10�14]. Tarefder et al. (2016) stud-

ied the aging of mica-modified asphalt binder without atomic force microscope

(AFM) and ANN utilizations [15].

Zhang et al. considered the morphological change in asphalt utilizing AFM with-

out further numerical and modeling work [16]. Rebeloa et al. (2014) investigated

asphalt binder aging with AFM with rectangular silicon cantilevers. The study was

questionable since silicon cantilevers only produce adhesion force [17].

Le Guern et al. (2010) employed IATROSCAN chromatography, FTIR (fourier

transform infrared spectrometer) spectroscopy, and differential scanning calorimetry

to identify the molecular organization and chemical species before and after artifi-

cial aging of asphalt binder [18]. Ouyang et al. (2006) evaluated the aging of base

asphalt and styrene-butadiene-styrene (SBS)-modified asphalts using FTIR spectros-

copy [19]. The X-ray diffraction (XRD) method was employed by Siddiqui et al.

[20] to determine the aging pattern of asphalt fractions. Hesp et al. (2007) utilized

XRD, mass spectrometry, and optical microscopy techniques to simplify the chemi-

cal and morphological features that are accountable for the reversible aging pro-

cesses in asphalt binders [21]. XRD and nuclear magnetic resonance imaging were
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employed by Siddiqui and Ali [22] to discover the likelihood of the occurrence of

reaction mechanisms in laboratory aging, while Lamontagne et al. (2001) used

FTIR [23] to expose the changes in the chemical structure of asphalt with aging.

Lee et al. (2010) studied the thermal oxidation of SBS copolymer using a variety of

analytical and spectroscopic methods, including dynamic mechanical analysis, ther-

mal analysis, and FTIR spectroscopy. The experimental results indicated that the

thermal oxidation of SBS is a free-radical self-catalyzing reaction including initia-

tion, development, transfer, and expiry of the chain of four steps with both scission

and cross-linking [24]. Wu et al. (2009) investigated the effect of aging on base

bitumen and SBS-modified binders with the help of FTIR, dynamic shear rheometry

and AFM. They used -Si3N4 AFM tips which derived the adhesion forces only [25].

Gandhi et al. (2009) considered the aging character of warm-mix asphalt

(WMA) binders, which is not known in detail, using a pressure aging vessel and

RTFO. The study found that the aging of WMA binders can be reduced by reducing

the mixing temperatures, and the rutting resistance of the binders [26]. Cong et al.

(2010) studied the effects of aging of asphalt binders modified with flame retardants

(FRs) and SBS. RTFO and PAV were engaged to age asphalt binders in the labora-

tory. They concluded that the flame retardancy of the asphalt binder was increased

after aging by RTFOT and PAV [27]. Banerjee et al. (2012) quantified the long-

term aging consequences on the rheological possessions of WMA. In this study, the

researchers used four types of WMA additives: Sasobit, Evotherm, Rediset, and

Cecabase. The effect of aging on the rheological properties, specifically the com-

plex shear modulus, of the binders in the laboratory environment was evaluated

[28]. Ruan et al. (2003) studied the long-term aging of polymer-modified asphalt

binders. They used diblock poly, triblock poly, and tire rubber as modifiers. The

asphalt aging was conducted at 60�C in a controlled environmental chamber and at

100�C in PAV [29]. Cao and Ji (2011) studied the behavior of Sasobit-modified

asphalt for aging. The 2%, 3%, 4%, and 5% Sasobit were used by the mass of

asphalt binder. The PAV and RTFO methods simulated the long-term and short-

term aging separately in the experiment [30]. Lins et al. (2008) considered photode-

gradation in asphalts pavements, especially in geographical regions where high-

intensity solar radiation occurs [31]. Kim and Lee (2003) investigated the effect of

oxidative aging of asphalt binders on the fatigue fracture properties and material

characteristics during dynamic mechanical and controlled-strain testing. In the

study, cylindrical sand asphalt samples were manufactured with two aged and an

unaged binder [32].

Othman (2010) also studied the effect of the application of polypropylene on

long-term aging in hot-mix asphalt. Three methods, namely the wet method, the dry

method, and the coating method, were considered, and the aggregate surface was

coated with polypropylene [33]. An investigation of the effect of customary aging

laboratory-based methods on the rheological properties of asphalt binder was con-

ducted by Molenaar et al. [34]. They compared laboratory outcomes with the results

of field-aged binders. The results showed that laboratory methods for long-term

aging are not able of simulating field aging. Zhang et al. (2011) considered the

impact of long-term and short-term oxidative thermal aging on the thermal stability
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and dynamic viscosity of SBS-mixed binder and storage-related stable SBS and

sulfur-mixed binder. The outcomes showed that the sulfur addition consequences

more changes in the binder’s viscous performance owing to aging likened with

sulfur-modified SBS binder [35].

Aging in asphalt pavement has been investigated by researchers for a long time.

Most of the investigations have been based on macroscale testing, but the changes

due to aging are chemical changes, which initiate from the molecular level. Hence,

previous studies are questionable. Moreover, the current literature review found

very few attempts to study the aging phenomena in asphalt binders using functiona-

lized (asphalt chemical) CFM tips for CNT- and polymer-modified asphalt binders.

Hence the objectives of this research are to:

1. Find an appropriate relationship between asphalt chemistry changes and asphalt aging.

2. Compare polymer and CNT nanocomposite modification on aging based on CFM tests.

3. Determine the best percentages of polymer and CNT nanocomposites to resist aging in

asphalt binder.

12.3 CFM test protocol

CFM machine was used to conduct laboratory experiments on all aged and unaged

asphalt samples, and the schematic diagram is shown as in Fig. 12.1. Basically,

CFM is the modified version of AFM. A detailed description of AFM also can be

Posi�on Sensi�ve Photo 
Detector (PSPD) 

Can�lever (AFM)

Chemically Modified 

Test Sample 

Laser Ray 

X, Y, Z  Piezo 

Figure 12.1 Schematic diagram of CFM.
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found in [11]. A thin asphalt binder film sample was placed in a glass substrate for

AFM testing. Thin asphalt film was used for many reasons: pavements made of

HMAC age more and more rapidly at the top surface due to elevated temperatures,

with redundant oxygen, as well as the presence of moisture and sunlight.

Moreover, the binder portion at the surface of an asphalt-made road becomes

brittle earlier than the binder, which is found even half an inch beneath the surface.

In the study, very thin (around 1 mm height) samples with 4 mm long and 4 mm

wide areas were tested under CFM.

12.3.1 CFM tip functionalization

The results of the chemical analysis of asphalts from several sources are presented

in Table 12.1, which shows that the percentages of elements are not unique.

Based on the presence of major elements, to find the cohesion forces among sim-

ilar elements, the current study found that the most common radicals are �COOH

and �OH that match the similarities of asphalt binders when tested with CFM tips.

Furthermore, Fig. 12.2 shows the percentages of Saudi Arabian asphalt

graphically.

Murgich et al. (1996) proposed the asphalt model, where the �OH functional

group is also visible, as shown in Fig. 12.3. Hence this study proposes �OH func-

tionalization of AFM probes so that the derived force value in terms of nano-

Newtons can be assumed as the �OH (tip) to �OH (asphalt) interaction, which in

terms defined as the cohesion forces in asphalt binder [36].

Therefore the current study selected �COOH and �OH functionals as the most

suitable for acquiring cohesion forces in fresh and aged asphalt binder. Because

�OH functional percentage in asphalt is the maximum and significant amount, this

agent is used to modify all CFM tips for test and research work.

The base asphalt binder samples were firstly modified with 4% as well as 5%

styrene-butadiene (SB) and SBS polymers. Later, the samples were mingled with

0.5%, 1.0%, and 1.5% of single-walled carbon nanotubes in an elevated temperature

like the field mixing process.

Table 12.1 Results from elementary analysis of representative refinery asphalts [6].

Elements Mexican

blend

California Arkansas-

Louisiana

Boscan Saudi Arabia

(Riyadh)

Carbon, % 83.77 86.77 85.78 82.90 84.25

Hydrogen, % 9.91 10.93 10.19 10.45 10.14

Sulfur, % 5.25 0.99 3.41 5.43 4.99

Nitrogen, % 0.28 0.26 0.78 1.10 0.41

Oxygen, % 0.77 0.20 0.36 0.29 0.21

Nickel, ppm 22 6 0.4 109 3.59

Vanadium, ppm 180 4 7 1380 97
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All the samples were aged in a Superpave heavy-duty oven for a continuous 7

days at 60�C. The heating condition was forced-air convection to simulate acceler-

ated field conditions [37].

12.3.1.1 Calibration of CFM tips

To find the realistic CFM force adhesion values, understanding the real number of

(k) values that represent the cantilever spring constant is required [38�40]. The

task was done in the current study through the aid of the automated tip calibration

Figure 12.2 Elemental analysis results of asphalt binder.

Figure 12.3 Model of asphalt molecule: two-dimensional view [32].
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procedure, which is available with the CFM software. The cantilevers were cali-

brated by measuring the force�distance (F�D) curve on a platinum-coated and

firm reference sample and using the suggested cantilever. The derived gradient of

the force curve was defined as stiffness (S). Hence, Sref the deflection-related sensi-

tivity of the reference cantilever and Shard the deflection-related sensitivity of the

hard surface, were quantified. The procedure manual shows that the spring constant

of the reference cantilever is kref. The final equation for calibrated k value can be

shown as:

k5
Sref

Shard
2 1

� �
kref (12.1)

12.3.1.2 Description of CNT

CNTs are molecular-level graphitic kind of carbon tubes that possess outstanding

possessions. They are considered as one of the stiffest and strongest materials ever

combined with the asphalt binders, and also partake noteworthy electronic chattels

which may help AFM test conduction. Numerous academic and industrial interests

have been served to these materials, and hundreds of journal and conference pro-

ceedings go on nanotubes are issued per annum. Nevertheless, the manufacturing

price of the good quality CNT is rather extreme, which shrinks their use in com-

mercial usages.

CNT configure into graphite matter resembles a carbon-made flat sheet atoms

having hexagonally packed and bonded structure called graphene. The sheets of

these graphenes are revolved at a specific angle, and then the effects of CNTs are

completed by the amalgamation of the rolling angle and radius. Fig. 12.4A shows

the basic components of the carbon tube sheets in two-dimensional (2D) view, and

Fig. 12.4B shows the rolled tubes that create the tubes. The CNT is almost 10 times

tougher than stainless steel and possesses one-fourth of its denseness; the hollow

form of CNT provides a strong and additional structure which may form an antiag-

ing agent between the aggregate and asphalt binder. Two types of carbon nanotubes

are used for reinforcing asphalt binders and mixtures: single-walled nanotubes

(SWNTs) and double-walled nanotubes. In this study, only SWNT was consumed

to investigate the aging of asphalt binders.

Figure 12.4 (A) Graphene (2D view). (B) Graphite (2D view).
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12.4 Results and discussion

The study accomplished laboratory testing of fresh and aged asphalt samples modi-

fied with polymers and CNTs using a CFM machine. The graphs of the CFM-derived

force�distance (F�D) trend line for the aged and fresh asphalt samples modified

with SB and CNT are presented in Fig. 12.5. This is the main output derived from

laboratory testing. The horizontal axis shows the distance between the sample and the

CFM tip (in nanometers), and the vertical axis shows the cohesion forces (in nano-

Newtons) between the CFM tip and the asphalt samples. The cohesion forces are

computed for the red line (the force difference between the axis to the lowest point).

The blue line represents the approach path towards the sample, whereas the red

line shows the retraction path. Fig. 12.5A shows the F�D curve for a fresh

(unaged) sample, and Fig. 12.5B shows the F�D curve for an aged sample. Both

the asphalt samples were modified with 5% SB and 1.5% SWNT. The aged sample

shows a noticeable and distinct shape, which is different from the fresh sample that

seems to have been chemically distorted.

The results obtained from all the CFM testing are presented in Table 12.2 with

the percentage variation for comparison purposes. The percentage variation was cal-

culated based on the equation:

Cohesion force change %ð Þ5 ðAged sample force2 Fresh sample forceÞ
Fresh sample force

(12.2)

Figure 12.5 Fresh sample (5% SB and 1.5% SWNT) and aged sample (5% SB and 1.5%

SWNT) derived with �OH-modified CFM tips. (A) Fresh sample; (B) aged sample.
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Table 12.2 Cohesion forces (nN) as measured with �OH-modified CFM tips with the % variation for aged samples.

CNT

%

Fresh sample Aged sample % Variation

4%

SB

5%

SB

4%

SBS

5%

SBS

4%

SB

5%

SB

4%

SBS

5%

SBS

4% SB 5%

SB

4%

SBS

5%

SBS

0 128.58 125.63 123.34 73.26 164.61 149.70 130.98 79.79 28.03 19.16 6.20 8.91

0.5 84.80 104.89 80.12 98.25 120.69 135.97 97.44 98.10 42.32 29.64 21.61 2 0.16

1 94.90 125.21 92.80 79.27 150.18 129.88 113.56 114.93 58.25 3.73 22.37 44.98

1.5 106.00 113.04 102.89 111.16 95.38 166.82 101.85 128.24 2 10.02 47.57 2 1.00 15.37



Table 12.2 shows the cohesion forces between �OH-modified CFM tips for both

fresh and aged asphalt binders, and their variations in terms of percentage. The vari-

ation appears to be higher for the cases of 4% SB and 0%, 0.5%, and 1% CNT-

modified samples, which clearly suggests the vulnerability of this type of sample

due to aging in asphalt binders compared with the other asphalt samples. All the

variation data are plotted in Fig. 12.6 for analysis and investigation.

As explained earlier, most of the 4% SB samples modified with CNT were sub-

jected to more deviation than those modified with other polymers (SB and SBS)

and CNT.

The maximum variation in force can be seen in 4% SB and 0.5% CNT-modified

samples. Other samples did not change significantly due to the aging effect. The

samples modified with 4% SB polymer underwent a large amount of aging (maxi-

mum 130%�25%), which were initially mixed with the different percentages of

CNT.

12.4.1 Comparative study between SB and SBS

Fig. 12.7 shows a comparison of 4% SB and SBS with �COOH functionalized

CFM tips. The trend shows increasing adhesion force for 4% SB-modified samples

with increased CNT mixing. However, the same effect was not observed when the

same data were presented for 4% SBS and CNT-modified samples.

12.4.1.1 Statistical analysis of CFM data for 4% SB and SBS (fresh
and aged samples) with 0.5% CNT

Statistical analyses are fundamental measures for any laboratory testing data analy-

sis, and the results are presented in Table 12.3 below for CFM-derived data for

fresh and aged samples.

Figure 12.6 Percentage variation in cohesion force due to CNT and polymer modification in

asphalt binder.
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Table 12.3 shows the statistical analysis for the laboratory-tested samples, which

were modified with 0.5% CNT. Fig. 12.5 showed that 0.5% CNT mixed SB and

SBS samples counterattack the aging effect, and samples with more than 0.5%

CNT show some changes in CFM force values. Hence, the 0.5% CNT value can be

taken as the control sample. The mean (the score which is exactly in the middle of

all ordered scores) and median (the score which is exactly in the middle of all

ordered scores) both describe the location (i.e., central tendency) of the laboratory-

derived sample data. The mean and median values of the laboratory-generated

CFM force values are sufficiently close to assume the analyzed data in this experi-

ment are symmetrical.

Next, the standard deviations (SDs) for all the aged samples are computed and

shown in Table 12.3 and found to be higher than those for the respective fresh sam-

ples. The value of SD is a quantity, which expresses by how much each one data

item for a group may differ from the mean value for the whole data group. A simi-

lar trend can be noticed for the standard error (SE) values for almost all cases, since

the SE values for aged samples are greater than those for the fresh samples, which

may indicate some illogical chemical changes in the aged asphalt samples.

Skewness is a helpful statistical tool for the evaluation of experimental para-

meters and data. If a dataset looks the same to the left to the right compared with

its central point, it gives the skewness, which is a perfect value (0 is the most pref-

erable). It also describes qualitatively the gradation of asymmetry of a distribution

in the vicinity of its computed mean value. Positive skewness directs a distribution

with an asymmetric tail that extends to more positive values. Similarly, negative

skewness designates a circulation with an asymmetric tail encompassing toward fur-

ther negativity. Skewness values exceeding 21 to 11 are very rare. Our results

show 4% SB and 5% SB are the most vulnerable to aging phenomena, since the

values of skewness cross the limits. Hence, the aged samples for 4% SB and 5%

SB are concluded to be highly skewed compared with the respective fresh samples.

Kurtosis is another statistical tool that measures the data, as well as the distribu-

tion pattern, whether they are heavily tailed or lightly tailed relative to a normal type

of distribution. It represents and symbolizes the comparative flatness or peakedness

Figure 12.7 Percentage variation in cohesion force based on SB and SBS effect in asphalt

binder samples with �COOH tip.
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Table 12.3 Statistical analysis of results for CFM test data.

Statistical measurement

parameters

Fresh Aged Fresh Aged Fresh Aged Fresh Aged

4% SB 4% SB 4% SBS 4% SBS 5% SB 5% SB 5% SBS 5% SBS

0.5%

CNT

0.5%

CNT

0.5%

CNT

0.5%

CNT

0.5%

CNT

0.5%

CNT

0.5%

CNT

0.5%

CNT

Mean 219.2 137.7 108.32 350.09 186.59 67.22 196.95 96.997

Median 219.15 128.22 107.66 364.43 184.91 66.777 197.63 97.542

Standard deviation 25.53 35.19 19.637 76.232 22.683 8.2794 7.2871 7.7623

Standard error 8.074 11.13 4.5051 24.106 7.1732 2.6181 1.67179 2.45465

Skewness 0.7353 2.342 2 0.4061 2 0.6001 1.0737 1.2244 2 0.1034 2 0.0819

Kurtosis 0.7589 6.5155 2 0.7243 2 0.8574 2.8181 2.9347 0.3785 0.38377



of a dataset related to the normal distribution. According to Sufian, the kurtosis value

of a normally distributed curve is 3 [41]. Kurtosis is called leptokurtic when it has a

more peaked (narrower) top than the normal curve with a value of more than 3. The

current analysis found 4% SB-aged binder had a leptokurtic shape. The kurtosis

value shows that the aged samples have higher values than all the fresh samples.

Only 4% of SBS (both fresh and aged) have negative values, which indicates a flat

type of distribution, although all others show a positive distribution. Hence, 4% SBS

is not modified much by the aging consequences. Figs. 12.4 and 12.5 also support

the research findings.

12.5 Conclusions

The laboratory CFM testing indicated that 4%, 5% SBS, and 5% SB doses resist the

aging effect, although CNT appears to not have much effect on aging. Asphalt binders

modified with 4% SB and CNT are not effective to protect against aging in the field.

The following conclusions can be drawn from the study:

� SB-modified samples achieved a higher skewed shape based on statistical analysis, which

indicates more aging compared with SBS-modified samples.
� Statistical analyses (SD, SES (standard error), and skewness) showed that 4% SB has the

maximum amount of distortion compared with fresh samples.
� Asphalt samples with 4% SBS mixed with 0.5% CNT are the best at resisting the aging

effect.

12.6 Recommendation for future study

The nonlinear relationships among the data points could be further analyzed using

ANN models. Moreover, the temperature variation effect can be further considered

to gain more insights into aging in asphalt binders. The economical aspect/availabil-

ity should be further investigated.
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13.1 Introduction

One of the most daunting tasks that present-day scientists and researchers face is to

raise social and environmental cognizance on suitable usage of natural resources [1]

to develop renewable and clean energy technologies to meet the ever-growing need

for energy that is both economic and eco-friendly [2]. Numerous materials are cur-

rently used for the application of energy storage such as high energy density capaci-

tors, supercapacitors, batteries [3�5], energy conversion applications such as solar

cells [6], fuel cells [7], as well as energy-saving applications such as carbon dioxide

capture and electrochromic devices [8] to meet the rising demand associated with

the advances in hybrid vehicles (electric), portable electronic devices, renewable

power systems, and so on [9]. Specifically, compact and lightweight capacitor

materials have caught the attention of researchers owing to their easy accumulation

of energy and instantaneous energy delivery when required [5,10]. However, the

energy density of dielectric materials that regulate these capacitors is comparatively

low and thus fails to fulfill the increasing demand for advanced technologies [9].

Due to the possession of eco-friendly nature, the emergence of nanoparticle-

reinforced composites showed promising aspects in this regard [11]. The addition

of organic and inorganic nanoparticles into the polymer matrix has paved the way

for the design and fabrication of polymer nanocomposites (PNCs). These polymers

nanocomposites have proven to be a promising pathway to develop high energy

density dielectric materials [3,12]. To develop flexible, processable, lightweight

energy harvesting devices, researchers from both academia and industry tried to

combine the dielectric properties of PNCs with better mechanical characteristics

and thermal stability [13,14]. It has been proven that ceramic filler particles have a

Advanced Polymer Nanocomposites. DOI: https://doi.org/10.1016/B978-0-12-824492-0.00007-6

© 2022 Elsevier Ltd. All rights reserved.

https://doi.org/10.1016/B978-0-12-824492-0.00007-6


larger dielectric constant compared to the polymer matrix [15]. On the other hand,

the polymer matrix possesses high energy density and high breakdown strength rel-

ative to the ceramic fillers [16]. Therefore the combination of the polymer matrix

of high breakdown strength and the filler material of high dielectric constant may

provide enhanced dielectric properties [5]. However, numerous variables such as

nanofiller particle size and shape, innate properties of nanofillers, and matrix along

with the interaction between them might affect the resulting characteristics of PNCs

for dielectric energy application [17]. Moreover, the homogeneous dispersion of fil-

lers throughout the matrix is quite difficult to attain because of the dissimilarity in

their surface characteristics resulting in inhomogeneity between the components

affecting the electrical performance of the PNCs [18,19]. Hence, to develop high

energy density PNCs, improvement of the interface between polymer matrix and

nanofillers is necessary [20]. In this chapter, we will briefly discuss the potential of

PNCs in the field of energy applications, the ongoing research works regarding the

use of different types of PNCs as energy materials along various challenges associ-

ated with this field.

13.2 Polymer nanocomposites as energy materials:
terminology and annotations

In this section, we will discuss some basic terminologies and definitions associated

with the dielectric properties of PNCs, for example, dielectric constant/relative per-

mittivity, dielectric loss, dielectric nonlinearity, breakdown strength, and theory of

percolation.

13.2.1 Dielectric constant/relative permittivity

One of the important features of dielectric material is its permittivity (ε)
that measures the material’s ability to be polarized by an electric field. However,

it is closely associated with capacitance (C). For a capacitor of capacitance

C, the amount of charge Q it can hold is directly proportional to the voltage

V applier across it [21]. Thus Q5CV , or C5Q=V . The unit of C is the farad

(coulomb per volt). The capacitance is dependent on the permittivity ε of the

dielectric layer, along with the area A of the capacitor, and the separation dis-

tance d between the two plates that are conductive in nature. The mathematical

relation is as follows: C5 εðA=dÞ. When a vacuum is considered as a dielectric,

then the capacitance Co5 εo (A/d). εo is known as the permittivity of vacuum

(8.853 10212 F m21).

Material’s dielectric constant is expressed as “k.” It is the ratio of its permittivity

ε to the permittivity of vacuum εo, so k5 ε/εo. That is why it is also termed as the

relative permittivity of materials. The dielectric constant value of the vacuum is

considered 1. Any material is capable to polarize more than the vacuum, so the “k”

value of a material is always . 1. In Fig. 13.1A, it is shown that for vacuum
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dielectric the stored charge is q due to applied voltage V. In Fig. 13.1B, the intro-

duction of the dielectric film increased the stored charge amount by qm due to the

energy for polarizing the film. Finally, Fig. 13.1C shows the addition of high-k

along with the dielectric film increased the stored charge amount by qp originated

from the energy required to polarize the new particles and due to the dipole�dipole

interaction energy among them [15].

13.2.2 Dielectric loss

Dielectric loss generally originates from conductional, interfacial, distortional

losses. To ensure maximum energy storage, the dielectric loss of PNCs must be

very low [22,23]. Power dissipation occurs in dielectrics due to the application of

alternating voltage. One of the major sources of dielectric loss is the interfacial

polarization resulting from interfacial charge procurement as a result of dielectric

conductivity/constant mismatch [24,25]. Since dielectric loss is undesirable in

energy storage applications, several parameters must be taken into account while

fabricating PNCs including (1) polymer matrix and filler particles must show low

loss, (2) reducing the presence of impurities, and (3) enhanced interfacial compati-

bility between matrix and filler [26]. It should be kept in mind that the dielectric

loss of PNCs is dependent on the spatial orientation of filler particles.

13.2.3 Dielectric nonlinearity

In general, dielectric materials are classified as linear and nonlinear dielectrics [27].

In the case of linear dielectrics, no permanent dipole moments are observed and

there is a linear relationship between dielectric displacement and electric field [28],

whereas the nonlinear dielectrics show nonlinear relation with the electric field as

the name implies [29]. For nonlinear dielectrics, discharge energy density, Ue is

Figure 13.1 Illustration of capacitor energy storage under applied voltage V (A) A vacuum

capacitor with a stored charge up to q; (B) A dielectric film capacitor with a stored charge up

to q1 qm; (C) A high-k particles filled dielectric film capacitor with storage charge up to q

1 qm1 qp.

Source: From X. Huang, B. Sun, Y. Zhu, S. Li, P. Jiang, High-k polymer nanocomposites

with 1D filler for dielectric and energy storage applications. Prog. Mater. Sci., 2019, 100,

187�225. https://doi.org/10.1016/j.pmatsci.2018.10.003.
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inversely related to the remnant polarization. The relation among Ue and electric

field E and electric displacement D is given by Eq. (13.1) [30].

Ue 5

ð
E dD (13.1)

Though general-purpose ferroelectrics (FE) for energy density applications have

a high dielectric constant, due to their large remnant polarization, they cannot be

used as high energy density materials [10]. Better optimization between high dielec-

tric constant and low remnant polarization (low energy loss) is obtained using relax-

or ferroelectrics or antiferroelectric materials [29] (Fig. 13.2).

We are concerned with dielectric nonlinearity while discussing PNCs for energy

application is because most of the filler materials for PNCs are ferroelectric in

nature. Besides novel ferroelectric polymers such as poly(vinylidene fluoride)

(PVDF) and PVDF-based copolymers are showing promising results in fabricating

PNCs for energy appliances [8]. The discharge energy density, Ue, of dielectric

PNCs is greatly dependent on the breakdown strength, EB, of the dielectric materi-

als [31]. Polymer matrix for this purpose such as biaxially oriented polypropylene

shows high breakdown strength along with low dielectric loss. But the major limita-

tion of such a polymer matrix is low dielectric constant/relative permittivity result-

ing in low energy density [32�34]. So, to fabricate efficient PNCs for energy

application to gain maximum energy density, it is rational to assemble the low

dielectric loss and high breakdown strength polymer with filler reinforcement (cera-

mics) of high dielectric constant keeping in mind the effect of dielectric nonlinear-

ity [16,35] (Fig. 13.3).

Figure 13.2 Increasing domain size and cooperativeness with increased dielectric

nonlinearity from left to right along with corresponding D�E graphs.

Source: From V.K. Prateek, Thakur, R.K. Gupta, Recent progress on ferroelectric polymer-

based nanocomposites for high energy density capacitors: synthesis, dielectric properties, and

future aspects. Chem. Rev., 2016, 116(7), 4260�4317. https://doi.org/10.1021/acs.

chemrev.5b00495.
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13.2.4 Breakdown strength

Breakdown strength plays a pivotal role in assessing the energy density of PNCs.

The maximum electric field a dielectric can endure without becoming conducting is

termed as the breakdown strength. The is a square relationship between breakdown

strength and energy density of linear dielectrics that is given by Eq. (13.2) where εr
and εo are the dielectric permittivity of the material and vacuum (8.853 10212 F m21),

respectively, Eb is the breakdown strength of the medium [36,37]. It is obvious from

the equation that the higher breakdown strength of PNCs can ensure higher energy

density.

Energy density5
1

2
εoεrEb

2 (13.2)

There are several types of breakdown that can occur in PNCs [38]:

� Intrinsic electronic breakdown: Due to the application of the electric field, electrons gain

energy to jump across the forbidden energy gap from the valence band to the conduction

band. This process is repetitive and as a result, the presence of an excess amount of elec-

trons in the conduction band leads to the intrinsic electronic breakdown [39�41].
� Avalanche breakdown: Free electrons sometimes collide with bound electrons forming

collision ionization resulting in more free electrons within the PNCs. Repetition of this

process induces an avalanche effect resulting in the final breakdown [39�41].
� Thermal breakdown: High-frequency electric field can induce energy loss by heat energy

dissipation. Due to the insulative nature of dielectric PNCs, they might get heated up and

cause melting and thus cause a thermal breakdown [39�41].
� Defect breakdown: The presence of defects like pores, cracks, cavities is very common in

PNCs. These spaces can be occupied with gas, air, or any other medium of low permittiv-

ity and strength causing this unusual type of breakdown [39�41].

13.2.5 Theory of percolation

Originally developed as a mathematical concept in the early 1950s [42], the perco-

lation theory had later found its usage in materials science research to analyze the

Figure 13.3 Illustration of PNC fabrication for energy storage. PNC, Polymer

nanocomposite.

Source: From B.C. Riggs, S. Adireddy, C.H. Rehm, V.S. Puli, R. Elupula, D.B. Chrisey,

Polymer nanocomposites for energy storage applications in: The Selected Papers of 10th

International Conference on Physics of Advanced Materials, ICPAM-10, 2015, 2(6),

3853�3863. https://doi.org/10.1016/j.matpr.2015.08.004.
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physical properties of any heterogeneous materials [35,42]. Due to percolation phe-

nomena, minor phase filler particles of PNCs come close to each other and form an

interconnecting network resulting in tunneling [43]. Consequently, the charge accu-

mulation ability of PNCs is extirpated and as a result, they become conductive

under the applied electric field [27]. So, utilization of PNCs in energy storage appli-

cations becomes limited due to this phenomenon. Fig. 13.4 depicts a hypothetical

PNC system showing percolation phenomena.

For a heterogeneous multicomponent material, the amount of volume fraction

(critical point) of minor filler phase that contributes to insulator-metal transition by

forming a continuous long-range network of minor constituents is known as

“Percolation Threshold” [44]. A large difference between the attributes of filler

(both conducting and nonconducting) and polymer matrix causes dramatic physical

property change of PNCs near the percolation threshold [45]. The highly resistive

filler-matrix interface of PNC inhibits tunneling among adjacent filler particles

forming a percolative composite with high dielectric constant but low dielectric

loss [45]. Filler size, shape, and orientation influence the percolation threshold [46].

Spherical-shaped filler shows a percolation threshold of B0.16 (also known as

Sher-Zallen invariant), whereas ellipsoidal-shaped fillers show a much lower perco-

lation threshold since there is an easy connection among fillers to form a continuum

[45,47]. It is proven that the percolation threshold is inversely related to the filler

aspect ratio [48]. For instance, large-diameter (700 nm) BaTiO3 nanoparticles

showed a smaller percolation threshold than smaller diameter (100 nm) ones.

Besides, shape change from nanoparticle to nanofibers shows a further reduction in

percolation threshold, that is, graphene flakes exhibit 0.31 vol.% percolation

Figure 13.4 Hypothetical polymer nanocomposite material showing conduction via diffuse

layers due to percolation.

Source: From V.K. Prateek, Thakur, R.K. Gupta, Recent progress on ferroelectric polymer-

based nanocomposites for high energy density capacitors: synthesis, dielectric properties, and

future aspects. Chem. Rev., 2016, 116(7), 4260�4317. https://doi.org/10.1021/acs.

chemrev.5b00495.
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threshold [49]. Not only filler shape but also PNC synthesis procedure as well as

polymer matrix viscosity, polarity, and degree of crystallization have a major influ-

ence on the percolation threshold. Due to higher viscosity, higher polarity, and a

lower degree of crystallization, uniform distribution of filler particles is not possible

resulting in enhanced percolation threshold [50�52]. Therefore by controlling the

percolation threshold, the optimum properties of PNCs can be achieved. Sometimes

surface alteration of nanofillers is required to avoid percolation in PNCs used in the

energy application [31,53�56] (Fig. 13.5).

13.3 Novel PNC energy materials: basic concepts

By definition, PNC dielectrics are composed of organic/inorganic fillers and dielec-

tric polymer matrices utilizing the properties of both phases. It has already been

stated earlier that the polymer phase has high dielectric energy density and high

breakdown strength with low dielectric constant, while the filler phase (mostly cera-

mics) shows a high dielectric constant with low breakdown strength. So, utilization

of PNCs as energy storage dielectrics is significantly dependent on the nature and

types of fillers as well as polymer matrices [57].

13.3.1 Selection of matrix phase of PNCs for energy application

The advent of conductive polyacetylene (PA) in the mid-to-late 1970s paved the

way for the application of intrinsic conductive polymers (ICPs) the energy storage

applications [23,58,59]. These conductive polymers consist primarily of organic

Figure 13.5 (A) Schematics of percolation threshold. (B) Transition from dielectric to

conductor due to percolation phenomena.

Source: From C. DeArmitt, M. Kutz, 23 - Functional Fillers for Plastics. In Plastics Design

Library (pp. 517�532). William Andrew Publishing, 2017. https://doi.org/10.1016/B978-0-

323-39040-8.00023-7.
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monomer groups with conjugated double bonds [60,61]. Compared to conventional

polymers, the ICPs show a significant amount of electrical conductivity and they

are of two types: (1) ionic conducting polymers and (2) electron-conducting poly-

mers [62]. The most commonly used ICPs for energy storage purposes are polyani-

line (PANI), polythiophene (PTh), PA, polypyrrole (PPy), poly(phenylenevinylene),

poly(paraphenylene), and polyfuran [63]. Other than these, poly(methyl methacry-

late) (PMMA) [64�66], epoxy [54�56,67�70], polydimethylsiloxane (PDMS)

[71], polyimide (PI) [72�77], PVDF [34,78], poly(3,4-ethylene dioxythiophene)

(PEDOT) [79] are also used in plethora to fabricate PNCs for energy applications.

In addition to good dielectric properties, PMMA also possesses high strength and

good optical properties [80,81]. Epoxy resins due to their insulative property as

well as being lightweight and low cost are used in energy applications a lot [27].

However, due to their lower thermal conductivity (0.17�0.21 W m21 K21), heat-

dissipating requirements, a major concern for energy storage applications, are not

met [26]. Being transparent and biocompatible, silicon-based elastomers such as

PDMS found their rightful position as matrix material of PNC [82]. Among thermo-

set polymers, polyimide is quite common to be used as matrices in PNC due to their

chemical inertness, better thermal stability, and low moisture absorption index

[27,83,84]. Nonpolar polymers such as polytetrafluoroethylene, low-density poly-

ethylene, polyolefins, and so on are used sometimes but they exhibit a low dielec-

tric constant. In contrast, polar polymers such as PVDF show high dielectric

constant and greater breakdown strength [27]. Table 13.1 summarizes the dielectric

properties of several polymers.

13.3.2 Selection of nanofillers of PNCs for energy applications

Enhanced dielectric properties of PNCs are dependent not only on the choice of

proper matrices but also on the appropriate selection of fillers of different sizes,

shapes, volume fraction, and state of dispersion [27,100]. Compared to polymer

composites reinforced with micro-sized fillers, the PNCs show exceptional dielec-

tric properties needed for energy application due to the synergistic interaction (also

known as “nano-effect”) between polymer and nanofillers [101].

Nanofillers of PNCs for energy application can be subdivided based on their

conducting nature and dimensions. The nonconducting fillers are generally ceramic

insulators. Having a very high bandgap, these fillers accumulate charge only if an

electric field is applied [102,103]. The most common nonconducting ceramic nano-

fillers are strontium titanate (SrTiO3) [104], barium titanate (BaTiO3) [105�107],

calcium titanate (CaTiO3) [108], Bi2O3�ZnO�Nb2O5 [109], and so on. On the

other hand, conducting fillers display a higher dielectric constant at low concentra-

tions compared with nonconducting fillers [27]. However, a higher concentration of

conducting filler causes percolation and dielectric properties to start to change

unexpectedly near the percolation threshold [110]. Conducting fillers like carbon

black [111�114], graphene [9,115,116], single-walled and multiwalled carbon

nanotubes [117�120], graphite [121,122], fullerenes [123,124], nanodiamonds

[53,125], etc. are used in a plethora of PNCs.
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Table 13.1 Dielectric characteristics of multifarious polymers.

Polymers Dielectric constant
(1 kHz)

Breakdown strength
(kV cm21)

Dielectric loss (loss
tangent, 1 kHz)

Dielectric discharge energy
density (J cm23)

References

Poly(vinylidene

fluoride)

10 1500�5000 0.04 2.8 (at 2400 kV cm21) Song et al. [85�89]

Poly(methyl

methacrylate)

4.5 2500 0.05 1.5 (at B3300 kV cm21) Paniagua et al.

[64,90�92]

Epoxy 4.5 250�450 0.015 � Barber et al.

[68,85�87,92�94]

Polyimide 3.5 2380 0.04 1.4 Chi et al. [95�97]

Polydimethylsiloxane 2.6 660 0.01 � Molberg et al. [71,92]

Poly(ethylene

terephthalate)

3.6 2750�3000 0.01 � Huang et al. [92,94,98]

Polytetrafluoroethylene 2 880�1760 0.0001 � Huang et al. [92,94]

Low-density

polyethylene

2.3 308.9 0.003 � Mohamed [92,94,99]



Based on dimensionality, nanofillers can be of three types, namely, 1D nanofil-

lers, 2D nanofillers, 3D nanofillers [100]. Fillers having at least one of their dimen-

sions less than 100 nm are called 1D nanofillers [126]. Among various 1D

nanofillers for energy applications ZnO nanoplatelets [127], ZnO nanosheets (Bai

et al., 2000), ZnO nanodiscs [128], Fe3O4 nanodiscs [129] are the most prominent.

When two dimensions of nanofillers are less than 100 nm, they are called 2D nano-

fillers. The most common 2D nanofillers are titanium dioxide [130], cerium dioxide

[131,132], silica [133], MoS2 [134], hexagonal boron nitride (h-BN) [135], and so

forth. Usually known as nanospheres, nanogranules, and nanocrystals, 3D nanofil-

lers are generally equiaxed particles having all their three-dimension on a nano-

scopic scale [100]. Some 3D nanofillers used in PNC for energy applications are

polyhedral oligomeric silsesquioxane [110], nano-alumina [100], nanotitanium

oxide [100], quantum dots [136], etc. (Table 13.2).

13.4 Effect of interface on the dielectric properties of
PNCs

Owing to the large surface area to volume ratio, a small portion of nanofiller load-

ing displays enhanced dielectric characteristics in PNCs compared to micro-sized

filler loading [9,93,142]. Interaction of nanofillers and polymer matrices is also

controlled by parameters like chain mobility of polymers, their crystallinity,

Coulombic potential, and so forth [57,143,144]. In an experiment, silica fillers

(both nano and micron dimensions) were utilized in the epoxy polymeric matrix to

comprehend the dielectric properties of the PNC [145]. The nanofiller composite

showed an improved dielectric constant but a higher dielectric loss than the micro-

filter composite. The presence of contaminants accrued from the silica synthesis

process was the main reason behind the unexpected increase in dielectric loss, they

concluded [145]. Dielectric responses of dielectrics are dependent on two critical

interface characteristics, namely their chemical formation mechanism and charge

distribution across the interfacial region [31]. For further insight on the formation

of the interface and its influence on the dielectric properties of PNCs, two important

hypothetical models are known as “Tanaka’s Model” and “Lewis’s Model” are

proposed.

13.4.1 Tanaka’s theoretical model

A multi-core-shell model has been proposed by Tanaka et al. [144] for a spherical-

shaped filler incorporated polymer matrix composite to form interfaces either by a

chemical, physical, or electrical mechanism [27]. According to the model, the inter-

face layer comprised three layers. The first layer, commonly known as, the bonded

layer displays an intimate contact between nanofiller and polymer matrix due to

van der Waals bonds, ionic bonds, hydrogen bonds, or covalent bonds [27]. The

thickness of this layer is around 1 nm [144,146].
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The bound layer (the second layer), thickness ranging between 2 and 9 nm, cor-

responds to a strong interaction among the polymer chain and the bonded layer as

well as the surface of nanofillers [27]. Reduction of dielectric permittivity due to

this layer is reported in some scientific literature [144,146,147].

Due to loosely coupled with the bound layer, the third layer is known as the

loose layer. Its thickness ranges from several tens of nanometer scale and due to

this layer reduction in dielectric properties is observed. This layer also displays dif-

ferent polymer chain mobility, crystallinity, conformation, and free volume than

bulk polymer [146,148,149].

The bound layer adversely affects the polar radical groups, and the loose layer

causes free volume reduction. Both the layers thus lead to diminishing the dielectric

constant. As a result, the choice of a proper coupling agent is essential for greater

energy density PNCs [27].

13.4.2 Lewis’s theoretical model

Charge distribution across the interface affects the morphologies of interface layers.

Within the interfacial region, short-range electrostatic forces, mid-range van der

Waals forces, and long-range Coulombic forces may exist that affect the interfacial

layers [31]. Due to differences in chemical potential and Fermi levels of nanofiller

and polymer matrix, the surface of the nanoparticles (sometimes partial) become

charged [150]. To counter the effect, the adjacent polymer matrix phase establishes

opposite charges near the surface of the nanoparticles [29,147]. Due to the migra-

tion of mobile ions in polymer, a diffuse electric double layer having high charge

density is formed around the nanofillers. This layer is known as Stern Layer or

Helmholtz double layer [27]. This double layer is formed due to motionless charged

impurities, entrapped carriers, moving electrons, and holes in the nanoparticle.

Adjacent to the Stern layer, the Gouy�Chapman diffused layer is formed due to the

distribution of charges of opposite polarity [151]. This layer has a prevalent role in

Table 13.2 Dielectric properties of several nanofillers.

Filler materials Dielectric
constant

Loss tangent Dielectric strength
(kV cm21)

References

Alumina (99%

Al2O3)

10.1 @ 1 MHz 0.0002

@1 MHz

135 Yu et al.

[92,94,137]

Boron nitride 4.2 @ 1 MHz 0.00034 @

1 MHz

140 Raju [94]

Barium titanate,

BaTiO3

1235 @ 1 kHz 0.012 @

1 kHz

150 Huang et al.

[92,138,139]

Quartz 3.8 @ 1 MHz 0.0038 @

MHz

� Raju [94]

Silica (fused) 3.2 @ 1 MHz 45 @ 10 GHz � Raju [94]

Ba0.7Sr0.3TiO3 B5000 @

1 kHz

0.03 @ 1 kHz � Hilton, Ricketts

[140]

Strontium titanate,

SrTiO3

240 @ 10 kHz 0.00076 � Muhamad et al.

[141]
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ascertaining dielectric responses of PNCs [146]. Due to considering, electric poten-

tial and charge density within the interfacial region, this core�shell model promises

excellent dielectric characteristics of PNC [152]. Fig. 13.6 depicts the above-

mentioned hypothetical models.

13.5 Ferroelectric fluoropolymer-based PNCs as energy
materials

Among the most frequently utilized PNCs for high-energy-density capacitor appli-

cations, fluoropolymer such as PVDF [153] based PNC shows the most promising

result due to high breakdown strength [154], high dielectric constant, and large

polarization [9]. The reasons behind those enhanced dielectric properties are the

existence of strongly electronegative fluorine on the polymer chains as well as the

spontaneous alignment of C-F dipoles in the crystalline phase [9]. Among various

phases of PVDF, β-, γ-, and δ-phases exhibit high dielectric constant, in the range

of 6�12 [155], compared to α-phase [156]. Numerical values of dielectric constant,

breakdowns strength, dielectric loss are already stated in Table 13.1. Being ferro-

electric in nature, β-PVDF-based polymer can be tailored to obtain desired dielec-

tric properties by surface modification or blending [27]. Specific PVDF-based

Figure 13.6 Tanaka’s model and Lewis’s model showing the multi-core-shell structure of

interfaces between polymer matrix and nanoparticles as well as the Stern and

Gouy�Chapman diffusion layers within the interfacial region of a hypothetical polymer

nanocomposite.

Source: From Z.-M. Dang, J.-K. Yuan, S.-H. Yao, R.-J. Liao,. Flexible nanodielectric

materials with high permittivity for power energy storage. Adv. Mater., 2013, 25(44),

6334�6365. https://doi.org/10.1002/adma.201301752.
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copolymers or terpolymers are used to modify the electrical characteristics of

PNCs. Among them, poly(vinylidene fluoride-trifluoroethylene) (P(VDF-TrFE)),

poly-(vinylidene fluoride-co-hexafluoropropene) (P(VDF-HFP)), poly(vinylidene

fluoride-cochloride trifluoride ethylene) (P(VDF-CTFE)), poly-(vinylidene fluoride-

trifluoroethylene-chlorofluoroethylene)(P(VDF-TrFE-CFE)), poly-(vinylidene

fluoride-trifluoroethylene-hexafluoropropylene (P(VDF-TrFE-HFP)), poly-(vinyli-

dene fluoride-trifluoroethylene-cochloride trifluoride ethylene) (P(VDF-TrFE-

CTFE)) are utilized commonly [157,158].

Compared to PVDF, P(VDF-TrFE) shows a higher dielectric constant (approxi-

mately 18) with a loss tangent less than 0.1 at 1 kHz [159]. Analogous to that in P

(VDF-TrFE), P(VDF-HFP) also exhibits a reduction in remnant polarization [149].

Dielectric constant and loss tangent of P(VDF-HFP) are 5.6 and 0.4 at 1 kHz,

respectively [160]. But the most promising feature of P(VDF-HFP) is its higher

energy density (11�13.5 J cm23 at B6000 kV cm21) in comparison to PVDF and

P(VDF-TrFE) [161]. For P(VDF-CTFE), loss tangent, dielectric constant, and

energy density near breakdown field (6000 kV cm21) are consecutively 0.03 at

1 kHz, 13, and B25 J cm23 [162].

Adding a third comonomer in P(VDF-TrFE)-based polymer is shown to increase

the dielectric constant to a large amount. The dielectric constant values (based on

the mole fraction of monomers) of P(VDF-TrFE-CFE), P(VDF-TrFE-CTFE), and

P(VDF-TrFE-HFP) are 55 (at 56/36.5/7.5 mol%) [10,163], 47 (at 62.2/30.2/7.6 mol%)

[164,165], and 30 (at 62/38/2.5 mol %) [166], respectively (Fig. 13.7).

PVDF and PVDF-based nanocomposites for energy application incorporate both

conducting fillers like graphene, silver (Ag), zinc (Zn), copper (Cu), etc., and non-

conducting fillers like BaTiO3, SrTiO3, BiFeO3, etc. As stated earlier, filler size

and shape have a substantial influence on the dielectric characteristics of PNCS.

Though in terms of dielectric constant and energy density, PVDF-based PNCs pro-

vide a promising result, their lower dielectric breakdown strength still poses a

severe problem. Modified fillers are proved to increase the dielectric properties of

such PVDF-based PNCs for energy applications [167�169]. A summary of PVDF-

based nanocomposites dielectric properties based on filler size, shape, modification,

and conductivity are summarized in the following tables (Tables 13.3 and 13.4).

13.6 Graphene/graphene-based PNCs as energy
materials

Since its discovery in 2004 [211], graphene has attracted remarkable attraction

owing to its application in energy storage and energy conversion systems [2].

Owing to superior thermal and electrical conductivities, graphene/graphene-based

PNCs have been utilized as nanoarchitectured electrode materials for electrochemi-

cal capacitors, also known as, supercapacitors [212�215]. PANI, PPy, PTh, poly

(hexylthiophene) (PHTh), PEDOT, and poly(styrene sulfonate) (PSS) are among
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the common conducting polymers that are combined with graphene/graphene-based

groups to enhance electrode performance of supercapacitors [7].

13.6.1 Graphene�PANI nanocomposites

Utilization of graphene/graphene-based PANI nanocomposites exhibited enhanced

electrochemical properties of supercapacitor electrodes [194,216�218]. Interactions at

the interface (between PANI and graphene) have a direct impact on the efficiency of

the supercapacitor. Optimized ion-diffusion paths are obtained due to the larger interfa-

cial area as a result of strong bonding [219]. In situ oxidation polymerization synthe-

sized graphene�PANI nanocomposites exhibited a high specific capacitance of

863.6 F g21 at 0.2 A g21 which is very promising for supercapacitor application [72].

In another study, in situ polymerized graphene�PANI nanocomposites displayed high-

er specific capacitance of 1046 F g21 than pure PANI (115 F g21) [220]. A specific

capacitance of 1126 F g21 with 84% capacitance retention (after 1000 cycles) has been

Figure 13.7 Illustration of repeat units of (A) P(VDF2TrFE), (B) P(VDF2HFP),

(C) P(VDF2CTFE), and (D) P(VDF2TrFE2CTFE). P(VDF2TrFE), Poly(vinylidene

fluoride-trifluoroethylene); P(VDF2HFP), poly-(vinylidene fluoride-co-hexafluoropropene);

P(VDF2CTFE), poly(vinylidene fluoride-cochloride trifluoride ethylene);

P(VDF2TrFE2CTFE), poly-(vinylidene fluoride-trifluoroethylene-cochloride trifluoride ethylene)

Source: From P. Martins, A.C. Lopes, S. Lanceros-Mendez, Electroactive phases of poly

(vinylidene fluoride): determination, processing and applications. Top. Issue Electroactive

Polym., 2014, 39(4), 683�706. https://doi.org/10.1016/j.progpolymsci.2013.07.006.
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Table 13.3 An overview of Nonconducting fillers and PVDF-based PNCs for capacitor application.

Polymer matrix Filler materials Filler type Dielectric
constant
(1 kHz)

Loss
tangent
(1 kHz)

Discharge energy
density (J cm23)

Breakdown
strength
(kV cm21)

References

PVDF BaTiO3 Spherical 95 0.04 � 55 Mao et al. [170]

BaTiO3 modified with

polyvinylprrolidone

Spherical 77 0.1 6.9 B1500 Yu et al. [53�56]

BaTiO3 modified with Ag

grafting

Spherical B20 0.03 0.83 at

(1000 kV cm21)

881 Xie et al. [90,91]

BaTiO3 modified with Ag coating Spherical 160 0.11 � B200 Luo et al.

[171,172]

BaTiO3 modified with SiO2 Spherical 14.7 0.02 6.28 3400 Yu et al. [53�56]

BaTiO3 modified with

tertrafluorophthalic acid

Spherical 40 0.04 5.1 1760 Yu et al. [53�56]

BaTiO3 modified with SnO2 Spherical 200 0.6 � � Zha et al. [173]

BaTiO3 modified with Dopamine Spherical 56.8 0.04 � � Lin et al. [17]

BaTiO3 modified with

tetradecylphosphonic acid

Spherical 48 0.03 � � Ye et al. [174]

K2CO3 Spherical 2.93 106 27.5 � � Wang et al.

[175�177]

BiFeO3 Spherical B1000 0.2 � � Bhadra et al. [178]

Calcium barium zirconate titanate

(Ba0.95Ca0.05Zr0.15Ti0.85O3)

coated with dopamine

Spherical B100 0.05 � 679 Luo et al.

[171,172]

BaF12O19 nanofibers One-

dimensional

12.8 0.15 � � Jing et al. [179]

V2O5 nanobelts One-dimensional 80 0.45 � � Quan et al. [180]

BaTiO3 nanofibers modified with

dopamine

One-dimensional 30 0.007 � B2102 Song et al.

[85�87]

Ba0.6Sr0.4TiO3 nanofibers

modified with dopamine

One-dimensional 22.5 0.02 5.24 3088 Song et al.

[85�87]

TiO2 nanowires functionalized

with aminopropyl

triethoxysilane

One-dimensional 16 0.08 12.4 4500 Tang, Sodano

[181]

BaTiO3 nanowires modified with

aminopropyl triethoxysilane

One-dimensional 24 0.018 3.36 (at

3300 kV cm21)

2300 Liu et al. [72,73]

(Continued)



Table 13.3 (Continued)

Polymer matrix Filler materials Filler type Dielectric
constant
(1 kHz)

Loss
tangent
(1 kHz)

Discharge energy
density (J cm23)

Breakdown
strength
(kV cm21)

References

Ba0.6Sr0.4TiO3 nanofibers

modified with aminopropyl

triethoxysilane

One-dimensional 21.78 0.015 4.2 (at

3800 kV cm21)

2966 Liu, Zhai [182]

P (VDF-HFP) BaTiO3 modified with

pentafluorobenzyl

phosphonic acid

Spherical 31 B0.02 � 2150 Kim et al. [183]

BaTiO3 coated with TiO2 Spherical 110 B0.04 12.2 (at

3400 kV cm21)

B1900 Rahimabady et al.

[16]

BaTiO3 coated with

poly(1 H,1 H,2 H,2 H heptade

cafluorodecyl acrylate)

Spherical B45 B0.02 B0.08 B1500 Yang et al. [158,

184,185]

P (VDF-TrFE) BaTiO3 Spherical 130 0.025 � � Vacche et al. [186]

TiO2 decorated with Nickel Spherical 18.56 0.046 � � Kuang et al. [187]

BaTiO3 nanowires modified with

dopamine

One-dimensional 30 0.02 � 2048 Song et al.

[85�87]

Ba0.3Sr0.7TiO31 Bi2O3

nanofibers modified with

dopamine

One-dimensional 34 0.03 4.72 (at

1550 kV cm21)

B1100 Hu et al. [188]

P (VDF-CTFE) Ba0.5Sr0.5TiO3 Spherical 54�70 0.07�0.1 � � Zhang et al. [189]

BaTiO3 modified with

ethylenediamine

Spherical B24 0.05 � � Li et al. [190]

TiO2 nanorods modified with Ba-

OH

One-dimensional 24 0.04 � B1750 Li et al. [191]

P (VDF-TrFE-

CTFE)

BaTiO3 modified with

ethylenediamine

Spherical B55 0.07 � � Li et al. [5]

TiO2 nanorods modified with Ba-

OH

One-dimensional 40 0.05 � 2000 Li et al. [191]

PVDF/PMMA BaTiO3 Spherical 8�8.5 B0.045 � � Mofokeng et al.

[192]

PVDF BaTiO31 polyacrylate

elastomers

Spherical 13 0.05 8.8 (at

4000 kV cm21)

� Yu et al. [193]



Table 13.4 An overview of conducting fillers and PVDF-based PNCs for capacitor application.

Polymer matrix Filler materials Filler type Dielectric constant
(1 kHz)

Loss tangent
(1 kHz)

Breakdown strength
(kV cm21)

References

PVDF TiC Spherical 150 � � Wang et al. [194]

Carbon nanotube One-dimensional 16 0.01 � Baji et al. [195]

Multiwalled carbon nanotube

(MWCNT)

One-dimensional 1000 1.5 � Yuan et al.

[196,197]

MWCNT coated with TiO2 nano

particles

One-dimensional B50 B0.25 1600 Yang et al.

[164,198]

CNTs grown on SiC One-dimensional 8000 40 � Yuan et al.

[196,197]

CaCu3Ti4O12 Spherical B80 B0.11 � Thomas et al. [199]

Polyaniline (PANI) Spherical 385 0.85 600 Yuan et al. [200]

PANI modified with dodecylbenzen-

esulfonic acid

Spherical B95 0.55 � Shehzad et al.

[201]

Zinc flakes Flakes shaped 176 0.06 � Zhang et al.

[202�204]

ZnO Flower shaped B180 B0.35 420 Wu et al. [205]

ZnO Walnut shaped B 80 B 0.45 400

Graphene nanosheets (GNs) One-dimensional 6000 4 � Fan et al. [76,77]

Graphene oxide (GO) One-dimensional 35 0.64 � Ataur Rahman

et al. [206]Reduced graphene oxide (RGO) One-dimensional 52 1.12 �
BaTiO31 GO � 10 0.05 1500 Shen et al. [207]

BaTiO31 RGO � 16 0.12 �
PVDF/polystyrene (PS)

blend

Carbon black � 230 4 � Zhao et al. [208]

PVDF/PMMA Hydroxylated MWCNT blend � 300 1 � Yang et al.

[158,184,185]

(Continued)



Table 13.4 (Continued)

Polymer matrix Filler materials Filler type Dielectric constant
(1 kHz)

Loss tangent
(1 kHz)

Breakdown strength
(kV cm21)

References

P (VDF-CTFE) Ni Spherical B800 B1 � Zhang et al. [209]

P (VDF-TrFE) Ni Spherical B970 B1 �
MWCNT modified with

nitro-sulfuric acid

One-dimensional 900 0.9 � Wang et al.

[175�177]

GNs modified with APS � 74 0.08 � Wen et al.

[167,168]

P (VDF-HFP) RGO � 825 (spin-casting) 233 (spin-

casting)

� Tong et al. [160]

PVDF/low-density

polyethylene

MWCNT One-dimensional B170 B5 � Yuan et al. [210]



reported for graphene�PANI nanocomposites fabricated by in situ polymerization�
reduction/dedoping�redoping method [157,221]. Hierarchical nanocomposite com-

posed of 1D PANI nanowires physisorbed on 2D graphene oxide (GO) nanosheets

showed specific capacitance of 555 F ga1 at a low current density of 0.2 A ga1 [159].

In another study, PANI nanowires were grown on 3D reduced graphene oxide (rGO).

It showed a specific capacitance of 385 F g21 at a current density of 0.5 A g21 [222].

These hierarchical graphene�PANI nanocomposites showed a promising result to be

used as electrode materials in flexible or rolling-up devices [203]. The graphene surface

chemistry has an important role in the PANI growth as well as the final specific capaci-

tance of supercapacitor electrodes. The amine-modified rGO integrated PANI compo-

sites displayed the highest increment in specific capacitance with a value as high as

500 F g21 [223]. Among other hybrid materials, graphene�PANI flakes [78],

graphene�PANI nanofibers [135], hierarchical graphene@PANI@graphene sandwich

containing hollow structures [224], etc. are utilized as promising materials for superca-

pacitors. In addition to supercapacitors, graphene-based PANI nanocomposites are also

applied in fuel cells [225,226] as well as in dye-sensitized solar cells [6,175]. A graphi-

cal depiction of various synthesis processes of graphene�PANI nanocomposites is

shown in Fig. 13.8.

13.6.2 Graphene�PPy nanocomposites

PPy is another emerging electrode material for supercapacitors. For the last few years,

graphene/PPy nanocomposites have also been utilized as supercapacitors electrodes

[24,227�229]. At a current density of 0.5 A g21, a specific capacitance of 482 F g21 is

observed for polymerized PPy with graphene whereas sulfonated graphene (SG) and

PPy composite exhibited a specific capacitance of 285 F g21 at a discharge rate of

0.5 A g21 [230]. A capacitance of 318.6 F g21 with 95% capacity retention after 1000

cycles is observed in hierarchical graphene�PPy nanosheet nanocomposites 279. PPy-

wrapped graphene hydrogel nanocomposites showed a high specific capacitance of

375 F g21 along with excellent capacitance retention for more than 4000 cycles 281.

Among other hybrid graphene�PPy nanostructures, graphene/bacterial cellulose/PPy

composites [231], PPy/SG composite [227], freestanding TiO2/graphene/PPy composite

[232], and PPy/rGO-cetyltrimethylammonium bromide [76], etc. are commonly used as

electrode materials in supercapacitor. A hypothetical schematics of the PPy�rGO nano-

composite synthesis process is shown in Fig. 13.9.

In addition, graphene-PEDOT [233], graphene-PEDOT: PSS [234], graphene-PTh

[235], graphene-PHTh [2], etc. showed promising results to be utilized as supercapaci-

tor materials.

13.7 Conclusion and prospects

To keep up with the constant rise of energy demand, researchers and scientists all

over the globe are trying heart and soul every day to provide a solution that is both

efficient and eco-friendly. The emergence of novel PNC materials caught researchers’
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Figure 13.8 Fabrication process of graphene�PANI nanocomposites by (A) in situ chemical

oxidative polymerization, (B) in situ electro-polymerization, (C) interfacial polymerization, (D)

solution mixing, and (E) self-assembly mechanism. APS, Ammonium persulphate; CE, counter

electrode; G, graphene; PANI, polyaniline; RE, reference electrode; WE, working electrode.

Source: From M. Moussa, M.F. El-Kady, Z. Zhao, P. Majewski, J. Ma, Recent progress and

performance evaluation for polyaniline/graphene nanocomposites as supercapacitor electrodes.

Nanotechnology, 2016, 27(44), 442001. https://doi.org/10.1088/0957-4484/27/44/442001.

https://doi.org/10.1088/0957-4484/27/44/442001


attention owing to their promising potential in energy-related applications. Till now

multifarious polymer matrix combined with inorganic/organic nanofillers is investigated

and studied to gain insight into the property, structure, processing, and performance of

these PNCs. Among various combinations, fluoropolymer-based, and graphene-based

PNCs exhibited outstanding possibilities. These PNCs have already found their place in

energy storage devices like dielectrics, supercapacitors, as well as energy conversion

devices such as fuel cells, solar cells, and so on. Judicious selection of matrix and fil-

lers play a key role in controlling the energy properties of these PNC devices.

Enhanced energy density, dielectric constant, breakdown strength, electric and ionic

conductivity, etc. are observed from these polymer-based nanocomposites. However,

there are plenty of challenges that are yet to be addressed. Though in most cases, high-

er filler loading enhances the energy (electrical) properties of these devices, it some-

times deteriorates mechanical properties that have a crucial effect on their fabrication

process. In addition, the study of the matrix-filler interface of PNCs is still in its

infancy. Moreover, the effect of the interface in multicomponent systems is still a puz-

zle. So, more detailed and meticulous studies are required to unveil the full capacity of

PNC. It is certain that if these difficulties are overcome, polymer nanocomposites will

open a new horizon in the field of energy application.
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breakdown field dielectric elastomer actuators using encapsulated polyaniline as high

dielectric constant filler, Adv. Funct. Mater. 20 (19) (2010) 3280�3291. Available

from: https://doi.org/10.1002/adfm.201000486.

[72] J. Liu, G. Tian, S. Qi, Z. Wu, D. Wu, Enhanced dielectric permittivity of a flexible

three-phase polyimide�graphene�BaTiO3 composite material, Mater. Lett. 124 (2014)

117�119. Available from: https://doi.org/10.1016/j.matlet.2014.02.105.

[73] S. Liu, S. Xue, W. Zhang, J. Zhai, Enhanced dielectric and energy storage density

induced by surface-modified BaTiO3 nanofibers in poly(vinylidene fluoride) nanocom-

posites, Ceram. Int. 40 (10, Part A) (2014) 15633�15640. Available from: https://doi.

org/10.1016/j.ceramint.2014.07.083.

[74] Y.-H. Zhang, Z.-M. Dang, J.H. Xin, W.A. Daoud, J.-H. Ji, Y. Liu, et al., Dielectric

properties of polyimide-mica hybrid films, Macromol. Rapid Commun. 26 (18) (2005)

1473�1477. Available from: https://doi.org/10.1002/marc.200500310.

[75] F. Ding, W. Xu, G.L. Graff, J. Zhang, M.L. Sushko, X. Chen, et al., Dendrite-free lith-

ium deposition via self-healing electrostatic shield mechanism, J. Am. Chem. Soc. 135

(11) (2013) 4450�4456. Available from: https://doi.org/10.1021/ja312241y.

360 Advanced Polymer Nanocomposites

https://doi.org/10.1016/B978-0-08-102262-7.00009-X
https://doi.org/10.1016/j.progpolymsci.2010.07.010
https://doi.org/10.1016/j.progpolymsci.2010.07.010
https://doi.org/10.1021/am4056276
https://doi.org/10.1021/am4056276
https://doi.org/10.1039/C3RA46592F
https://doi.org/10.1016/j.eurpolymj.2006.12.012
https://doi.org/10.1007/s11664-013-2523-1
https://doi.org/10.1039/C4RA01194E
https://doi.org/10.1021/jp3026545
https://doi.org/10.1063/1.4826529
https://doi.org/10.1002/adfm.201000486
https://doi.org/10.1016/j.matlet.2014.02.105
https://doi.org/10.1016/j.ceramint.2014.07.083
https://doi.org/10.1016/j.ceramint.2014.07.083
https://doi.org/10.1002/marc.200500310
https://doi.org/10.1021/ja312241y


[76] B.-H. Fan, J.-W. Zha, D.-R. Wang, J. Zhao, Z.-M. Dang, Experimental study and theo-

retical prediction of dielectric permittivity in BaTiO3/polyimide nanocomposite films,

Appl. Phys. Lett. 100 (9) (2012) 092903. Available from: https://doi.org/10.1063/

1.3691198.

[77] P. Fan, L. Wang, J. Yang, F. Chen, M. Zhong, Graphene/poly(vinylidene fluoride)

composites with high dielectric constant and low percolation threshold,

Nanotechnology 23 (36) (2012) 365702. Available from: https://doi.org/10.1088/0957-

4484/23/36/365702.

[78] S. Chen, J. Hu, L. Gao, Y. Zhou, S. Peng, J. He, et al., Enhanced breakdown strength

and energy density in PVDF nanocomposites with functionalized MgO nanoparticles,

RSC Adv. 6 (40) (2016) 33599�33605. Available from: https://doi.org/10.1039/

C6RA01869F.

[79] M. Taj, S.R. Manohara, S.M. Hanagodimath, L. Gerward, Novel conducting poly(3,4-

ethylenedioxythiophene) � graphene nanocomposites with gigantic dielectric properties

and narrow optical energy band gap, Polym. Test. 90 (2020) 106650. Available from:

https://doi.org/10.1016/j.polymertesting.2020.106650.

[80] F. Namouchi, H. Smaoui, N. Fourati, C. Zerrouki, H. Guermazi, J.J. Bonnet,

Investigation on electrical properties of thermally aged PMMA by combined use of

FTIR and impedance spectroscopies, J. Alloy. Compd. 469 (1) (2009) 197�202.

Available from: https://doi.org/10.1016/j.jallcom.2008.01.148.

[81] E.A. Stefanescu, X. Tan, Z. Lin, N. Bowler, M.R. Kessler, Multifunctional fiberglass-

reinforced PMMA-BaTiO3 structural/dielectric composites, Polymer 52 (9) (2011)

2016�2024. Available from: https://doi.org/10.1016/j.polymer.2011.02.050.

[82] I. Sulym, P. Klonos, M. Borysenko, P. Pissis, V.M. Gun’ko, Dielectric and thermal

studies of segmental dynamics in silica/PDMS and silica/titania/PDMS nanocompo-

sites, J. Appl. Polym. Sci. 131 (23) (2014). Available from: https://doi.org/10.1002/

app.41154.

[83] C.-K. Min, T.-B. Wu, W.-T. Yang, C.-L. Chen, Functionalized mesoporous silica/polyi-

mide nanocomposite thin films with improved mechanical properties and low dielectric

constant, Compos. Sci. Technol. 68 (6) (2008) 1570�1578. Available from: https://doi.

org/10.1016/j.compscitech.2007.09.021.

[84] Y. Zhang, S. Ke, H. Huang, L. Zhao, L. Yu, H.L.W. Chan, Dielectric relaxation in

polyimide nanofoamed films with low dielectric constant, Appl. Phys. Lett. 92 (5)

(2008) 052910. Available from: https://doi.org/10.1063/1.2840715.

[85] Y. Song, Y. Shen, P. Hu, Y. Lin, M. Li, C.W. Nan, Significant enhancement in energy

density of polymer composites induced by dopamine-modified Ba0.6Sr0.4TiO3 nanofi-

bers, Appl. Phys. Lett. 101 (15) (2012) 152904. Available from: https://doi.org/

10.1063/1.4760228.

[86] Y. Song, Y. Shen, H. Liu, Y. Lin, M. Li, C.-W. Nan, Enhanced dielectric and ferroelec-

tric properties induced by dopamine-modified BaTiO3 nanofibers in flexible poly

(vinylidene fluoride-trifluoroethylene) nanocomposites, J. Mater. Chem. 22 (16) (2012)

8063�8068. Available from: https://doi.org/10.1039/C2JM30297G.

[87] Y. Song, Y. Shen, H. Liu, Y. Lin, M. Li, C.-W. Nan, Improving the dielectric constants

and breakdown strength of polymer composites: effects of the shape of the BaTiO3

nanoinclusions, surface modification and polymer matrix, J. Mater. Chem. 22 (32)

(2012) 16491�16498. Available from: https://doi.org/10.1039/C2JM32579A.

[88] L. Gao, J. He, J. Hu, Y. Li, Large enhancement in polarization response and energy

storage properties of poly(vinylidene fluoride) by improving the interface effect in

361Polymer nanocomposites for energy

https://doi.org/10.1063/1.3691198
https://doi.org/10.1063/1.3691198
https://doi.org/10.1088/0957-4484/23/36/365702
https://doi.org/10.1088/0957-4484/23/36/365702
https://doi.org/10.1039/C6RA01869F
https://doi.org/10.1039/C6RA01869F
https://doi.org/10.1016/j.polymertesting.2020.106650
https://doi.org/10.1016/j.jallcom.2008.01.148
https://doi.org/10.1016/j.polymer.2011.02.050
https://doi.org/10.1002/app.41154
https://doi.org/10.1002/app.41154
https://doi.org/10.1016/j.compscitech.2007.09.021
https://doi.org/10.1016/j.compscitech.2007.09.021
https://doi.org/10.1063/1.2840715
https://doi.org/10.1063/1.4760228
https://doi.org/10.1063/1.4760228
https://doi.org/10.1039/C2JM30297G
https://doi.org/10.1039/C2JM32579A


nanocomposites, J. Phys. Chem. C. 118 (2) (2014) 831�838. Available from: https://

doi.org/10.1021/jp409474k.

[89] W. Li, Q. Meng, Y. Zheng, Z. Zhang, W. Xia, Z. Xu, Electric energy storage proper-

ties of poly(vinylidene fluoride), Appl. Phys. Lett. 96 (19) (2010) 192905. Available

from: https://doi.org/10.1063/1.3428656.

[90] L. Xie, X. Huang, Y. Huang, K. Yang, P. Jiang, Core@Double-shell structured

BaTiO3�polymer nanocomposites with high dielectric constant and low dielectric

loss for energy storage application, J. Phys. Chem. C. 117 (44) (2013) 22525�22537.

Available from: https://doi.org/10.1021/jp407340n.

[91] L. Xie, X. Huang, B.-W. Li, C. Zhi, T. Tanaka, P. Jiang, Core�satellite Ag@BaTiO3

nanoassemblies for fabrication of polymer nanocomposites with high discharged

energy density, high breakdown strength and low dielectric loss, Phys. Chem. Chem.

Phys. 15 (40) (2013) 17560�17569. Available from: https://doi.org/10.1039/

C3CP52799A.

[92] X. Huang, P. Jiang, T. Tanaka, A review of dielectric polymer composites with high

thermal conductivity, IEEE Electr. Insulation Mag. 27 (4) (2011) 8�16. Available

from: https://doi.org/10.1109/MEI.2011.5954064.

[93] P. Barber, S. Balasubramanian, Y. Anguchamy, S. Gong, A. Wibowo, H. Gao, et al.,

Polymer composite and nanocomposite dielectric materials for pulse power energy

storage, Materials 2 (4) (2009) 1697�1733. Available from: https://doi.org/10.3390/

ma2041697.

[94] G.G. Raju, Appendix 3: Selected Properties of Insulating Materials, Dielectrics in

Electric Fields, Marcel Dekker, Inc, 2003, pp. 561�566. Available from: https://doi.

org/10.1201/9780203912270.

[95] C.W. Beier, J.M. Sanders, R.L. Brutchey, Improved breakdown strength and energy

density in thin-film polyimide nanocomposites with small barium strontium titanate

nanocrystal fillers, J. Phys. Chem. C. 117 (14) (2013) 6958�6965. Available from:

https://doi.org/10.1021/jp312519r.

[96] Q. Chi, J. Sun, C. Zhang, G. Liu, J. Lin, Y. Wang, et al., Enhanced dielectric perfor-

mance of amorphous calcium copper titanate/polyimide hybrid film, J. Mater. Chem.

C. 2 (1) (2014) 172�177. Available from: https://doi.org/10.1039/C3TC31757A.

[97] Z.-M. Dang, Y.-Q. Lin, H.-P. Xu, C.-Y. Shi, S.-T. Li, J. Bai, Fabrication and dielectric

characterization of advanced BaTiO3/polyimide nanocomposite films with high ther-

mal stability, Adv. Funct. Mater. 18 (10) (2008) 1509�1517. Available from: https://

doi.org/10.1002/adfm.200701077.

[98] J.C. Coburn, R.H. Boyd, Dielectric relaxation in poly(ethylene terephthalate),

Macromolecules 19 (8) (1986) 2238�2245. Available from: https://doi.org/10.1021/

ma00162a021.

[99] A.T. Mohamed, Experimental enhancement for dielectric strength of polyethylene

insulation materials using cost-fewer nanoparticles, Int. J. Electr. Power Energy Syst.

64 (2015) 469�475. Available from: https://doi.org/10.1016/j.ijepes.2014.06.075.

[100] E.I. Akpan, X. Shen, B. Wetzel, K. Friedrich, K. Pielichowski, T.M. Majka, 2 -

Design and Synthesis of Polymer Nanocomposites, Micro and Nano Technologies,

Elsevier, 2019, pp. 47�83. Available from: https://doi.org/10.1016/B978-0-12-

814064-2.00002-0.

[101] A.J. Crosby, J. Lee, Polymer nanocomposites: the “Nano” effect on mechanical properties,

Null 47 (2) (2007) 217�229. Available from: https://doi.org/10.1080/15583720701271278.

[102] S. Piskunov, E. Heifets, R.I. Eglitis, G. Borstel, Bulk properties and electronic struc-

ture of SrTiO3, BaTiO3, PbTiO3 perovskites: an ab initio HF/DFT study, Comput.

362 Advanced Polymer Nanocomposites

https://doi.org/10.1021/jp409474k
https://doi.org/10.1021/jp409474k
https://doi.org/10.1063/1.3428656
https://doi.org/10.1021/jp407340n
https://doi.org/10.1039/C3CP52799A
https://doi.org/10.1039/C3CP52799A
https://doi.org/10.1109/MEI.2011.5954064
https://doi.org/10.3390/ma2041697
https://doi.org/10.3390/ma2041697
https://doi.org/10.1201/9780203912270
https://doi.org/10.1201/9780203912270
https://doi.org/10.1021/jp312519r
https://doi.org/10.1039/C3TC31757A
https://doi.org/10.1002/adfm.200701077
https://doi.org/10.1002/adfm.200701077
https://doi.org/10.1021/ma00162a021
https://doi.org/10.1021/ma00162a021
https://doi.org/10.1016/j.ijepes.2014.06.075
https://doi.org/10.1016/B978-0-12-814064-2.00002-0
https://doi.org/10.1016/B978-0-12-814064-2.00002-0
https://doi.org/10.1080/15583720701271278


Mater. Sci. 29 (2) (2004) 165�178. Available from: https://doi.org/10.1016/j.

commatsci.2003.08.036.

[103] L.B. Kong, T.S. Zhang, J. Ma, F. Boey, Progress in synthesis of ferroelectric ceramic

materials via high-energy mechanochemical technique, Prog. Mater. Sci. 53 (2) (2008)

207�322. Available from: https://doi.org/10.1016/j.pmatsci.2007.05.001.

[104] V.S. Nisa, S. Rajesh, K.P. Murali, V. Priyadarsini, S.N. Potty, R. Ratheesh,

Preparation, characterization and dielectric properties of temperature stable SrTiO3/

PEEK composites for microwave substrate applications, Compos. Sci. Technol. 68 (1)

(2008) 106�112. Available from: https://doi.org/10.1016/j.compscitech.2007.05.024.

[105] D. Padalia, G. Bisht, U.C. Johri, K. Asokan, Fabrication and characterization of

cerium doped barium titanate/PMMA nanocomposites, Solid. State Sci. 19 (2013)

122�129. Available from: https://doi.org/10.1016/j.solidstatesciences.2013.02.002.

[106] B. Schumacher, H. Geßwein, J. Haußelt, T. Hanemann, Temperature treatment of

nano-scaled barium titanate filler to improve the dielectric properties of high-k poly-

mer based composites, Microelectron. Eng. 87 (10) (2010) 1978�1983. Available

from: https://doi.org/10.1016/j.mee.2009.12.018.

[107] T. Hoshina, Size effect of barium titanate fine particles and ceramics, J. Ceram. Soc.

Jpn. 121 (1410) (2013) 156�161. Available from: https://doi.org/10.2109/

jcersj2.121.156.

[108] Y. Hu, Y. Zhang, H. Liu, D. Zhou, Microwave dielectric properties of PTFE/CaTiO3

polymer ceramic composites, Ceram. Int. 37 (5) (2011) 1609�1613. Available from:

https://doi.org/10.1016/j.ceramint.2011.01.039.

[109] F. Xiang, H. Wang, X. Yao, Preparation and dielectric properties of bismuth-based

dielectric/PTFE microwave composites, in: Pap. Presented Third Int. Conf. Microw.

Mater. Their Appl. - MMA2004 Inuyama, Jpn., 2006, 26 (10), 1999�2002. Available

from: https://doi.org/10.1016/j.jeurceramsoc.2005.09.048.

[110] H. Deng, L. Lin, M. Ji, S. Zhang, M. Yang, Q. Fu, Progress on the morphological con-

trol of conductive network in conductive polymer composites and the use as electroac-

tive multifunctional materials, Topical Issue Electroactive Polym. 39 (4) (2014)

627�655. Available from: https://doi.org/10.1016/j.progpolymsci.2013.07.007.

[111] R. Theravalappil, P. Svoboda, J. Vilcakova, S. Poongavalappil, P. Slobodian, D.

Svobodova, A comparative study on the electrical, thermal and mechanical properties

of ethylene�octene copolymer based composites with carbon fillers, Mater. Des. 60

(2014) 458�467. Available from: https://doi.org/10.1016/j.matdes.2014.04.029.

[112] G.G. Tibbetts, M.L. Lake, K.L. Strong, B.P. Rice, A review of the fabrication and

properties of vapor-grown carbon nanofiber/polymer composites, Compos. Sci.

Technol. 67 (7) (2007) 1709�1718. Available from: https://doi.org/10.1016/j.

compscitech.2006.06.015.

[113] Y.W. Wong, K.L. Lo, F.G. Shin, Electrical and thermal properties of composite of liq-

uid crystalline polymer filled with carbon black, J. Appl. Polym. Sci. 82 (6) (2001)

1549�1555. Available from: https://doi.org/10.1002/app.1993.

[114] M. El Hasnaoui, A. Triki, M.P.F. Graça, M.E. Achour, L.C. Costa, M. Arous,

Electrical conductivity studies on carbon black loaded ethylene butylacrylate polymer

composites, J. Non-Crystalline Solids 358 (20) (2012) 2810�2815. Available from:

https://doi.org/10.1016/j.jnoncrysol.2012.07.008.

[115] V.G. Shevchenko, S.V. Polschikov, P.M. Nedorezova, A.N. Klyamkina, A.N.

Shchegolikhin, A.M. Aladyshev, et al., In situ polymerized poly(propylene)/graphene

nanoplatelets nanocomposites: dielectric and microwave properties, Polymer 53 (23)

(2012) 5330�5335. Available from: https://doi.org/10.1016/j.polymer.2012.09.018.

363Polymer nanocomposites for energy

https://doi.org/10.1016/j.commatsci.2003.08.036
https://doi.org/10.1016/j.commatsci.2003.08.036
https://doi.org/10.1016/j.pmatsci.2007.05.001
https://doi.org/10.1016/j.compscitech.2007.05.024
https://doi.org/10.1016/j.solidstatesciences.2013.02.002
https://doi.org/10.1016/j.mee.2009.12.018
https://doi.org/10.2109/jcersj2.121.156
https://doi.org/10.2109/jcersj2.121.156
https://doi.org/10.1016/j.ceramint.2011.01.039
https://doi.org/10.1016/j.jeurceramsoc.2005.09.048
https://doi.org/10.1016/j.progpolymsci.2013.07.007
https://doi.org/10.1016/j.matdes.2014.04.029
https://doi.org/10.1016/j.compscitech.2006.06.015
https://doi.org/10.1016/j.compscitech.2006.06.015
https://doi.org/10.1002/app.1993
https://doi.org/10.1016/j.jnoncrysol.2012.07.008
https://doi.org/10.1016/j.polymer.2012.09.018


[116] M. Tian, Z. Wei, X. Zan, L. Zhang, J. Zhang, Q. Ma, et al., Thermally expanded gra-

phene nanoplates/polydimethylsiloxane composites with high dielectric constant, low

dielectric loss and improved actuated strain, Compos. Sci. Technol. 99 (2014) 37�44.

Available from: https://doi.org/10.1016/j.compscitech.2014.05.004.

[117] M. Moniruzzaman, K.I. Winey, Polymer nanocomposites containing carbon nano-

tubes, Macromolecules 39 (16) (2006) 5194�5205. Available from: https://doi.org/

10.1021/ma060733p.

[118] S.C. Tjong, Electrical and dielectric behavior of carbon nanotube-filled polymer com-

posites, in: S.C. Tjong, Y.-W. Mai (Eds.), Physical Properties and Applications of

Polymer Nanocomposites, Woodhead Publishing Limited, 2010, pp. 495�528.

Available from: https://doi.org/10.1533/9780857090249.3.495.

[119] H. Chang, G. Wang, A. Yang, X. Tao, X. Liu, Y. Shen, et al., A transparent, flexible,

low-temperature, and solution-processible graphene composite electrode, Adv. Funct.

Mater. 20 (17) (2010) 2893�2902. Available from: https://doi.org/10.1002/

adfm.201000900.

[120] A.E. Daugaard, K. Jankova, J.M.R. Marı́n, J. Bøgelund, S. Hvilsted, Poly(ethylene-co-

butylene) functionalized multi walled carbon nanotubes applied in polypropylene

nanocomposites, Eur. Polym. J. 48 (4) (2012) 743�750. Available from: https://doi.

org/10.1016/j.eurpolymj.2012.02.006.

[121] A. Yasmin, J.-J. Luo, I.M. Daniel, Processing of expanded graphite reinforced poly-

mer nanocomposites, Nanocomposites 66 (9) (2006) 1182�1189. Available from:

https://doi.org/10.1016/j.compscitech.2005.10.014.

[122] S. Ganguli, A.K. Roy, D.P. Anderson, Improved thermal conductivity for chemically

functionalized exfoliated graphite/epoxy composites, Carbon 46 (5) (2008) 806�817.

Available from: https://doi.org/10.1016/j.carbon.2008.02.008.

[123] A. Kausar, Advances in polymer/fullerene nanocomposite: a review on essential fea-

tures and applications, Null 56 (6) (2017) 594�605. Available from: https://doi.org/

10.1080/03602559.2016.1233278.

[124] E. Badamshina, M. Gafurova, Polymeric nanocomposites containing non-covalently

bonded fullerene C60: properties and applications, J. Mater. Chem. 22 (19) (2012)

9427�9438. Available from: https://doi.org/10.1039/C2JM15472B.

[125] V.N. Mochalin, Y. Gogotsi, Nanodiamond�polymer composites, Diam. Relat. Mater.

58 (2015) 161�171. Available from: https://doi.org/10.1016/j.diamond.2015.07.003.

[126] R. Verdejo, M.M. Bernal, L.J. Romasanta, F.J. Tapiador, M.A. Lopez-Manchado,

Reactive nanocomposite foams, Cell. Polym. 30 (2) (2011) 45�62. Available from:

https://doi.org/10.1177/026248931103000201.

[127] G.K. Mani, J.B.B. Rayappan, A simple and template free synthesis of branched ZnO

nanoarchitectures for sensor applications, RSC Adv. 4 (109) (2014) 64075�64084.

Available from: https://doi.org/10.1039/C4RA09652E.

[128] A. Umar, Y.B. Hahn, ZnO nanosheet networks and hexagonal nanodiscs grown on sil-

icon substrate: growth mechanism and structural and optical properties,

Nanotechnology 17 (9) (2006) 2174�2180. Available from: https://doi.org/10.1088/

0957-4484/17/9/016.

[129] H. Zou, S. Wu, J. Shen, Polymer/silica nanocomposites: preparation, characterization,

properties, and applications, Chem. Rev. 108 (9) (2008) 3893�3957. Available from:

https://doi.org/10.1021/cr068035q.

[130] S. Dhandapani, S.K. Nayak, S. Mohanty, Compatibility effect of titanium dioxide

nanofiber on reinforced biobased nanocomposites: thermal, mechanical, and

364 Advanced Polymer Nanocomposites

https://doi.org/10.1016/j.compscitech.2014.05.004
https://doi.org/10.1021/ma060733p
https://doi.org/10.1021/ma060733p
https://doi.org/10.1533/9780857090249.3.495
https://doi.org/10.1002/adfm.201000900
https://doi.org/10.1002/adfm.201000900
https://doi.org/10.1016/j.eurpolymj.2012.02.006
https://doi.org/10.1016/j.eurpolymj.2012.02.006
https://doi.org/10.1016/j.compscitech.2005.10.014
https://doi.org/10.1016/j.carbon.2008.02.008
https://doi.org/10.1080/03602559.2016.1233278
https://doi.org/10.1080/03602559.2016.1233278
https://doi.org/10.1039/C2JM15472B
https://doi.org/10.1016/j.diamond.2015.07.003
https://doi.org/10.1177/026248931103000201
https://doi.org/10.1039/C4RA09652E
https://doi.org/10.1088/0957-4484/17/9/016
https://doi.org/10.1088/0957-4484/17/9/016
https://doi.org/10.1021/cr068035q


morphology characterization, J. Vinyl Addit. Technol. 22 (4) (2016) 529�538.

Available from: https://doi.org/10.1002/vnl.21475.

[131] S.R. Mohapatra, M.G. Nair, A.K. Thakur, Synergistic effect of nano-ceria dispersion

on improvement of Li1 ion conductivity in polymer nanocomposite electrolytes,

Mater. Lett. 221 (2018) 232�235. Available from: https://doi.org/10.1016/j.

matlet.2018.03.101.

[132] M.J. Parnian, S. Rowshanzamir, A.K. Prasad, S.G. Advani, High durability sulfonated

poly (ether ether ketone)-ceria nanocomposite membranes for proton exchange mem-

brane fuel cell applications, J. Membr. Sci. 556 (2018) 12�22. Available from:

https://doi.org/10.1016/j.memsci.2018.03.083.

[133] W. Yuan, H. Zhao, H. Hu, S. Wang, G.L. Baker, Synthesis and characterization of the

hole-conducting silica/polymer nanocomposites and application in solid-state dye-sen-

sitized solar cell, ACS Appl. Mater. Interfaces 5 (10) (2013) 4155�4161. Available

from: https://doi.org/10.1021/am4001858.

[134] T. Wang, S. Chen, H. Pang, H. Xue, Y. Yu, MoS2-based nanocomposites for electro-

chemical energy storage, Adv. Sci. 4 (2) (2017) 1600289. Available from: https://doi.

org/10.1002/advs.201600289.

[135] K. Wu, Y. Li, R. Huang, S. Chai, F. Chen, Q. Fu, Constructing conductive multi-

walled carbon nanotubes network inside hexagonal boron nitride network in polymer

composites for significantly improved dielectric property and thermal conductivity,

Compos. Sci. Technol. 151 (2017) 193�201. Available from: https://doi.org/10.1016/

j.compscitech.2017.07.014.

[136] T. Tanaka, A quantum dot model for nanoparticles in polymer nanocomposites, IEEE

Trans. Dielectr. Electr. Insulation 26 (1) (2019) 276�283. Available from: https://doi.

org/10.1109/TDEI.2018.007599.

[137] J. Yu, R. Huo, C. Wu, X. Wu, G. Wang, P. Jiang, Influence of interface structure on

dielectric properties of epoxy/alumina nanocomposites, Macromol. Res. 20 (8) (2012)

816�826. Available from: https://doi.org/10.1007/s13233-012-0122-2.

[138] H. Basantakumar Sharma, H.N.K. Sarma, A. Mansingh, Ferroelectric and dielectric

properties of sol-gel processed barium titanate ceramics and thin films, J. Mater. Sci.

34 (6) (1999) 1385�1390. Available from: https://doi.org/10.1023/A:1004578905297.

[139] K.D. Schomann, Electric breakdown of barium titanate: a model, Appl. Phys. 6 (1)

(1975) 89�92. Available from: https://doi.org/10.1007/BF00883554.

[140] A.D. Hilton, B.W. Ricketts, Dielectric properties of ceramics, J. Phys. D: Appl. Phys.

29 (5) (1996) 1321�1325. Available from: https://doi.org/10.1088/0022-3727/29/5/

028.

[141] N.F. Muhamad, R.A. Maulat Osman, M.S. Idris, M.N. Mohd Yasin, Physical and elec-

trical properties of SrTiO3 and SrZrO3, EPJ Web Conf. (2017) 162. Available from:

https://doi.org/10.1051/epjconf/201716201052.

[142] Z.-M. Dang, J.-K. Yuan, J.-W. Zha, T. Zhou, S.-T. Li, G.-H. Hu, Fundamentals, processes

and applications of high-permittivity polymer�matrix composites, Prog. Mater. Sci. 57

(4) (2012) 660�723. Available from: https://doi.org/10.1016/j.pmatsci.2011.08.001.

[143] T. Tanaka, G.C. Montanari, R. Mulhaupt, Polymer nanocomposites as dielectrics and

electrical insulation-perspectives for processing technologies, material characterization

and future applications, IEEE Trans. Dielectr. Electr. Insulation 11 (5) (2004)

763�784. Available from: https://doi.org/10.1109/TDEI.2004.1349782.

[144] T. Tanaka, M. Kozako, N. Fuse, Y. Ohki, Proposal of a multi-core model for polymer

nanocomposite dielectrics, IEEE Trans. Dielectr. Electr. Insulation 12 (4) (2005)

669�681. Available from: https://doi.org/10.1109/TDEI.2005.1511092.

365Polymer nanocomposites for energy

https://doi.org/10.1002/vnl.21475
https://doi.org/10.1016/j.matlet.2018.03.101
https://doi.org/10.1016/j.matlet.2018.03.101
https://doi.org/10.1016/j.memsci.2018.03.083
https://doi.org/10.1021/am4001858
https://doi.org/10.1002/advs.201600289
https://doi.org/10.1002/advs.201600289
https://doi.org/10.1016/j.compscitech.2017.07.014
https://doi.org/10.1016/j.compscitech.2017.07.014
https://doi.org/10.1109/TDEI.2018.007599
https://doi.org/10.1109/TDEI.2018.007599
https://doi.org/10.1007/s13233-012-0122-2
https://doi.org/10.1023/A:1004578905297
https://doi.org/10.1007/BF00883554
https://doi.org/10.1088/0022-3727/29/5/028
https://doi.org/10.1088/0022-3727/29/5/028
https://doi.org/10.1051/epjconf/201716201052
https://doi.org/10.1016/j.pmatsci.2011.08.001
https://doi.org/10.1109/TDEI.2004.1349782
https://doi.org/10.1109/TDEI.2005.1511092


[145] X. Sun, M. Gan, L. Ma, H. Wang, T. Zhou, S. Wang, et al., Fabrication of PANI-

coated honeycomb-like MnO2 nanospheres with enhanced electrochemical perfor-

mance for energy storage, Electrochim. Acta 180 (2015) 977�982. Available from:

https://doi.org/10.1016/j.electacta.2015.09.056.

[146] T.J. Lewis, Interfaces are the dominant feature of dielectrics at the nanometric level,

IEEE Trans. Dielectr. Electr. Insulation 11 (5) (2004) 739�753. Available from:

https://doi.org/10.1109/TDEI.2004.1349779.

[147] T.J. Lewis, Interfaces: nanometric dielectrics, J. Phys. D: Appl. Phys. 38 (2) (2005)

202�212. Available from: https://doi.org/10.1088/0022-3727/38/2/004.

[148] V. Ramani, H.R. Kunz, J.M. Fenton, Metal dioxide supported heteropolyacid/Nafions

composite membranes for elevated temperature/low relative humidity PEFC operation,

J. Membr. Sci. 279 (1) (2006) 506�512. Available from: https://doi.org/10.1016/j.

memsci.2005.12.044.

[149] T. Zhou, J.-W. Zha, R.-Y. Cui, B.-H. Fan, J.-K. Yuan, Z.-M. Dang, Improving dielec-

tric properties of BaTiO3/ferroelectric polymer composites by employing surface

hydroxylated BaTiO3 nanoparticles, ACS Appl. Mater. Interfaces 3 (7) (2011)

2184�2188. Available from: https://doi.org/10.1021/am200492q.

[150] K.C. Kao, Charge Carrier Injection from Electrical Contacts, Dielectric Phenomena in

Solids, 1st edition, Academic Press, 2004, pp. 327�380. Available from: https://doi.

org/10.1016/B978-012396561-5/50016-5.

[151] T.J. Lewis, Nanometric dielectrics, IEEE Trans. Dielectr. Electr. Insulation 1 (5)

(1994) 812�825. Available from: https://doi.org/10.1109/94.326653.

[152] O. Lopez-Pamies, T. Goudarzi, A.B. Meddeb, Z. Ounaies, Extreme enhancement and

reduction of the dielectric response of polymer nanoparticulate composites via inter-

phasial charges, Appl. Phys. Lett. 104 (24) (2014) 242904. Available from: https://doi.

org/10.1063/1.4884368.

[153] L. Zhu, Q. Wang, novel ferroelectric polymers for high energy density and low loss

dielectrics, Macromolecules 45 (7) (2012) 2937�2954. Available from: https://doi.

org/10.1021/ma2024057.

[154] J. Claude, Y. Lu, K. Li, Q. Wang, Electrical storage in poly(vinylidene fluoride) based

ferroelectric polymers: correlating polymer structure to electrical breakdown strength,

Chem. Mater. 20 (6) (2008) 2078�2080. Available from: https://doi.org/10.1021/

cm800160r.

[155] P. Martins, J.S. Nunes, G. Hungerford, D. Miranda, A. Ferreira, V. Sencadas, et al.,

Local variation of the dielectric properties of poly(vinylidene fluoride) during the α-
to β-phase transformation, Phys. Lett. A 373 (2) (2009) 177�180. Available from:

https://doi.org/10.1016/j.physleta.2008.11.026.

[156] K. Tashiro, Crystal-Structure and Phase Transition of PVDF and Related Copolymers,

in: H.S. Nalwa (Ed.), Ferroelectric Polymers: Chemistry, Physics, and Applications,

Marcel Dekker, Inc., New York, 1995, pp. 63�181.

[157] Y. Wang, X. Zhou, Q. Chen, B. Chu, Q. Zhang, Recent development of high energy

density polymers for dielectric capacitors, IEEE Trans. Dielectr. Electr. Insulation 17

(4) (2010) 1036�1042. Available from: https://doi.org/10.1109/TDEI.2010.5539672.

[158] L. Yang, X. Li, E. Allahyarov, P.L. Taylor, Q.M. Zhang, L. Zhu, Novel polymer ferro-

electric behavior via crystal isomorphism and the nanoconfinement effect, Polymer 54 (7)

(2013) 1709�1728. Available from: https://doi.org/10.1016/j.polymer.2013.01.035.

[159] H. Xu, Dielectric properties and ferroelectric behavior of poly(vinylidene fluoride-tri-

fluoroethylene) 50/50 copolymer ultrathin films, J. Appl. Polym. Sci. 80 (12) (2001)

2259�2266. Available from: https://doi.org/10.1002/app.1330.

366 Advanced Polymer Nanocomposites

https://doi.org/10.1016/j.electacta.2015.09.056
https://doi.org/10.1109/TDEI.2004.1349779
https://doi.org/10.1088/0022-3727/38/2/004
https://doi.org/10.1016/j.memsci.2005.12.044
https://doi.org/10.1016/j.memsci.2005.12.044
https://doi.org/10.1021/am200492q
https://doi.org/10.1016/B978-012396561-5/50016-5
https://doi.org/10.1016/B978-012396561-5/50016-5
https://doi.org/10.1109/94.326653
https://doi.org/10.1063/1.4884368
https://doi.org/10.1063/1.4884368
https://doi.org/10.1021/ma2024057
https://doi.org/10.1021/ma2024057
https://doi.org/10.1021/cm800160r
https://doi.org/10.1021/cm800160r
https://doi.org/10.1016/j.physleta.2008.11.026
http://refhub.elsevier.com/B978-0-12-824492-0.00007-6/sbref155
http://refhub.elsevier.com/B978-0-12-824492-0.00007-6/sbref155
http://refhub.elsevier.com/B978-0-12-824492-0.00007-6/sbref155
http://refhub.elsevier.com/B978-0-12-824492-0.00007-6/sbref155
https://doi.org/10.1109/TDEI.2010.5539672
https://doi.org/10.1016/j.polymer.2013.01.035
https://doi.org/10.1002/app.1330


[160] W. Tong, Y. Zhang, L. Yu, X. Luan, Q. An, Q. Zhang, et al., Novel method for the

fabrication of flexible film with oriented arrays of graphene in poly(vinylidene fluo-

ride-co-hexafluoropropylene) with low dielectric loss, J. Phys. Chem. C. 118 (20)

(2014) 10567�10573. Available from: https://doi.org/10.1021/jp411828e.

[161] F. Guan, J. Pan, J. Wang, Q. Wang, L. Zhu, Crystal orientation effect on electric

energy storage in poly(vinylidene fluoride-co-hexafluoropropylene) copolymers,

Macromolecules 43 (1) (2010) 384�392. Available from: https://doi.org/10.1021/

ma901921h.

[162] X. Zhou, B. Chu, B. Neese, M. Lin, Q.M. Zhang, Electrical energy density and dis-

charge characteristics of a poly(vinylidene fluoride-chlorotrifluoroethylene)copolymer,

IEEE Trans. Dielectr. Electr. Insulation 14 (5) (2007) 1133�1138. Available from:

https://doi.org/10.1109/TDEI.2007.4339472.

[163] G. Li, R. Zhu, Y. Yang, Polymer solar cells, Nat. Photon. 6 (3) (2012) 153�161.

Available from: https://doi.org/10.1038/nphoton.2012.11.

[164] L. Yang, J. Qiu, H. Ji, K. Zhu, J. Wang, Enhanced dielectric and ferroelectric proper-

ties induced by TiO2@MWCNTs nanoparticles in flexible poly(vinylidene fluoride)

composites, Compos. Part A Appl. Sci. Manuf. 65 (2014) 125�134. Available from:

https://doi.org/10.1016/j.compositesa.2014.06.006.

[165] J. Li, Z. Sun, F. Yan, Solution processable low-voltage organic thin film transistors

with high-k relaxor ferroelectric polymer as gate insulator, Adv. Mater. 24 (1) (2012)

88�93. Available from: https://doi.org/10.1002/adma.201103542.

[166] H. Xu, D. Shen, Q. Zhang, Structural and ferroelectric response in vinylidene fluoride/

trifluoroethylene/hexafluoropropylene terpolymers, Polymer 48 (7) (2007)

2124�2129. Available from: https://doi.org/10.1016/j.polymer.2007.02.035.

[167] F. Wen, Z. Xu, S. Tan, W. Xia, X. Wei, Z. Zhang, Chemical bonding-induced low

dielectric loss and low conductivity in high-K poly(vinylidenefluoride-trifluorethy-

lene)/graphene nanosheets nanocomposites, ACS Appl. Mater. Interfaces 5 (19)

(2013) 9411�9420. Available from: https://doi.org/10.1021/am401784p.

[168] F. Wen, Z. Xu, W. Xia, X. Wei, Z. Zhang, High energy density nanocomposites based

on poly(vinylidene fluoride-chlorotrifluoroethylene) and barium titanate, Polym. Eng.

Sci. 53 (4) (2013) 897�904. Available from: https://doi.org/10.1002/pen.23312.

[169] S. Dalle Vacche, F. Oliveira, Y. Leterrier, V. Michaud, D. Damjanovic, J.-A.E.
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14.1 Introduction

Modern military confrontations are characterized by asymmetry, or a considerable dis-

parity in equipment, armament, technology, and resources between the combatants.

Militaries with advanced technologies will invariably win the battle [1]. Hence, modern

armed forces are attempting to gain a qualitative advantage over opponents by employ-

ing new technologies. Integrating several emerging technologies allows moving from

“mass and mobility” to nontraditional techniques of increasing comparative fighting

capability. Remote sensing, night vision, image processing, sensors, stealth technology,

precision-guided missiles, and, most significantly, digital communications and com-

puter networks force us to embrace novel warfare approaches.

The potential impact of nanotechnology on the defense sector spans a wide range

of activities, including improving weapon mortality; securing communication and

surveillance; protecting targets such as soldiers, strategic equipment, and assets;

and developing lightweight ground, naval, and aerial platforms.

The importance of material science and technology may be seen in the evolution

of defensive technologies from the Stone Age to the current day. Apart from the

functionality, the selection of material for military applications depends on sustain-

ability under harsh environments, such as changes in temperature, sandstorms,

rainfalls, corrosion in humid and sea conditions, and structural stability under opera-

tional activities; furthermore, the material should have low density and be inexpen-

sive. In addition, naval ships, submarines, airplanes, combat vehicles, sailors, pilots,

military personnel, and mariners require advanced material constituents that allow

for remarkable changes in maneuverability; protection from explosives through sig-

nature reduction and heavy armor; safety from nuclear, biological, and chemical

weapons; and involvement with highly focused firepower and durable logistics.

Over the years, staggering growth in polymer nanocomposites (PNCs) has been

observed in the defense and military sectors as it is significantly increasing the

quality of military devices and enhancing personnel relaxation and safety [2]. PNCs

are a type of polymer composite where nanomaterials are reinforced in the polymer

matrix, giving them high fatigue and fracture resistance. Thus PNCs are utilized to
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make lightweight, relatively small, less expensive, more precise, inventive, and

durable military gadgets and infrastructures [3].

The current chapter highlights the substantial opportunities of PNC in varied

defense fields such as intelligent uniforms for soldiers, propellants and explosives,

weaponry, camouflage, ultralight military vehicles, protective armors, thermal and

radiation shielding, and other futuristic defense uses.

14.2 Defense applications of polymer nanocomposites

The defense industry is inextricably linked to the transportation sector since military

and defense operations regularly need military-grade vehicles, aircraft, ships, and

drones. The applications of PNCs have increased dramatically in numerous military

divisions such as military automobiles, airplane, naval vessels, and drones; for sens-

ing, intelligent textiles, structures, generating and storing of power, military medi-

cine, weapons, etc. This gives rise to explicit requirements such as thermal

insulation, vibration damping, radiation shielding, electrical energy storage, sensor

systems, actuators, ballistic protection, and absorption of microwave in military

automobiles, naval vessels, and military planes [4,5]. Various uses of PNC in the

defense sectors are shown in Fig. 14.1.

Defense 
Applications 

of  
Polymer nanocomposite  

Smart 
Uniform Ballistic 

Protection

Signature 
Reduction

Thermal 
ablation

Corrosion 
Protection

Wound 
Care

EMI 
ShieldingSensors

Military 
Robot

Ration 
Packaging

Water 
purification

Marine & 
Aerospace 
industry

Explosives 
and 

propellants

Figure 14.1 Applications of polymer nanocomposite on the defense sector.
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Any military’s most valuable asset is its soldiers. Even on ordinary patrol duties,

the role of soldiers is rising day by day in today’s wartime situation, which includes

the threat from nonstate actors, such as terrorists. As a result, it is essential to equip

soldiers with technological innovations to make them prudent. Numerous aspects of

nanotechnology, including body armor vests, smart fabrics capable of producing

renewable electricity for the lightweight of power packs, communication systems,

autonomous signature reduction, and so on, are relevant in this area.

Steel-made heavyweight military platforms constitute a significant issue regard-

ing their excessive fuel consumption, speed, mobility, and heavy armors to protect

against ballistic and explosive attacks in the battle effectiveness. As a result, poly-

mer nanomaterials are the emerging choice for developing lightweight combat sys-

tems and armors due to their low weight and multiple capabilities.

14.2.1 Smart military uniforms

PNCs are utilized to make bulletproof vests, intelligent fabrics, helmets, gloves, and

footwear for the protection of troops (Fig. 14.2). Polymer matrix enables the

(A) 

Gas Mask

Safety gloves

Camouflaged, 

Self-Cleaning / 

Decontaminating  

fabric 

Protective 

shoe 

(B) 

Figure 14.2 (A) Russian advanced high-tech armor [3]. (B) Chemical and biological

protective suit (Saratoga) [6].
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construction of incredibly strong, sophisticated, and ultralight high-tech combat

suits when reinforced with nanomaterials [Kevlar, carbon nanotube (CNT), gra-

phene, etc.]. The addition of shear thickening fluids containing silica nanopowder

produces highly flexible, compact, and tougher body armors. These body armor

vests let the wearer move more freely, defend against toxic poisons, withstand the

high-speed bullets’ impact, and protect from blunt weapons such as bars, stones,

and sticks.

Nanosize warming and cooling systems, nonflammability, and wearable nanoe-

lectronics/photonics are smart garment systems. Microencapsulated spun composite

yarns are being used to create new thermal storage and controlled textiles. These

materials have superior dynamic heat resistance, higher durability, flexibility,

improved electrical conductivity and augmented tailoring abilities. A military uni-

form should include a load-carrying armor chassis, increased quickness, thermal

controlling, signature management, ballistic armor plate, moisture-wicking under-

garments, integrated knee and elbow pads, and assault leg panels,

Fig. 14.2A is a typical example from Russia’s latest PNC-based fighting

suit. The high-tech armor in “Star Wars” takes advantage of the distinctive

features of graphene nanofillers, including outstanding strength, ultralight, great

endurance, low wettability, good thermal and electrical conductivity, and ballistic

effectiveness [3].

In today’s battlefield, soldier’s safety from hazardous chemical, biological,

radiological, and nuclear (CBRN) weapons is crucial for successful mission execu-

tion. Therefore PNCs fabricated with clay, MgO, and TiO2 are developed to provide

the soldiers with outstanding protection and operational effectiveness.

Self-cleaning textile with TiO2 nanoparticles has been produced according to

their photocatalytic aptitude to oxidize dirt and other pollutants [7,8]. Military uni-

forms were coated with silver nanoparticles to make antimicrobial protective gear.

These coatings also make the cloth self-healing as well as water and dirt resistant.

CBRN shielding equipment with self-decontamination and drug-delivery properties

is also being researched. For this purpose, decontaminants such as activated car-

bons, nanometal oxides (MgO, Al2O3), and antibiotics in the form of nanocoatings

are being investigated [9]. Fig. 14.2B is a typical example of CBRN clothing fabri-

cated by Blücher, GmbH/Germany under the trademark Saratoga, which ensures the

utmost aptitude of adsorption and coziness under all-weather circumstances [6].

14.2.2 Impact and shock resistance/ballistic protection

14.2.2.1 Lightweight military platforms and armors

Soldiers on the battlefront require overhead cover while facing the enemy directly

or indirectly. Bunkers and command posts, whether composed of stones, concrete,

bricks, steel, or just plain soil, provide some protection but are not foolproof,

crumbling at critical periods and incurring casualties and damage. Therefore high-

strength nanocomposite material for bunkers and command posts is required to give

protection. In addition, steel and polymer-based nanocomposites are helpful for
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various protective systems such as helmets and body and vehicle armors against

small arms ammunition.

Hybrid nanoparticles and fiber-reinforced composites have strong mechanical

and fatigue characteristics and excellent scratch resistance and impact energy atten-

uation. In addition, reduced quantity of fiber-reinforced layers slackened weight

and thickness. Furthermore, addition of conductive nanoparticles [carbon black

(CB), graphene, graphite, CNTs, or metals] to composites allows them to conduct

electricity. Because of these benefits, composites are primarily employed in the

intelligent armament (Fig. 14.3) manufacturing industry.

Czech et al. [11], Clifton et al. (p. 1) [12], and Vijay Kumar et al. [13] have

summarized the latest developments of polymer matrix composites for ballistic pro-

tection applications which are shown in Table 14.1.

14.2.3 Optically transparent armor

The optically transparent armor is designed to protect troops in various military

vehicles (Fig. 14.4) from explosion or missile threats. Their use as a vehicle win-

dow or windshield extends from the ground to aerial, from naval warships to safety

goggles, and from VIP safekeeping limousines to noncombat applications, such as

tumult control and bomb disposal squads [19].

Because of the optical transparency, confrontation to fracture, and capability to

soften and reseal around the projectile’s path as it impacts the surface and passes

through the bulk thermoset, and thermoplastic polymers such as acrylates,

urethanes, and polycarbonate are the excellent candidates for invincible glass.

When struck with a projectile, polyurethane (PU) demonstrates the capacity to

remain translucent while encasing the projectile. PU reinforced with graphene has

been displaying prospective properties of transparent composite laminate shield for

window glass and windshield of military automobiles and those of other law imple-

mentation organizations. According to ballistics model tests, by adding graphene to

Polyester-woven fabric with 

printed camouflage pattern  

Soft Armor Insert (SAI) seated 

with in a nylon bag 

Strike face material (multicurved 

Silicon Carbide tile) 

Laminated backing material 

consisting of UHMWPE fabric 

(A) (B)

Figure 14.3 (A) Military body armor systems. (B) Material groups used in an HAP [10].

HAP, hard armor plate.
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PU (five layers of both), significant reduction of bullet’s kinetic energy is observed

(about 32%) compared to a similar thickness of single-layer PU [20].

14.2.4 Acoustics absorption

Acoustics damping is a significant component in designing military and aerospace

vehicles for achieving comfort and structural stability. PU foams are broadly used

as sound-absorbing materials that are now added with nanofillers such as silica,

(A) (B)

Figure 14.4 Transparent armor window in (A) armored personnel carrier and (B) military

aircraft [18].

Table 14.1 Polymer matrix composites for ballistic protection.

Reinforcement

fiber type

Filler content Effect References

Glass fiber 6, 7, and 8 wt.%

SiO2

Enhanced tensile, flexural,

and shear strengths

Tate et al. [14]

0.2, 0.6, and 1 wt.

% GnP

Enhance impact energy

absorption, tensile

strength, and modulus

Improved adhesion between

components and decrease

the surface damage area

Vigneshwaran

et al. [15]

Carbon fiber 2 wt.% nanoclay1
0.1 wt.% GnP

Enhance flexural strength

and higher stiffness with

GnP

Superlative thermo-

mechanical stability with

nanoclay

Tareq et al.

[16]

Aramid fiber 0.15, 0.3, and

0.5 wt.%

MWCNT

Enhance tensile, impact,

and flexural strength,

Escalation of hardness

Suresha et al.

[17]

MWCNT, multiwalled carbon nanotube.
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barium sulfate, calcium carbonate, or fiberglass for further improvement of the level

of acoustics absorbency. Sung et al. investigated the sound absorption capability

of PU/nanosilica foams and found a significant reduction of acoustic waves [21].

Baferani et al. developed PU/CNT foam nanocomposites that can significantly

absorb a widespread range (frequency 400�6300 Hz) of sound waves [22].

14.2.5 Signature reduction

The invisibility of soldiers and military infrastructure is astounding for the control

over the battle with improvements in long-range armaments and pictorial recogni-

tion equipment. Colors (olive-green, brown, khaki, and black) of camouflage fabrics

of military apparel, supple nets, garnishes, and coverings may vary based on the

background. Present military materials must provide disguise and concealment

under numerous ranges of wavelengths on the electromagnetic spectrum, especially

the thermal or far-infrared region (3�5 and 8�14 μm), near-infrared region (NIR)

(750�1200 nm), and visible region (400�800 nm) [23].

Karpagam et al. developed a camouflage printed fabric in a jungle motif using

thermochromic colorants that exhibited a reversible color alteration with electrical

power and temperature change (Fig. 14.5) [24].

Salehi et al. stated that addition of CB and activated carbon nanoparticles to vis-

cose/polyester textiles considerably decreased the textile’s IR reflectance for both

black and green textures [25]. Mehrizi et al. produced nylon/cotton textiles with

variable quantities of CB nanoparticles and pigments to tune the textiles’ visibility

and NIR disguise for a desert situation [26]. Mehrizi et al. also examined the addi-

tion of multiwalled CNT particles (MWCNTs) with a 50% nylon/50% cotton fabric

which can slacken the NIR reflectance standards of the olive-green, light brown,

and dark brown printed textiles [27]. Abbasipour and Mehrizi conducted another

study on the reflectance performance of 35% polyester/65% cotton textiles pro-

duced with titanium dioxide (TiO2) or CB powder-based pigment or vat dye [28].

Similarly, Siadat and Mokhtari showed the effect of zirconium dioxide (ZrO2)

nanoparticle- and cerium dioxide (CeO2) nanoparticle-coated cotton/nylon textiles

in desert and forest patterns, and ZrO2- and magnesium oxide (MgO)-coated printed

nylon/cotton textiles in desert and jungle pattern [29,30].

Heating at 60°C for 2 min.Without heating

Figure 14.5 Reversible color change of camouflage printed fabric [24].
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Hong et al. suggested a stretchy wearable thermoelectric device (Fig. 14.6) that

could replicate the ambient temperature around 16�C and 38�C and give thermal

disguise to the users. Again, Xiao et al. created a thermal disguise scheme that con-

sists of thin films of vanadium dioxide (VO2), CNTs, and graphene stacked in a

sandwich-like shape.

14.2.6 Thermal ablation/fire retardation

Thermal protection system (TPS) constituents are utilized to fabricate the thermal

safeguard that guards aerodynamic surfaces and structures, missiles, probes, war-

heads, and payloads of planetary vehicles from widespread heating circumstances

during the entrance flight through the terrestrial environment [32]. Constituents of

aerospace shuttle such as sharp leading edges, nose caps, and rocket engines are

exposed to a high-temperature condition in which temperatures can quickly rise to

3000�C from ambient temperature in a short time [33]. For the protection against

extreme temperature conditions during hypersonic flight, NASA uses an ablative

TPS on all of its planetary entry probes [34,35]. Polymeric ablative materials

(PAMs) efficiently survive heat fluxes in the range of B30�303 103 W cm22.

PAMs and carbon/carbon composites have been utilized to manufacture the heat

safeguard of warheads (Fig. 14.7A) and the nozzle assembly of military solid rocket

motors (SRMs) (Fig. 14.7B).

Manufacturing of chemical impulsion systems, such as SRMs for missiles, relies

heavily on nanostructured PAMs (N-PAMs) [36,37]. This is due to N-PAMs’ inher-

ent advantages, including outstanding mechanical characteristics, low density, excel-

lent shock resistance, and high thermal insulation. Thermal protection with ablative

materials is also employed in similar technical applications such as a fire on military

ground vehicles, naval ships, submarines, and airplanes that will have severe conse-

quences. For example, Kumar et al. revealed that polymeric nanocomposite schemes

for the armor of the battle tank (Fig. 14.8) exhibit reliable ablative qualities in vari-

ous armor-piercing methods at extreme temperatures exceeding 3000�C [38].

As a result, flame retardant [39] polymeric nanocomposites have engrossed

much consideration in current decades due to their exceptional flame retardancy

and mechanical properties for various uses as exemplified in Fig. 14.9.

He et al. have recently reviewed PNCs used for flame retardant [40], and some

of the recently used flame retardant polymeric nanocomposites are recorded in

Figure 14.6 TED armband for thermal camouflage on human skin [31]. TED, thermoelectric

device.
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Table 14.2. It has been observed that the addition of a shallow level (,5 wt.%) of

nanomaterials can significantly decrease the burning tendency of the polymer by

reducing the heat release rate and mass loss rate.

14.2.7 Corrosion protection

Metal corrosion has recently emerged as a major issue that has resulted in large

financial losses for the military industry while also posing a considerable threat to

the people. Since deterioration cannot be completely prevented, it is hindered and

limited to reduce financial losses. Steel is also extensively used in various applica-

tions, including construction works, military automobiles, naval ships, and oil and

Direction of 
Attack 

Ablative Layer 
 (Silica+ Resorcinol formaldehyde (RF) 

Tank 
Armor 

Armored Fighting Vehicle (AFV)  

Explosive Reactive 
Armor (ERA)

Figure 14.8 Ablative armor protection in a combat tank [38].

Figure 14.7 Thermal protection system of (A) warheads (payload of the ballistic missile)

and (B) SRM [18,36]. SRM, solid rocket motor.
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gas pipelines due to its superior mechanical qualities and cost-effectiveness com-

pared to modern alloys.

Nanocomposite coatings have sparked much attention recently, and researchers

are promoting newer methods for designing and producing long-lasting corrosion

protection surface coatings with exceptional qualities [54]. Owing to the nanoparti-

cle’s large surface area-to-volume ratio, H2O molecules cannot diffuse to the con-

voluted path, resulting in improved surface protection than bulk counterparts [55].

The development of PNC coating to preserve metal surfaces from corrosion

appears to be an intriguing approach [56,57]. Numerous nanoparticles-based coat-

ings have been discovered such as TiO2, Al2O3, SiO2, ZnO, and Fe2O3. Table 14.3

shows some of the recently developed PNCs for the protection of corrosion.

14.2.8 Explosives and propellants

In the military, large amounts of explosives and propellants are used in various

weapons such as ammunitions, bombs, torpedoes, missiles, and rocket warheads.

They are preserved and deported in massive amounts. However, they are always

Figure 14.9 Various applications of flame retardant polymeric nanocomposite [40].

382 Advanced Polymer Nanocomposites



vulnerable to unintentional explosions, resulting in massive loss of life and prop-

erty. Excessive heat, incautious handling, inadequate safety and security measures,

as well as intentional sabotage by opponents may be the root causes of undesired

explosions. As a result, effective control is critical to guarantee the safety and pro-

tection of high-energy ingredients [66].

Polymers have recently been used to regulate the sudden and unexpected ignition

or burning of nanoscale explosive materials, resulting in the invention of a novel

explosive known as polymer-bonded explosives (PBXs). Premature ignition is con-

trolled using nano-Al and metal oxide nanoparticles in a hydroxyl-terminated poly-

butadiene binder matrix. A substantial rise in burning rate was also attained with a

comparatively small amount of the novel nano-Al [67].

Table 14.2 Flame retardancy of different polymer nanocomposite.

Polymer

matrix

Flame retardancy

additives

Flame retardancy

properties

References

Reduction

of PHRR

(%)

Reduction

of THR

(%)

PET 9 wt.% Exolit OP9501

1 wt.% DP-POSS

55 53 Didane et al.

[41]

PC 3 wt.% BDP1 2 wt.%

TPOSSa
46 30 He et al. [42]

ABS 0.2 wt.% MWNT-PDSPB 50 19 Ma et al. [43]

18 wt.% PDSPB1 2 wt.%

OMMT

60 36 Ma et al. [44]

TPU 10 wt.% Br-Sb2O3@RGO

(Br, Sb)

72 15 Huang et al. [45]

PP 5 wt.% CNT-PDBPP 60 6 Yang et al. [46]

28 wt.% IFR1 1.8 wt.%

OMMT

64 48 Du et al. [47]

1 wt.% CNT-graphene 73 � Song et al. [48]

EVA 5 wt.% LDH intercalated

with DPHPA

43 19 Huang et al. [49]

1 wt.% GO-PPSPB (P, N) 56 24 Huang et al. [50]

5 wt.% CNT-clay 36 � Beyer [51]

1 wt.% MWNT-PDPSPB 33 � Xu et al. [52]

PVA 2 wt.% Graphene-clay 49 19 Huang et al. [53]

ABS, acrylonitrile butadiene styrene; CNT, carbon nanotube; EVA, ethylene-vinyl acetate; GO, graphene oxide; PC,
polycarbonate; PP, polypropylene; PET, polyethylene terephthalate; PHRR, peak heat release rate; PVA, polyvinyl
alcohol; THR, total heat release; TPU, thermoplastic polyurethane.
aPOSS: polyhedral oligomeric silsesquioxanes, TPOSSa: trisilanolphenyl-POSSMWNT, multiwalled carbon
nanotubes, PDSPB: poly(diaminodiphenyl methane spirocyclic pentaerythritol bisphosphonate, PDBPP:poly(4,4-
diaminodiphenylmethane-O-bicyclicpentaerythritol phosphate-phosphate); OMMT: organically modified MMT
(montmorillonite), BDP: bisphenyl A bis(diphenyl phosphate).
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Table 14.3 Corrosion protection properties of polymer nanocomposites.

Polymer

matrix

Filler material Metal substrate Processing method Test

condition/

NaCl solution

(%)

Effect analysis References

Polyamide

adduct

cured

epoxy

TiO2 NPs Steel Dispersion � Improved corrosion resistance

Polarization resistance 1000 times higher than

naval steel

Mardareand

Benea [58]

Epoxy GO1ZrO2 � Chemical route

1 ultrasonication

1 curing

3.5 Enhanced corrosion properties due to sheet-like

structure,

Reduction of pores

Exfoliation of GO-ZrO2 hybrid in the epoxy

matrix

Di et al. [59]

Epoxy CNT1Zn Steel Chemical route

Spray coating on

steel

3.0 Corrosion resistance is due to the combined

influence of Zn and C components

Valencia-

Goujon

et al. [60]

Epoxy SiO2-GO Mild steel Solution 3.5 Electrolyte diffusion has increased due to the

hydrolysis reactions of silane agents

Pourhashem

et al. [61]

PMMA GO Copper In situ

polymerization

3.5 The addition of GO to the metal electrolyte

contact can effectively impede charge

transmission

Qi et al. [62]

PU MWCNT and

Thermally

expanded

grapheme (1:1)

Cold-rolled steel Solution 3.5 Graphene extended the diffusion pathways of

corrosive ions

Tong et al. [63]

Polyaniline Graphene nanosheets 310 stainless

steel

Electrochemical

deposition

3.5 Polyaniline can passivate steel surfaces and

graphene to improve the polymer coating’s

barrier characteristics

Jafari et al.

[64]

Epoxy (zinc-

rich)

GO-PANI, GO Steel Solution 3.5 The high specific surface area of GO sheets

boosted the coating barrier characteristics

GO-PANI improves the electrical interaction

between zinc particles and the steel substrate

Ramezanzadeh

et al. [65]

CNT, carbon nanotube; GO, graphene oxide; MWCNT, multiwalled carbon nanotube; PMMA, polymethyl methacrylate; PU, polyurethane.



In the PBX system, explosive elements are amalgamated with a polymeric bind-

ing medium. Flexible rubber-like thermosetting or thermoplastics-based composite

will support in enthralling or extenuating shock and other impulses of explosives

[68]. Common explosives such as RDX, TNT, and aluminum powders, bonded

with polymer are also appealing for submerged ammo, with 50% more lethality.

However, the confrontation to such superficial provocations will confide on the

type of binder and its chemical bonding performance with explosive ingredients.

Fig. 14.10 depicts some of the inert and energetic polymers utilized as combustible

binders.

14.2.9 Wound care for soldiers

Military wounds are commonly caused by gunfire, numerous fragmentation injuries

from grenades, improvised explosive devices, landmines, and suicide bombers.

However, this is not always the case, as soldiers can be hurt in accidents even while

on military operations [69].

War injuries are frequently heavily contaminated, and in the case of bomb

attacks, contamination with foreign human material within the damage can compli-

cate matters further. Because of their large size and exudate, combat wounds are

difficult to dress. Antimicrobial agents are found in many dressings. Some dressings

release the antimicrobial directly into the wound, while others trap wound exudate

and use the antimicrobial within the dressing to control microbial growth [70,74].

Nanomaterial-coated dressings allow for controlled drug and protein release for

a definite time [72,73]. In addition, the exciting prospects of regulating the levels of

growth factors and other active ingredients to speed up wound healing are made

possible by the unique characteristic of nanoparticle aggregate wound dressing [74].

Gobi et al. [75] have recently reviewed various biopolymer [76] and synthetic

polymer-based nanocomposites used in wound dressing, and some are listed in

Table 14.4.

Inert polymer 
Hydroxyl-terminated polybutadine 

(HTPB)

Energetic polymer 
Glycidylazide polymer (GAP) 

Poly(3-nitratomethyl-3-methyloxetane 

PolyNiNNO

Figure 14.10 Polymers (inert and energetic) used in PBX composites. PBX, polymer-bonded

explosive.
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Table 14.4 Polymers and nanoparticles in wound dressing [75].

Membrane composition Method of

preparation

Antibacterial strain Cell line used References

Heparinized

ZnO/poly(vinyl alcohol)/carboxymethyl cellulose

Freeze-thaw Staphylococcus aureus and

Escherichia coli

L929 and Human dermal

fibroblasts

Khorasani et al. [77]

Chitosan/poly(vinyl alcohol)/AgNO3 and vitamin

E

Solution Casting Salmonella typhimurium � Nasef et al. [78]

Polyurethane/graphene oxide Electrospun S. aureus and

E. coli Human

Dermal fibroblast Sadeghianmaryan et al.

[79]

Polyurethane/lavender oil/Ag Electrospun S. aureus and

E. coli

� Sofi et al. [80]

CeO2/peppermint oil on polyethylene oxide/

graphene oxide

Electrospun S. aureus and

E. coli

� Bharathi and Stalin

[81]

Chitosan/poly(vinyl alcohol)/Ag Freeze dryer Pseudomonas aeruginosa and

S. aureus

Fibroblast cells Hiep et al. [82]

Polylactide/Ag Electrospun S. aureus and

E. coli

Fibroblast cells Alippilakkotte et al.

[83]

Chitosan/poly (N-vinylpyrrolidone)/TiO2 Solution casting E. coli

S. aureus

Bacillus subtilis and

P. aeruginosa

NIH3T3 and L929

fibroblast cells

Archana et al. [84]

Chitosan/pectin/TiO2 Solution Casting E. coli

S. aureus

P. aeruginosa

Aspergillus niger

B. subtilis

NIH3T3 and L929

fibroblast cells

Archana et al. [85]

Sodium alginate/graphene

Oxide/poly(vinyl alcohol)

Freeze dryer S. aureus andE. coli NIH3T3 cells Ma et al. [86]

Poly(vinyl alcohol)/chitosan/mGO Solution casting S. aureus and

E. coli

Human keratinocyte cells Chen et al. [87]

Cellulose/chitosan/polyethylene

Oxide/graphene (HCPG)

Electrospun S. aureus and

E. coli

Human fetal skin fibroblast

cells

Lin et al. [88]



14.2.10 Electromagnetic interference shielding

The digital revolution occurs in the aerospace and defense sectors because of the prolifer-

ation of handy gadgets and embedded electronic devices. They contribute to a consider-

able increase in RF emissions, which may cause interference, data corruption, or device

malfunction. All military platforms and vehicles, aircraft, naval ships, communication

devices, missile systems, safety equipment, and rocket launchers require electromagnetic

interference (EMI)/radio frequency interference shielding to work correctly [89,90].

Electronic warfare, in which electromagnetic radiations are utilized to interpose

or interrupt military equipment, is a critical component of the battlespace [91].

Consequently, the requirements for EMI shielding in aerospace and defense applica-

tions will be severe, as the shielding structure and material must also withstand

high-powered EM attacks such as electrostatic discharge and electromagnetic pulse,

which can cause an electrical short or dielectric breakdown [92]. During the World

War II, Germany created a carbonyl iron powder-loaded rubber sheet with a thick-

ness of 0.3 in. and a resonance frequency of 3 GHz known as “Wesch” as a radar

camouflage for submarines [93].

By the time the United States produced “HARP” (Halpern Anti-Radiation Paint).

The airborne version (MX-410) comprises a base dielectric with a high permittivity

of 150 due to the loading of highly orientated disk-shaped aluminum flakes sus-

pended in a rubber matrix and CB. In the X band, this material reduced reflectance

by 15�20 dB [90]. 20�35 dB shielding may be enough to defend low-power con-

sumer devices from interference, but they are insufficient to encounter EMI shield-

ing standards for aerospace and defense purposes (Fig. 14.11).

For aerospace and defense purposes, shielding of at least 50 dB is essential

[91,94], and some of the PNCs used for EMI shielding are listed in Table 14.5.

14.2.11 Ultraviolet irradiation resistance

Under ultraviolet irradiation, common polymers are unstable and begin to break

down after weeks to months. The polymer’s mechanical qualities such as tensile

strength and fracture toughness are significantly reduced, making it brittle. The

space environment wreaks havoc on traditional carbon fiber/epoxy composites,

which are often employed in space applications. Modifying the epoxy matrix, which

is commonly utilized in space applications, has been explored by Jiang et al. [100].

It was discovered that by adding nanotitanium dioxide particles to the epoxy/car-

bon fiber composite, the confrontation to ultraviolet irradiation might be lowered

by half, and mechanical qualities could be increased by 80%. If such materials are

used, the material enhancements are anticipated to result in increased effective

load, less outgassing, and a longer lifetime.

14.2.12 Refractive index tuning

Polymer optical fibers are highly appealing to regulate the refractive index (RI) of

the linked optical fiber owing to their affluence of bulk manufacture and cost
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Figure 14.11 Polymer nanocomposite and their wave-transparent applications [89].

Table 14.5 EMI shielding polymer nanocomposites for the defense and aerospace industries.

Ser.

No

Polymer

matrix

Filler material Shielding

effectiveness

(dB)

Frequency

(GHz)

References

1 Poly (vinyl

chloride)

Graphite and

nickel

nanoparticles

45�60 1�12 Al-Ghamdi

et al. [95]

2 Polyvinyl

chloride

Graphite and

copper

nanoparticles

22�70 1�20 Al-Ghamdi

and El-

Tantawy

[96]

3 UHMWPE 10 wt.% CNT 50 8�12 Al-Saleh [97]

4 ABS

copolymer

15 wt.%

MWCNT

50 8.2 Al-Saleh

et al. [98]

5 Polyaniline 5 wt.%

graphene

51�52 2�12 Modak et al.

[99]

ABS, acrylonitrile butadiene styrene; CNT, carbon nanotube; EMI, electromagnetic interference; MWCNT,
multiwalled carbon nanotube.
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efficiency in many visual uses such as telecommunications and optical computing

(connectors and switches). Shipboard communications, ship-to-shore communica-

tions, and deployable tactical communications are all examples of fiber optic

devices that may give unrivaled security and stability. When every data item is

valuable, the product that provides the highest and most consistent performance and

that level can only be supplied by fiber-optics when it comes to data transmission.

Due to the outstanding optical characteristics such as high RI and noble transpar-

ency, they are convenient for a diversity of military uses [101], including optical

waveguide [102] fabrication, antireflection coatings, ophthalmic lens [103], and

glues for optical constituents.

So far, only a few polymers have been reported to have an RI value greater than

1.7, such as aromatic heterocyclic polymers [103], polythiophene [104], and conju-

gated polymers [105].

To minimize losses due to a mismatch between the RI of the optical fiber and

semiconductor device or a silica optical fiber, it is essential to increase or decrease

the RI of the polymer fiber, respectively. This can be accomplished by incorporating

nanoparticles with different RI into the polymer. Modification of RI of poly (methyl

methacrylate) (PMMA) could be possible by adding nanoparticles (zirconia, alu-

mina, and silica), claimed by Böhm et al. [106]. By combining PMMA with varying

amounts of two polyphosphate hybrid polymers with phosphorus in the main chain,

Othayoth et al. [107] created promising optical materials with RI tunability.

14.2.13 Sensory applications

Innovative sensor technologies based on nanomaterials are being established to

improve military information congregation by troops on the battlefield. For exam-

ple, Nanosensors can identify dangerous chemicals [108] and biological weapons.

Physical nanosensors could also detect cracks in military equipment, making them

useful as damage detection devices. Manufacturing of military-grade active sensors

for detecting damages (corrosion, substrate stability) as well as environmental

circumstances (i.e., chemicals and explosives radiation, thermal condition, stress�
strain, and toxic gases) is the blessing of nanotechnology, which has a significant

impact on data and signal processing, automation, and intelligent schemes in the

battlespace [109].

14.2.13.1 Hazardous chemical detection

Conductive polymer and graphene composites have increased interest in chemical

sensors and biosensors because of their exclusive electrical, mechanical, optical,

chemical, and structural capabilities [110�112].

Salavagione et al. give a summary on chemical sensors constructed on polymer

composites with graphene (G) and CNTs for investigation in a variety of uses,

including biosensing, gas, and chemical sensing based on electrochemical and opti-

cal recognition approach [113].
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Wei et al. fabricated chemical sensors with carbon nanocomposites such as poly

(1,8-diaminonaphthalene)/functionalized MWCNTs sensor for the discerning of

Hg21 [114] and PPy/carbonaceous nanospheres for the discerning of Hg(II) and

Pb(II) [115].

Numerous investigators have focused on creating ammonia gas sensors as deter-

mining the trace of ammonia is critical. Kong et al. established chemical sensors

built on individual single-walled nano-tubes (SWNTs) [116]. They discovered that

when a semiconducting SWNT was exposed to gas molecules such as NO2 or NH3,

its electrical resistance altered drastically. Furthermore, conventional electrical sen-

sor compounds, such as CB polymer composites, require high heat for significant

responsiveness, but SWNT-based sensors had a rapid response and greater sensitiv-

ity at ambient temperature.

Huang et al. invented an NH3 sensor constructed on polyaniline (PANI)/RGO

nanocomposite, which has excellent sensitivity and selectivity to NH3 gas [117].

Again, Jang et al. investigated that PPy/RGO nanocomposites have an upper

response in noticing ammonia gas than PPy/graphite composites, PPy/graphene

oxide (GO) composites, and only graphite [118].

14.2.13.2 Detection of explosives

Terrorists may intend to use explosives, particularly at airports and border posts,

and hence it is essential to determine explosives’ constituents for assuring the pro-

tection of people and property. Therefore chemical detectors with extraordinary

selectivity and sensitivity for the identification of main explosive constituents such

as 2,4,6-trinirophenol [picric acid (P.A.)], 2,4,6-trinitrotoluene (TNT), and 1,3,5-tri-

nitroperhydro-1,3,5-triazine (RDX) are used widely [108,119].

Nitroaromatic compounds (NACs) are the vital energetic ingredients used to

prepare landmines [120,121]. These explosives can degrade the environment by

polluting soil and water, posing a threat to humans and ecosystems [122,123]. In

addition, P.A. is highly harmful to human health, causing kidney and liver

impairment, respiratory difficulties, and hepatitis at large doses [124,125]. TNT is a

cancerous element that acts as a severe skin and eye annoyance and can harm the

liver, blood, reproductive, and immune system [126]. As a result, scientists world-

wide are working to build highly effective chemical sensors that can detect nitroaro-

matic explosives selectively [127�129].

The conducting nanoparticles were used to boost the luminous polymer’s electron

density. The electron-rich nanocomposites will be exploited for extremely ultrasensi-

tive and selective recognition of electron-deficient nitroaromatic explosives estab-

lished on a fluorescence quenching approach. Dutta et al. used a single-step free

radical polymerization procedure to make carbon and silver nanoparticle-infused

poly (vinyl alcohol) and polythiophene for fluorescence sensing of nitroaromatic

chemicals [130].

Förster resonance energy transfer (FRET) is a valuable mechanism for the sensi-

tive discovery of NACs [131]. For instance, Xia et al. developed a FRET system

based on Au nanorod and quantum dots to recognize TNT [132]. Again, Xu et al.
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fabricated conjugated polymeric sensory systems for the sensitive and selective

revealing of TNT and P.A. in an aqueous environment [133]. Again, Yang et al.

applied poly(acrylic acid) films to design a unique sensing instrument to recognize

TNT at a limit of 0.1 ppb in water [134]. Seena et al. also created a highly sensitive

piezoresistive SU-8/CB nanocomposite-based nanomechanical cantilever sensors to

identify TNT vapor [135].

14.2.13.3 Other sensors

Ajayan et al. devised a process for creating polymer matrix [e.g., poly (dimethylsilox-

ane) (PDMS)] nanocomposite film with freestanding nanotube that may be utilized to

make nanosensors. This material can be utilized to identify the actual condition in

real time, like the wing or chassis of an aircraft while the plane is flying [136].

Polymer nanocomposite-based sensors (Fig. 14.12) could also be used to mea-

sure temperature, humidity, pressure, etc., which are required to understand the

environmental condition for the smooth conduct of the battle weapons, military,

and aerospace vehicles [139,140].

CB and MWNT were instigated into the high-density polyethylene by Zha et al.

for the measurement of temperature [141]. Wang et al. developed a silicone rubber

composite filled with CB and PU composite filled with a carbon nanotube-based

temperature sensor that shows a maximum measurement range of 75�C [142].

Majid et al. developed polyaniline/Mn3O4 composite [143], Shih et al. developed

graphite/PDMS composite [138], and He et al. developed graphene/polyvinylidene

fluoride (PVDF) composites [144] in the fabrication of temperature sensors [143].

Mahadeva et al. developed a cellulose�polypyrrole nanocomposite-based

adjustable temperature and humidity sensor [137]. Patil et al. manufactured poly (o-

anisidine)etin oxide (POA-SnO2) nanocomposite for the measurement of humidity

[145]. Again, Zhang et al. have developed a tricobalt tetroxide (Co3O4)/poly

(sodium styrene sulfonate) composite base humidity sensor for the detection of

humidity [146].

Ramalingame et al. established a susceptible capacitive pressure sensor built on

MWCNT and PDMS, the maximum pressure sensing capacity of which is roughly

Figure 14.12 Polymer nanocomposite-based temperature sensors [137,138].
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570 kPa [147]. This sensor could be implemented on the finger grip and gait analy-

sis of humanoid military robots, as shown in Fig. 14.13.

Wearable strain sensors based on PNC for the soldiers’ medical diagnosis and

healthcare and various military robotic systems are intriguing. It can be connected

onto military uniforms or directly worn on the soldier’s skin by elastic straps or adhe-

sive tapes for monitoring motions, physical and biochemical signals, etc. [148,149].

Seyedin et al. effectively invented a strain reactive PU/poly(3,4-ethylenediox-

ythiophene): polystyrene sulfonate (PEDOT:PSS) elastomeric composite [150] for

monitoring strain on the human body. Lipomi et al. [151] also developed a strain

sensor made of CNTs/PDMS. On the other hand, CB/Ecoflex elastomeric compo-

sites sensor for monitoring the strain has been fabricated by Shintake et al. [152] as

shown in Fig. 14.14.

14.3 Actuators for military robots

As the usage of autonomous systems grows, the demand for actuators in defense

systems is rapidly increasing. In military robotics, the required size of the actuators

Pressure 

Sensor 

Figure 14.13 Pressure sensor on foot and hand of the humanoid robot [147].

Figure 14.14 Highly stretchable sensors with carbon black composite [158].
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is often tiny, which confines the usage of the traditional actuator for the electric

motor. Electric motors may need high power levels. In addition, there is frequently

a need to convert the rotary motion from an engine to a linear motion, which

requires some form of the gearbox. Nanocomposite-based actuators are claimed to

have various benefits, such as low power requirements and direct linear motion.

Koerner et al.[153] observed that dispersing a tiny amount (5%) of CNTs in a

PU thermoplastic polymer (Morthane) allowed the nanocomposite to store (and

release) 50% more strain energy than the unreinforced polymer. Furthermore,

CNTs allowed either direct (Joule heating) or indirect (infrared) activation.

Compared to traditional fillers (such as CB), significantly fewer CNT branches

were required, resulting in a nanocomposite with better characteristics. Shape mem-

ory polymers are already on the market and in use in a variety of applications.

They are, however, inadequately resilient to find broader applications. Gall et al.

raised the recovery stress by up to 50% without compromising other features by

introducing a mechanical restraint in inert silicon carbide nanoparticles to a profit-

able shape memory polymer [154].

Structural design of soft robots and muscle-like actuators [155�157] have

been broadly studied for numerous potential uses (Fig. 14.15) in exploration and

rescue operations, medical restoration, military investigation, etc. Liu et al. found

that semicrystalline poly (ethylene-co-vinyl acetate) convoluted with silver nano-

wires (AgNWs) displays mutable light-trigged morphing behavior in the air or sub-

merged [161].

14.4 Marine applications

Because of the superior engineering features, marine industry is extensively using

advanced polymeric composites. The key reasons for using these constituents for

diverse marine divisions are lightweight, cost savings, and ecological sustainability

[162,163]. However, the widespread use of traditional materials and sophisticated

composites in many marine sectors has sparked an outcry over the environmental

consequences of these materials, which is aided even more by the harsh environ-

ments in which they operate, such as seawater [164].

Figure 14.15 (A) Soft robotic hand actuator [158]. (B) Autonomous soft robotic fish [159].

(C) Caterpillar-inspired soft robot (GoQBot) [160].
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High strength and durability, high load-bearing capacity, enhanced structural

accuracy, flatness for stealth requirements, versatility, fuel efficiency, installation

and maintenance expenses, and lower magnetic and electric signatures, high mobil-

ity, decreased friction and wear, low wettability, rusting, impact resistances,

increased vibration damping, enhanced level of acoustic transparency, etc. are some

of the excellent characteristics of advanced polymeric composites to proliferate

their use in the marine sector (Fig. 14.16) [2,165].

Hence, many components of marine warships (destroyers, frigates, hovercraft,

and corvettes) are fabricated with advanced polymer composites such as engine

components, rotor blades, antenna, torpedo tubes, trunks, water, fuel, and lube oil

storage tanks, various fittings, hulls, gas pipelines, floating platforms, and sonar

domes [166,167].

The physical weight of a patrol boat constructed of glass-reinforced plastic com-

posite material is 10% lighter than an aluminum boat and 36% lighter than a steel

boat of equal size, according to Mouritz et al. [168]. In addition, nanocomposites

such as hybrid glass carbon-reinforced polymer composite (GCG2C)s are the best

at retaining the mechanical qualities that materials require for good functioning in

the maritime industry over time. Hybrid (GCG2C)s also have an extraordinary flex-

ural strength of 462 MPa and least susceptibility to absorb water.

Kim et al. developed basalt/CNT/epoxy multiscale composite, which could be

used on marine structures such as a propeller and the ship’s hulls. The composite

sample’s damping coefficient was augmented by 50%, and fracture toughness was

reduced by 20% after immersion in seawater [169].

14.5 Military ration packaging (diffusion barrier)

Quality food and rations have long been critical to maintaining the health, morale,

and discipline of the armed forces. As new technology has prepared the way for

(A) (B)

Figure 14.16 (A) Naval ship topmast built up in fiberglass composite [165]. (B) Propeller

blade made with carbon nanofiber.
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future generations of military feeding systems, military rations and supplies have

experienced several progressive adjustments throughout the years. PNC technology

has significantly impacted the expansion and development of forthcoming packag-

ing systems [170�172].

The next generation of MRE (Meal Ready-to-Eat) packaging materials are ligh-

ter, biodegradable, and outdo the present individual ration packaging systems by

exploiting nanocomposite’s enhanced thermal, mechanical, and barrier capability

systems. The typical MRE Meal Bag comprises 280 μm thick low-density polyeth-

ylene (LDPE), which delivers a sound moisture barrier and can resist bugs, but it is

relatively low in tensile strength and poor oxygen barrier [173].

In this regard, polymer nanocomposites can provide better gas-blocking charac-

teristics of the Meal Bag to decrease the dispersion of aroma, water vapor, and oxy-

gen through the matrix and preserve the quality of the food, thereby enhancing the

shelf life [174,175].

Numerous experimental studies have confirmed substantial development in gas-

blocking characteristics after integrating silicates in the polymer matrix. For exam-

ple, de Abreu et al. stated that 5% addition of Cloisite 15A nanoparticles in P.P.

and LDPE-based composites abridged the oxygen transmission rate from 480 to

374 cc m22 and from 240 to 210 cc m22 day, respectively [172].

Emamifar et al. fabricated Ag and ZnO nanoparticles dispersed LDPE films,

found the antimicrobial activity of Lactiplantibacillus plantarum, and observed a

decrease of L. plantarum (P, .05) in orange juice packet made of nanocomposite

containing nanosilver and nano-ZnO [176].

In addition to increasing gas-blocking qualities, the addition of 1�5 wt.% nanoclay

to polymer films has been demonstrated to increase mechanical properties [175,177].

Cho and Paul discovered that addition of 5% montmorillonite to nylon-6

improves composites’ modulus and yield strength significantly [178]. Likewise,

Ray et al. have exposed an escalation of 100% in Young’s modulus of nylon-6 and

LDPE-based nanocomposites [177].

Biopolymers such as polylactic acid (PLA) starch and poly-hydroxy-butyrate are

auspicious constituents for green packaging. Many scientists reported that nanofil-

lers could increase biopolymers’ mechanical, thermal, and gas barrier properties

though they usually have low mechanical characteristics, high wettability, and poor

process ability. For example, Wu et al. [179] developed PLA-grafted SiO2 nano-

composite and Li and Sun [180] developed a PLA-grafted MgO nanocomposite for

packaging applications. Liu et al. [181] and Istrate and Chen [182] developed

nanoclay-filled decomposable poly (e-caprolactone) (PCL) nanocomposite foam for

packaging applications.

14.6 Water purification for defense

The military required ample clean water supplies in fast-moving operational envir-

onments as waterborne and other transmittable diseases could cause more fatalities
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than battlefield grievances [183]. PNCs of various sorts are now being investigated

in the ideal military water purifier for use at the base or in the field. The primary

reason for using PNCs in any application is because of their distinct features from

their counterparts. Pandey et al. [184] have recently examined and tabulated several

techniques utilized for water filtration, and different PNCs used for water deconta-

minations are shown in Fig. 14.17.

14.6.1 Removal of heavy metallic ions

Due to anthropogenic or geological origins, most surface and groundwater are pol-

luted with heavy and radioactive metals. Heavy and radioactive metals accumulate

in the environment and edible substances. They may move in the body through the

food chain and are liable for biomagnification. Different and PNCs used as adsor-

bents of toxic heavy metal ions in the military water filtration systems are listed in

Table 14.6.

14.6.2 Removal of dyes

PNCs’ tunable surface and catalytic capabilities also have an excellent prospective

for removing dyes, a severe contaminant. Exponential dye leakage into water bodies

is causing severe water problems and waterborne diseases [195�197]. In addition,

most dyes negatively impact the surroundings and aquatic living creatures and cre-

ate allergies, dermatitis, skin irritation, and mutations in humans. For the removal

of dyes, many researchers employ PNCs for efficient dye removal. In this regard,

Table 14.7 lists some special dye adsorbing PNCs.

Water 
Purification

by

Polymer 

nanocomposite  

Photodegradation

Membrane 
separation 

Adsorpsion

Sensing and 
monitoring

Figure 14.17 Polymer nanocomposites for water decontamination.
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14.6.3 Desalination and removal of oil

Desalination is a procedure for removing minerals from seawater. Many polymer

composites with considerable efficacy were proposed to achieve that goal. For

instance, polyethylene glycol, cellulose acetate, and polyvinyl alcohol composite

membrane were developed and reported for desalination of groundwater and saltwa-

ter [206�208].

The creation of polymer sponges with high oil/water selectivity, adsorption capac-

ity, and mechanical durability is a successful technique for separating oil from oil-

polluted water [209�211]. For example, Zhao et al. created a durable and recyclable

sponge (Fig. 14.18) using a PDMS frame coated stereoscopically with GO, which

has a good adsorption capacity for a diversity of oils and organic diluents [212].

In the current research, single-walled CNTs were introduced to a poly(N-isopro-

pyl acrylamide)-co-(acrylamide) copolymer membrane to separate water�oil mix-

tures. Because of its oleophilic properties, CNT is employed for this purpose. The

oil was removed from the constructed single-walled CNTs-based copolymer mem-

brane at a rate of 99.99%. MWCNTs were inserted into a polysulfone (PS)/poly-

ether blockcopolymer to create a CNTs-polymer membrane that may be utilized to

extract oil from the oil�water mixture. The influence of the MWCNTs ratio on oil

exclusion competence was demonstrated in this study. As can be seen, increasing

the number of MWCNTs to 2.0 wt.% enhanced membrane oil denunciation from

91.4% to 99.79% [213].

Table 14.6 Suitable polymer nanocomposite adsorbents of metallic pollutants.

Ser.

No

Radioactive

pollutants

Adsorbent References

1 Uranium Chitin/chitosan complex [185]

PVA/TEOS/APTES hybrid

nanofiber

Keshtkar et al. [186]

2 Thorium (IV) Poly(methacrylic acid)-grafted

chitosan/bentonite composite

Anirudhan et al. [187]

Polyacrylamide-aluminosilicate Baybaş and Ulusoy [188]

Polyvinyl alcohol/titanium oxide Abbasizadeh et al. [189]

3 Thorium PAN/zeolite Kaygun and Akyil [190]

4 Am (III) and

Cm (III)

2,6-Bistriazinylpyridine Wei et al. [191]

5 Sr, Cd Nafion 120 Gasser and Nowier [192]

6 UO2
21, Tl1,

Pb21, Ra21,

and Ac31

Polyacrylamide�bentonite

composite

Şimşek et al. [193]

7 Cesium, cobalt,

and europium

ions

TiO2/poly (acrylamide�styrene

sodium sulfonate)

Borai et al. [194]

APTES, 3-aminopropyl)triethoxysilane; PVA, polyvinyl alcohol; TEOS, tetraethyl orthosilicate.
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Table 14.7 Suitable polymer nanocomposite adsorbents for dyes removal.

Ser.

No

Dyes Adsorbents Adsorption

capacity

(mg gm21)

References

1 Methyl

orange

γ-Fe2O3/CSCs � Zhu et al. [198]

2 Remazol Red

198

L-Cht/γ-Fe2O3 267 Debrassi et al.

[199]

3 MO γ-Fe2O3/SiO2/chitosan

composite

3429 Zhu et al. [200]

4 Basic violet

10

CNTs/activated carbon

fiber

220 Wang et al.

[201]

5 Methyl

orange

Chitosan/Fe2O3/

MWCNTs

66.90 Zhu et al. [202]

6 Methylene

Blue

Hydrolyzed nanosilica

Incorporated

polyacrylamide

Grafted xanthan gum

378.8 Ghorai et al.

[203]

7 Methyl Violet Methyl violet onto poly

(acrylic acid-co-

acrylamide)/kaolin

hydrogel

908.0 Tang et al. [204]

8 Alizarin

Yellow

Polyaniline1MWCNTs 884.80 Wu et al. [205]

MWCNT, multiwalled carbon nanotube.

Figure 14.18 The preparation of the porous PDMS/GO sponge [212]. PDMS, poly

(dimethylsiloxane); GO, graphene oxide.
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14.6.4 Removal of other pollutants

Microorganisms, insecticides, pathogens, and other organic elements are among the

other essential water contaminants. The creation of decontamination by-products

and multidrug-resistant bacterial species are two of their concerns, prompting new

disinfection technologies. For example, Jain et al. found that Ag-coated PU foam

(Fig. 14.19) can be utilized professionally for removing a broad spectrum of bacte-

rial strains up to 99.9% [214].

Ag nanoparticles embedded with fibers of cellulose acetate were operative

against bacteria. Aquatic purifiers made from PU foam with Ag-coated nanofibers

show significant disinfecting against germs such as Escherichia coli [215].

Numerous composites embedded with activated carbon fibers and CNTs effec-

tively eliminate pathogenic microorganisms [216,217]. Gunawan et al. have exam-

ined the AgNP/CNTs-coated hollow fiber membrane of polyacrylonitrile (PAN) for

water cleansing [218]. The results exposed that AgNP/CNT coating has signifi-

cantly enhanced the membranes’ antifouling behaviors and antimicrobial activity.

14.6.5 Self-water purification system

In comparison to the regular military forces, Special Forces experience extraordi-

nary challenges in guaranteeing the purity of their drinkable water. Conventional

army’s water purification system does not match the dimension, mobility, labor

force, maintenance, or water supplies of army’s special operational troops. For

instance, logistic units support conventional armies that use material handling

equipment to carry their water decontamination systems. In contrast, army special

operational forces must frequently take all of their water purification system [219].

Army special operational forces use commercially available portable water purify-

ing technologies such as “Lifestraw,” shown in Fig. 14.20.

Figure 14.19 Optical microscope image of (A) pure polyurethane foam and (B) Ag-coated

polyurethane foam [214].
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It is a simple straw that looks like a small tube with a filter inside and kills

around 99.99% of bacteria in contaminated water. Self-water sucking purifying pro-

ducts use an ultrafiltration (UF) membrane [221,222]. UF can efficiently eliminate

suspended matter, colloid, microbial pathogens, and macromolecular organic mate-

rial [223,224]. Some of the standard commercial UF membranes materials are PS,

polyvinyl chloride, PAN, PVDF, and polyethersulfone [225�227].

14.7 Conclusion

The 20th century, mainly after the World War II, has introduced a diversity of new

materials that have a groundbreaking impact on all kinds of technologies related to

defense industry. Today’s warfare mostly depends on advanced technologies, and tech-

nologically advanced arm forces always lead on the combat. Hence, military research-

ers are always searching for new material which could be applicable to enhance the

performance of modern armaments. Polymer matrix composites are widely used in

various industries and defense sectors because of their superior qualities, which consid-

erably boost the effectiveness and efficacy of materials in military disciplines. Based

on current occurrences, future trends in the use of PNCs are expected to expand dra-

matically to meet the ever-changing and dynamic demands in tactical domains.
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[106] J. Böhm, J. Haußelt, P. Henzi, K. Litfin, T. Hanemann, Tuning the refractive index of

polymers for polymer waveguides using nanoscaled ceramics or organic dyes, Adv.

Eng. Mater. 6 (2004) 52�57. Available from: https://doi.org/10.1002/adem.200300542.

[107] A.K. Othayoth, B. Srinivas, K. Murugan, K. Muralidharan, Poly(methyl methacry-

late)/polyphosphate blends with tunable refractive indices for optical applications,

Opt. Mater. 104 (2020) 109841. Available from: https://doi.org/10.1016/j.optmat.

2020.109841.

[108] S.W. Thomas, G.D. Joly, T.M. Swager, Chemical sensors based on amplifying fluo-

rescent conjugated polymers, Chem. Rev. 107 (2007) 1339�1386.

[109] D.Y. Godovsky, Device applications of polymer-nanocomposites, Biopolymers � PVA
Hydrogels, Anionic Polymerisation Nanocomposites, Advances in Polymer Science,

Springer Berlin Heidelberg, Berlin, Heidelberg, 2000, pp. 163�205. Available from:

https://doi.org/10.1007/3-540-46414-X_4.

[110] S. Kochmann, T. Hirsch, O.S. Wolfbeis, Graphenes in chemical sensors and biosen-

sors, TrAC. Trends Anal. Chem. 39 (2012) 87�113.

[111] W. Lei, W. Si, Y. Xu, Z. Gu, Q. Hao, Conducting polymer composites with graphene

for use in chemical sensors and biosensors, Microchim. Acta 181 (2014) 707�722.

Available from: https://doi.org/10.1007/s00604-014-1160-6.

[112] S.M.C. Vieira, P. Beecher, I. Haneef, F. Udrea, W.I. Milne, M.A.G. Namboothiry,

et al., Use of nanocomposites to increase electrical “gain” in chemical sensors, Appl.

Phys. Lett. 91 (2007) 203111. Available from: https://doi.org/10.1063/1.2811716.

[113] H.J. Salavagione, A.M. Dı́ez-Pascual, E. Lázaro, S. Vera, M.A. Gómez-Fatou,
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15.1 Introduction

The history of proper packaging dates back to ancient Egypt 3500 years ago as the

first stepstone was set by developing nontransparent glass water pots. As the indus-

trial revolution started, the need for better packaging materials increased by a huge

margin. In 1810, the use of tin-coated iron cans instead of bottles to preserve food

was invented by Napoleon’s urge to find a solution for food preservation for the

army in the midst of the war. The commercial invention of paper bags showed a

big jump in the packaging industry in 1844, which took an even bigger loop with

the creation of the paper the bag-making machine in 1852. The real development in

packaging came with the invention of cellophane a transparent material that did not

absorb liquids in 1908 and polyethylene terephthalate (PET) bottles in 1973 that

were capable of containing carbonated drinks. It soon became a cheaper alternative

to glass [1,2�4]. As the world keeps being united because of globalization, every

nation depends on other countries. One report in 2017 showed that one in every six

people in the world depends on the food imported. The United States alone

imported food and food products worth $133 billion, where China comes second

with a total of US$105.26 billion [5]. It is necessary to adequately package this

massive amount of imported foods to guarantee the best quality for a better con-

sumer experience. Conventional packaging polymers have an excellent barrier and

insulating properties. Still, lack of mechanical strength and thermal properties can

cause harmful effects for the packaged products especially during transportation as

transportation can introduce the packaged food to extreme conditions.

With the continuous rise in the world economy, the use of packages has

increased significantly. But a fair share of the package is disposed of immediately.

These one-time-use plastics have a hard-hitting impact on the environment. The

most amount of the plastics used in the packaging industry either ends up in the

ocean or the soil as the recycling percentage is really small. Plastics decompose

ever so slowly in the sea. Even in the presence of sufficient oxygen, plastic takes

500 years or more to get decayed. Upon degradation, they even release harmful

gases. However, there are some talks to use biopolymers as packaging materials.

But to ensure better-quality products with longer shelf life, a more appropriate and

sustainable approach is needed. Numerous researches have taken place to prove the
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ability of polymer nanocomposites as superior to conventional materials in food

and beverage packaging. Future technologies will only improve the packaging qual-

ity with the addition of nanofillers with conventional packaging polymers.

15.2 Issues with traditional packaging system

Plastics are the primary packaging materials used widely because of durability, low

cost, ease to produce, light-weighted, and/or the abundance of production materials.

In 2018, the production of plastics totaled over 350 million metric tons worldwide

[6], where 39.7% of which are used in packaging applications [7]. But because of

their nondegradable nature, they represent a serious global environmental problem.

50% of total plastics produced every year are for single-use purposes. These single-

use purpose packaging plastics are used for just a few moments, but these plastics

remain on the planet for at least several hundred years or more. Only 9% of those

single-use purpose plastics are collected for recycling [8]. Every year our oceans

are filled with 8 million tons of new plastic wastes. More than 500 billion plastic

bags are disposed of in landfills, and less than 3% of these bags are being recycled

[9]. These plastics are made of polyethylene and polystyrene and can take 500 or

more years to degrade naturally and also release harmful greenhouse gases in the

environment that increase global warming.

Besides the sustainable environment, mass consumers are also looking for

better-quality products. The plastics used in packaging contain small molecules that

can migrate from plastic to the product it is in contact with. Again, plastic can

break down, releasing monomers [10]. For example, polycarbonate used to store

food in containers and bottles can release Bisphenol A (BPA) [11]. An unwanted

amount of BPA can cause many health problems like endocrine disruptions [12].

Biopolymers can solve the environmental problem caused by traditional packaging

polymers and also can ensure a better quality of products. But biopolymers face

limitation in different properties. The addition of nanoscale composites with poly-

mers can allow better utilization of biodegradable and edible films. These will

reduce the waste from the packaging of products and will ensure fresh foods with

extended shelf life with the additional quality of desired mechanical strength and

barrier properties.

Better thermal stability and heat resistance can also be achieved with polymer

nanocomposites, which ensure a better quality of packaged foods. For packaging

electronic components, thermal stability is a critical point. For packaging electron-

ics, the ideal materials should have protection from dust, protection from mechani-

cal hazards, protection from climatic hazards, protection from electrostatic

discharge (ESD), protection from water [13]. Plastics are of low density. Though

plastics have good chemical resistance, they lack thermal stability and have signifi-

cant resistance to environmental degradation, which causes hazardous effects on the

environment. Though ceramics have good thermal stability due to their brittle

nature, they are not suitable for packaging. Polymer nanocomposites can solve all
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the problems of these materials as polymer nanocomposites possess better barrier,

mechanical, chemical, and thermal properties, and flame retardancy than conven-

tional polymer materials [14]. Better optical and electrical properties were observed

from cadmium ferrite nanoparticles [15]. To package electrical components, ESD

bags are used to prevent the components to get static charged. Polymer nanocompo-

sites can improve better insulation properties that can significantly increase the

safety of both the components and the users.

15.3 Advantages of polymer nanocomposites in
packaging

Composites that has one or more phase in the nanoscale range (1029 m) are classi-

fied as nanocomposites [16]. Studies showed that the material’s properties at the

nanoscale (less than 100 nm) could change by adequate means. With the reduction

in size to the nanometer range, improvement in electrical and elastic properties,

strength, better transparency, and various other new properties can be displayed by

materials that are not observed at the macro- and microscale. For example:

1. Gold nanoparticles have a melting point that ranges from 615 to 1115 K, which depends

on the nanoparticle size where bulk gold has a melting point of around 1400 K [17].

2. ZnO and TiO2 are white on a microscale. But with the decrease in size, they become col-

orless. Below 12 nm, these particles become invisible to the human eye [18].

3. Spontaneous combustion of aluminum nanoparticles was observed, and this property has

been utilized by using nanoscale aluminum as rocket fuel [19].

Enhancements in characteristics ensure better possibilities for polymer nanocom-

posites to solve the problems faced with traditional packaging [20�22].

15.3.1 Barrier properties

Barrier against O2, CO2, H2O vapor, aroma diffusion, and ultraviolet are the essen-

tial characteristics of nanoparticle-incorporated polymer matrices. Gases are

absorbed by the surface of polymer nanocomposites and transported through matri-

ces of the polymer but are hindered by nanocomposites inside the polymer matrices.

In polymer nanocomposites, gases travel through a tortuous path where gases are

trapped, and thus gas permeability is reduced [23,24]. The amount of gas blocked is

dependent on the arrangements of the nanocomposites in the polymer matrices.

Fig. 15.1 shows the straight travel path of gas molecules through polymer matrices,

and Fig. 15.2 shows the sinuous path of any molecules through polymer nanocom-

posites [25,26].

Nanoparticles of improved aspect ratio and smaller volume fraction arranged in

an exfoliated manner in the polymer matrices resulted in a reduction in oxygen

transfer up to 97% [27]. Another study showed that nylon-6 nanocomposites have a

four times lower oxygen transmission rate (OTR) than unfilled nylon-6 [23,24].

417Polymer nanocomposites for packaging



Mitsubishi Gas Chemical Company incorporated nanoscale clays into one type

of nylon-6 resin to produce Imperm that can achieve significantly enhanced barrier

properties than unfilled nylon-6. Nylon-6 nanoparticles itself if added with PET can

decrease oxygen transmission rate from 8.172 to 7.594 g m22 day21 and water

vapor transmission rate from 0.867 to 0.272 g m22 day21 [28,29]. Nylon-6 nano-

composites used with PET ensure three to four times better performance than tradi-

tional ethylene vinyl alcohol (EVOH) barrier as Nylon has 50�F more melting

temperature than traditional EVOH barrier. Similarly, polylactide (PLA) with gra-

phene oxide shows a significant amount of reduction in oxygen permeability [30].

The oxygen permeability coefficient of the starch/glycerol neat matrices is around

1.58. With the dispersion of silver and montmorillonite (MMT) in the matrices, the

oxygen permeability reduced from 0.52 to 0.22 [31]. OTR of PLA reduced from

736 to 8 cc mm m22 day21 and water vapor transmission rate (WVTR) reduced

from 556 to 431 g m22 day21 by adding chitosan/MMT clay nanocomposites [32].

Polymer matrices with less than 6% nanoclay concentration shows reduction of

oxygen permeability and water vapor permeability by a significant amount. Cloisite

Figure 15.1 Straight travel path of gas molecules through unfilled polymer matrices.

Source: Adapted with permission from Y. Cui, S.I. Kundalwal, S. Kumar, Gas barrier

performance of graphene/polymer nanocomposites, Carbon N. Y. 98 (2016) 313�333 [25].

Copyright (2016) Elsevier.

Figure 15.2 Tortuous path model of polymer nanocomposites.

Source: Adapted with permission from J.R. Potts, D.R. Dreyer, C.W. Bielawski, R.S. Ruoff,

Graphene-based polymer nanocomposites, Polym. (Guildf.). 52 (1) (2011) 5�25 [26].

Copyright (2011) Elsevier.
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25A nanoclay added with low-density polyethylene by melt processing method

shows a 79% reduction in water permeability [33]. MMT nanoclay added with dif-

ferent polymer matrices reduces water permeability. For example, 6 wt.% MMT

added with polystyrene by solution casting reduces water permeability by 70%,

8 wt.% of MMT nanoclay added with polyimide showed 83% reduction of water

permeability [34], and 15 wt.% of MMT added with polycaprolactone reduced

water vapor permeability by 90% [35]. A meager amount of graphene and graphene

oxide filler can significantly decrease water permeability. 0.1 wt.% of graphene

added with polyimide reduces water permeability by 93%, and 0.1 wt.% of gra-

phene oxide added with the same polymer reduces water permeability by 82% [36].

Low-density polyethylene (LDPE) has OTR of 134.9 cm3 mm m22 day21 atm21.

By addition of ethylene-co-vinyl acetate, OTR increases to 153.2 cm3 mm m EVA
2/ day /atm. By adding up to 7 wt.% organic nanoclay the OTR value was reduced

by 43.7% [37]. Polymer nanocomposites made from poly(propylene carbonate)

(PPC), polyethylene glycol (PEG), and cellulose nanocrystal (CNC) showed a

decrease in oxygen permeability with an increase in CNC contents compared to

pure PPC and PPC/PEG composites. Fig. 15.3 shows the oxygen permeability

(3 10213 � cm3 �m �m22 � s21 � Pa21) of the composite with different amounts of

loading [38].

Oxygen barrier properties were examined for polymer nanocomposites made

from polyacrylic acid, graphene oxide, and silver nanoparticles synthesized in an

aqueous solution by in situ polymerization technique. Barrier properties were shown

to be 11 times better when silver nanoparticles were incorporated with polyacrylic

acid and graphene oxide composites. Also, better thermal resistance, antimicrobial

properties, and excellent mechanical properties were observed by adding only
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Figure 15.3 Oxygen permeability of poly(propylene carbonate) and polyethylene glycol

composites with different amounts of cellulose nanocrystal reinforcement.

Source: Reprinted with permission from G. Jiang, M. Zhang, J. Feng, S. Zhang, X. Wang,

High oxygen barrier property of poly(propylene carbonate)/polyethylene glycol

nanocomposites with low loading of cellulose nanocrystals, ACS Sustain. Chem. Eng. 5 (12)

(2017), 11246�11254 [38]. Copyright (2017) American Chemical Society.
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273 1023 wt.% of silver nanoparticles in the composite matrices [39]. Bacterial

cellulose extracted from Komagataeibacter xylinus by sulfuric acid hydrolysis was

added with polymer matrices of gelatin and polyvinyl alcohol (PVA) to form a bio-

degradable polymer composite. The composite showed improvement in WVTR by

22% and water vapor permeability by 14% [40].

15.3.2 Mechanical properties

Polymer nanocomposites have a significant edge over normal packaging polymers

and biopolymers in mechanical properties. Tensile strength, flexural strength, and

tensile modulus were seen to be significantly increased by adding a very low

amount of nanofillers. The tensile stress of polycaprolactam a composite derived

from nylon was increased by 49% (1.11�2.25 GPa) by filling polycaprolactam

with MMT, and Young’s modulus was increased by 103% (68.6�102 MPa)

[41,42]. The improvement in the mechanical strength of polymer nanocomposites is

due to the high rigidity and aspect ratio of nanofillers together with better affinity

through interfacial interaction between the polymer matrices and nanofillers [43].

Nanoclays in nylon increase tensile strength from 82 to 101 MPa (increase of 23%),

tensile modulus from 2756 to 4657 MPa (increase of 69%), and flexural modulus

from 2431 to 3780 MPa (increase of 56%) [28,44]. Neat agar film has tensile

strength of around 29.7 MPa, whereas tensile strength of agar matrices reinforced

with Cloisite Na1 nanoparticles increased to 35 MPa [45]. By adding Ag nanoparti-

cles with agar, tensile strength becomes around 53.44 MPa [46]. TiO2 nanoparti-

cles/poly(butylene adipate co-terephthalate) bionanocomposite films show a 46%

and 70% improvement in tensile strength and Young’s modulus, respectively [47].

Pure ethylene methyl acrylate copolymer has a tensile strength of 9.51 MPa, which

increases by 36% with the dispersion of 2.5 wt.% multiwalled carbon nanotubes

(MWCNTs) [48]. The advantages of nanocomposites in mechanical strengths were

first demonstrated by a group in Toyota Research Centre in Japan with nylon/sili-

cate nanocomposites [49�51]. Table 15.1 shows the mechanical properties of

Nylon-6 and Nylon-6 filled with 4% silicate nanoclay. Tensile modulus and tensile

Table 15.1 Mechanical properties of nylon-6 and nylon-6/clay nanocomposite [49].

Property Nylon-6 Nylon-6/4 wt.% silicate

nanocomposite

Tensile modulus (GPa) 1.1 2.1

Tensile strength (GPa) 69 107

Heat distortion

temperature (�C)
65 145

Impact strength (kJ/m2) 2.3 2.8

Water absorption (%) 0.87 0.51

Coefficient of thermal

expansion

1.33 1025 6.33 1025
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strength increased by 91% and 55% by adding nanoclay fillers. A research pack-

aged meal at the Defense Department of the United States and the Natick Soldier

Centre showed that by adding nanoscale clay mechanical properties of LDPE were

increased by twofold. Rubber nanocomposites are also reported to show better

mechanical strengths [52].

Improved mechanical properties were observed from gelatin nanofibers from one

experiment. An analysis with the integration of 1%�4% of Cloisite 30B nanoclay

with high-density polyethylene demonstrated substantial increases in different

mechanical properties and hardness values [53]. Polymer composites made from

epoxy, 30 wt.% of palm fiber with different amounts of zinc oxide nanoparticles as

additives showed tensile strength up to 39.44 MPa, flexural strength up to

40.64 MPa, and impact strength up to 3.082 J that were significantly greater than

that of composites without any nanoadditives. Fig. 15.4 shows the tensile strength

of the composite due to different amounts of ZnO nanoparticle reinforcements [54].

15.3.3 Thermal properties

Packaging materials for food, electronics, medical components, and cosmetics

should be thermally stable and heat resistant. Especially a range of temperature for

any specific food is needed to maintain. Temperature barrier properties of some

polymer nanocomposites allow packages to maintain a suitable temperature. Also,

Figure 15.4 Tensile strength of palm fiber and epoxy-based polymer composites

incorporated with zinc oxide nanoparticles.

Source: Reprinted with permission from A. Devaraju, P. Sivasamy, G.B. Loganathan,

Mechanical properties of polymer composites with ZnO nano-particle, Mater. Today Proc. 22

(2020) 531�534 [54]. Copyright (2020) Elsevier.
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packaging materials should be stable at high temperatures and extreme conditions.

For packaging of electronic and photonic components, packaging materials must be

of low coefficients of thermal expansion (CTEs), high thermal conductivity, and

low density. Traditional polymers used for packaging cannot solve all the thermal

issues and transportation issues. Polymer nanocomposites can address the solution

needed by providing better thermal properties than usual packaging polymers and

metals.

Thermoplastic poly(vinyl chloride) (PVC) was among the first polymer produced

for packaging applications because of strengths like low cost and high stiffness,

intrinsic flame retardancy, good electrical insulation and vapor barrier properties,

good dimensional stability at room temperature, and easy processing procedure.

Nowadays PVC incorporated with polyethylenes is used in various kinds of packag-

ing applications from blood bags to bottles, blister packs, transparent packs, and

punnets. With exposure to flame and heat, PVC that is degraded can produce harm-

ful hydrogen chloride gas that can cause harm to the environment. Also, extensive

discoloration and reduction in mechanical properties are some of the consequences

of problems with thermal deterioration [55]. Poly(methyl methacrylate) (PMMA)

intercalated with 10 wt.% clay deteriorated at about 40�C�50�C higher than

unfilled PMMA [56].

Studies showed that the thermal decomposition behavior of PVC could be

improved significantly by the synthesis of recycled PVC/clay nanocomposites.

CTEs were decreased by about three and a half times by incorporation of 5 wt.%

organically modified clay Closite 30B [57]. Studies showed that incorporation of

Cu nanoparticles under 5 wt.% in LDPE enhances thermal stability due to their

higher heat capacity and thermal conductivity (0.39 kJ21 g21 compared to

0.18 kJ21 g21). These properties allow more heat absorption, which results in

LDPE degrading at a higher temperature than usual [58,59].

15.3.4 Flame retardancy

Polymer used for packaging has a significant demand for flame retardancy to ensure

a more efficient and eco-friendly packaging system. Traditional packaging poly-

mers have always suffered a lack of flame retardancy. Polymer nanocomposites

have shown less combustion tendency than usual packaging polymers [60].

Polymer nanocomposites showed less flammability by producing a coproduct that

has better thermal stability and works as a barrier between the flame and the surface

[61]. Nanoclays are shown to increase flame retardancy according to some studies.

For instance, only 5 wt.% nanoclay incorporation with nylon-6 has reduced flam-

mability by 63% [19]. The heat release rate is considered an essential measurement

to determine the flame retardancy of any material. The heat release rate of nylon-6

and maleic anhydride-grafted polypropylene (PP) nanocomposites was 50%�75%

lower, showing that incorporation of nanoparticles with polymer reduces flamma-

bility [62]. The peak heat release rate of PP incorporated with 1 wt.% of MWCNT

nanocomposites was 27% and of PP incorporated with 1 wt.% of MWCNT nano-

composites was 32% of unincorporated PP’s heat release rate [63]. Delaminated
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Ti3C2Tx (MXene) nanoparticle�reinforced PVA nanocomposites showed less peak

heat release rate and total heat release resulting in better flame retardancy.

Table 15.2 shows the peak heat release rate and total heat release decrease by

increasing MXene reinforcements in the polymer matrices.

15.3.5 Optical properties

The low-cost packaging of photonic components and modules can be improved by

optically transparent materials. For packaging, photonic component materials need

to have a controlled refractive index, low cure shrinkage, and a thermal expansion

coefficient same as the packaged photonic components. Conventional polymer does

not meet these requirements. Glasses can be used but can cause light transmittance

issues [65]. Epoxy-based nanometer-order silica particle instead of micron-sized

particles shows the reduction of coefficient of thermal expansion and an increase in

fracture toughness, thus proving to be a better material for photonic component

packaging [65]. Magadiite nanocomposites based on epoxy matrices are another

material that can have a significant edge for photonic component packaging [66].

High transparency can also be achieved by smectite nanocomposites based on poly-

urethane matrices [67]. Polymer nanocomposites can achieve better transparency

compared to polymer matrices filled with microscale composites. Nanocomposites

allow passing light without deviation, which allows them to be transparent packag-

ing materials. Figs. 15.5 and 15.6 show how light rays pass undeflected through the

polymer matrices filled with nanoreinforcements [68,69]. Also improved optical

properties and catalytic behavior were observed from graphene nanocomposites

incorporated into tin oxide and silver-doped zinc oxide nanoparticles [70,71].

15.3.6 Degradation properties

To reduce plastic waste pressure on the environment, numerous researches were

performed to find the possibility of degradable packaging materials. Biodegradable

polymers can solve the waste problem faced by the environment. But biopolymers

have significantly lesser mechanical strength and structural strength. That issue can

be solved with organically modified nanoparticles incorporated with biopolymers

[72�76]. Thermoplastic starch that is starchly pretreated with plasticizer was poten-

tial material for a degradable packaging solution, but it has low mechanical

Table 15.2 Peak heat release rate and total heat release for PVA/MXene nanocomposites

[64].

Samples Peak heat release rate (W/g) Total heat release (kJ/g)

PVA 258.9 28.6

PVA�Mxene (0.5 wt.%) 233.7 23

PVA�Mxene (1 wt.%) 192.3 21.3

PVA�Mxene (2 wt.%) 202.8 21.7

423Polymer nanocomposites for packaging



properties [77]. Adding 5 wt.% sodium MMT with thermoplastic starch increases

tensile strength from 2.6 to 3.3 MPa [78]. After incorporating C3C18-MMT (tri-

methyloctadecyl ammonium-modified MMT) nanocomposites with neat PLA matri-

ces enhanced biodegradability by significant amount [79,80]. Compared to

untreated wood, the rate of degradation was lesser for wood treated with Melamine

formaldehyde-furfuryl alcohol copolymer/1,3-dimethylol 4,5-dihydroxy ethylene

urea/nanoclay [81]. CNCs used as nanofillers in biodegradable polymer matrices

have enhanced biodegradability by a significant amount [82]. With recycling, the

quality of plastic decreases.

Additional virgin materials are needed to incorporate with the recycled polymer to

recycle without any loss in quality. Nanoadditives within recycled polymers can be used

to upgrade recycled polymer [83,84]. Though nanocellulose has less mechanical strength

than other nanocomposites like metal and clay nanoparticles, their low-cost production,

biodegradability, and renewable production source [85] have made them a major

Figure 15.5 Microscale particles in polymer matrices deflect light rays.

Source: Adapted with permission from A. Dang, S. Ojha, C.M. Hui, C. Mahoney, K.

Matyjaszewski, M.R. Bockstaller, High-transparency polymer nanocomposites enabled by

polymer-graft modification of particle fillers, Langmuir 30 (48) (2014) 14434�14442 [68].

Copyright (2014) American Chemical Society.

Figure 15.6 Nanomaterials allow transmission of light without any deflection.

Source: Adapted with permission from A. Dang, S. Ojha, C.M. Hui, C. Mahoney, K.

Matyjaszewski, M.R. Bockstaller, High-transparency polymer nanocomposites enabled by

polymer-graft modification of particle fillers, Langmuir 30 (48) (2014) 14434�14442 [68].

Copyright (2014) American Chemical Society.
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alternative to traditional plastics in packaging. Biodegradable composites made from

gelatin films reinforced with CNC showed good barrier properties than other biopoly-

mers, which prove their potential to be used in food packaging applications [86]. CNC

was added as reinforcement materials in polyhydroxybutyrate and poly(hydroxybuty-

rate-co-hydroxyvalerate) to prepare biodegradable polymer composites by melt blending.

The composite prepared showed excellent biodegradable properties with additional

improvement in mechanical and thermal properties, which allow it to be used in packag-

ing applications [87].

15.3.7 Antimicrobial and antibacterial properties

For the packaging of products like fruits, processed meat and fish, poultry items,

bread, dairy products, and vegetables, antimicrobial activities of packaging materi-

als are needed to be ensured to regulate the production of microorganisms.

Nanomaterials can be used as killing agents, growing inhibitors, and antibiotic car-

riers with polymers [88�90]. Most of the polymer nanocomposites that are used as

antimicrobial activities are based on metal oxide nanoparticles; specifically, silver

nanoparticles as silver has high toxicity against many microorganisms. Different

studies show that nanoclays have fewer inhibiting properties than silver nanoparti-

cles. Nanosilver-incorporated nanocomposites showed significant inhibiting proper-

ties against Gram-positive as well as Gram-negative bacteria [91,92]. A Chinese

fruit Jujube was preserved longer by using silver nanoparticles with polyethylene

[93]. TiO2 was reported to have the potential to inactive pathogenic food-related

bacteria [94]. TiO2 also has shown to prevent denaturation of protein [95]. Copper/

polyaniline nanocomposite also can work as microbial inhibitors and can be used as

copper nanoparticles which are cheaper than silver nanoparticles [96]. One study

shows excellent antimicrobial and hemolytic properties observed from hydroxyapa-

tite nanoparticles and lithium-substituted hydroxyapatite nanoparticles [97].

Polymer nanocomposites made from poly(L-lactic acid) reinforced with SiO2 nano-

particles, mesoporous cellular foam, and Santa Barbara amorphous-15 showed good

antimicrobial activity against Escherichia coli and Staphylococcus aureus bacterial

strains as well as better mechanical strengths, thermal stability, and barrier proper-

ties compared to poly(L-lactic acid) without any reinforcements [98].

A novel biodegradable polymer composite was formed by incorporating silver

nanoparticles and titanium dioxide nanoparticles into polyethylene oxide and chito-

san polymer matrices. 0.3 wt.% of silver nanoparticles and 0.8% of titanium dioxide

nanoparticles with the polymer blend showed antimicrobial activity of 32% against

E. coli, 45.8% against S. aureus, 77.8% against Candida albicans, and 92% against

Aspergillus niger [99]. Polymer composites prepared from regenerated cellulose

and ZnO nanoparticles were reported to have excellent antimicrobial properties

against Gam-negative bacteria, such as Salmonella typhimurium, E. coli, and Vibrio

parahaemolyticus as well as Gram-positive bacteria, such as Bacillus cereus, S.

aureus, and Listeria monocytogenes [100]. The antimicrobial activity assisted by

improved mechanical properties was reported for composites made from PVA rein-

forced with zinc oxide�doped MWCNTs [101]. Various other biodegradable
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polymer composites filled with nanoclay, nanocrystals, or nanoparticles have been

reported to show antimicrobial activity against Gram-positive bacteria, Gram-

negative bacteria, yeast, fungi, and other microbes [102�108].

15.4 Polymer nanocomposites for packaging foods and
beverages

To ensure minimum food losses and ensure safe and food products, proper packaging

materials and processes are needed to be confirmed. Conventional packaging is failing

to meet the desire of the consumers for better-quality, fresh-like products, and the need

for green packaging to ensure a sustainable environment. With the edge over conven-

tional polymers in barrier properties, mechanical properties, thermal and chemical resis-

tance, flame retardancy, optical properties, antimicrobial and antibacterial properties,

and degradation properties, polymer nanocomposites are now thought to be the wide-

spread material for food packaging [109�111,112,113]. Three main types of packaging

that can be improved with polymer nanocomposites are the following:

� Improved packaging: Nanoparticles present in polymer nanocomposites can significantly

improve packaging properties like a gas barrier, flexibility, transparency, temperature, and

stable moisture content.
� Active packaging: Nanoparticles present in the matrices interact with the food and envi-

ronment in order to play a more active role in food preservation [114].
� Intelligent packaging: Nanodevices present in the packaging materials detect the overall

condition of the food and environment specifically during transportation and also creating

a barrier against any imitation of the material [115�117].

For foods such as processed meat, dairy products, cheese, fish, boil-in-bag foods

like noodles and ramen, fruit juice packets, and beverages need to have a long shelf

life. Various polymer nanocomposites commercially developed by many compa-

nies, including Honeywell, Bayer, Ube America, and Mitsubishi Gas Chemical are

already being used at industrial-level applications, such as:

� Nano-PA6: It was the first nanoclay�plastic nanocomposite developed by Nanopolymer

Composites Corporation, Taiwan by in situ polymerization, which showed significant bar-

rier and mechanical characteristic improvements compared to conventional packaging

material [118].
� Imperm (Color Matrices Europe): It is used in multilayered PET bottles for beverage

packaging and sheets for food packaging [119].
� Duretham KU 2-2601 (LANXESS Deutschland GmbH): It is a nanocomposite film used

for juice packaging based on polyamide [120].
� Aegis OX (Honeywell Polymers): It is a nanocomposite-incorporated polymer film that

contains nylon and nanocomposite clay particles to enhance barrier and mechanical prop-

erties. Three variants of nylon-6 nanocomposite: Aegis CDSE, OX, and HFX used for

packaging applications of plastic PET beer bottles, hot-fill bottles, and carbonated soft

drink bottles are produced by Honeywell. Among these three products, Aegis OX contains

an oxygen-scavenging component that is intended for use in beer bottles and improves
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shelf life up to 6�12 months. Aegis was used in a three-layered 1.6-L structure for a

South Korean brewery in 2003 [119,121,122].
� A large-scale manufacturing process developed by Purdue University may change the

storing processes of grocery items. CNCs were used in this process to improve barrier

properties [123].
� M9 material developed by Nanocor used for layered ketchup bottles decreases bottle

rejects by 71% compared to EVOH barrier [49].
� Southern Clay Products produced a nylon nanocomposite Cloisite, with a clay loading of

5%, which increases mechanical strength [44].

Waste reduction is a crucial issue for a sustainable environment and to work for

waste reduction extensive research was undertaken by U.S. Army Natick Soldier

Center to use polymer nanocomposites for packaged meals for military rations to

lessen the waste in the packaging system and also to reduce costs. Due to the oxida-

tion problem and flavor mixing problem, plastic bottles for the beer packaging

industry cannot be used. Still, by introducing nanocomposites in polymer, these pro-

blems can be solved by incorporating nanocomposites with oxygen-scavenging

quality with polymers and extended shelf life was achieved for beer bottles as well

as soft drinks [124]. 70% market of polymer nanoparticles is based on polymer

nanoclay materials. Nanoclays embedded with beverage containers improve pack-

aging and decreasing OTR and WVTR to enhance the shelf life of bottles. A nano-

clay polymer composite for paperboard cartons to keep the juice fresh was created

by Bayer Polymers, which cost less than traditional juice packaging materials.

To ensure safe foods, better quality, and reduce environmental pollution, various

kinds of active and smart packaging technologies have been developed. An example of

active packaging is a programmable barrier that controls the atmosphere of the packag-

ing [125]. Polymer nanocomposites prepared with polymer and TiO2 nanoparticles pos-

sess oxygen scavenger quality and are used in oxygen-sensitive food products [126].

Packaged foods like meat and poultry products need to be high in carbon dioxide con-

tent to inhibit microbial growth to ensure longer shelf life. Ethylene is a plant hormone

that works as a ripening agent; that is why packaging also needs to have ethylene-

scavenging quality. The development of PP films coated with TiO2 was reported to

remove ethylene gas from packaged products [127]. Asahi Glass and Pilkington Glass

are manufacturing self-cleaning glass prepared with TiO2 nanoparticles, which in the

presence of light react with dirt and grease to break down into a pool that will roll off

from the glass [128]. Intelligent food packaging materials involve monitoring the pack-

aging atmosphere [117]. Nanosensors can be used to monitor the packaging atmosphere

to ensure the quality of food [129,130]. Various nanoparticles like gold nanoparticles,

metal nanoparticles, carbon nanotubes, magnetic nanoparticles, and quantum dots are

used to produce useful biosensors [131�133]. These biosensors incorporated with the

polymer can detect pesticides, allergens, toxins, pathogens, temperature changes, resid-

ual oxygen, and leakages [134,135].

A time-temperature indicator (iStrip) based on gold nanoparticles was produced

by Timestrip, which is red at temperatures above zero and irreversible color loss is

caused by unintended freezing. Oxygen and carbon dioxide leak indicators that use

TiO2 nanoparticles are also being developed commercially [119,136]. To trace food
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batches, Oxonica from California creates Nano barcodes from nanoparticles con-

taining silver and gold bars ranging in diameter, length, and quantity, with the

potential ability to brand each commodity with a billion variations [61,137,138].

TiO2 nanowires were prepared to use as nanocursors [139]. Prospective implemen-

tations of bionanosensors in packaging include detection of bacteria in packaged

fish and meat with the help of DNA biochips and detection of chemicals released

during food deterioration [124,140�142]. There is a high demand for packaged

orange juice due to its high nutritional value and availability. Because of increasing

microbial spoilage, orange juice has a low shelf life [143]. LDPE filled with silver

nanoparticles and ZnO nanoparticles used for Doypack packaging is commonly

used for packaging fruit juice, which showed prolonged shelf life of packaged

orange juice [144].

15.5 Polymer nanocomposites for packaging electronic
components

In addition to enhanced barrier properties and mechanical efficiency, one specific

challenge for packaging electronic components is enhancing the ability of the pro-

ducts used in packaging to work against gas particles and water vapor. Biopolymers

can be used for the packaging of electronic devices because of their high crystallin-

ity, high hydrophobicity, and fast handling. But better mechanical strength is

needed to allow better shock absorbance. Using organophilic layered double hydro-

xides [145,146], nanosheets, MMT [147], and graphene oxide [148] with PLA can

meet these requirements[149]. Polymer nanocomposites have advantages over

unfilled polymers in electromagnetic shielding with the addition of nanofillers

[150,151]. PLA/MWCNT nanocomposites foams were proved to have better elec-

tromagnetic shielding. The average specific electromagnetic interference shielding

efficiency reaches 77 dB g21 cm3, far exceeding those of metals like copper and

similar density carbon-based composites [149]. The (Poly(butylene succinate))

(PBS)/MWCNT nanocomposites (MWCNT loading of 3 wt.%) have significant

advantages compared with pure polymers in antistatic properties. The prepared

PBS/MWCNT nanocomposites showed a surface resistivity of 7.303 106 Ω, which
is 109 times lower compared to the neat PBS sample [152]. Almost all electrical

components come in plastic EST packages that prevent the components to get

harmed by externally produced static charges. Although plastics have excellent

electrical insulation, they also have very limited heat capacity. To solve this issue,

better thermal properties of polymer nanocomposites can be utilized.

15.6 Toxicity of polymer nanocomposites

Consumers’ safety for nanocomposite-incorporated polymer materials for packaging

emphasizes the moment of exposure during ingestion [153,154]. Some reports show
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that the toxicity of Ag nanoparticles is attributed to multiple organ groups, such as

the liver. Also, various studies reported that nano-scaled Ag particles can have per-

nicious consequences on other species, such as zebrafish [155]. Silver nanoparticles

have hazardous impacts on edible plants like zucchini [156] and have also shown

cell wall degradation of onion plants [157]. Reduced shoot length and germination

were observed in flax and ryegrass [158]. As most of the packaging materials end

up in the environment, these hazardous effects can have harmful effects on the eco-

system. Migration of nanoparticles with a diameter of 1 nm from polymer matrices

of packaging material to the food itself is reported. The health consequences of

nanoparticles are still being studied, but when tested on a mice population, one

study shows lung toxicity or inflammation. Related findings were found in the case

of nanoparticles of copper [159]. Table 15.3 shows different diseases originated

from human exposure to nanoparticles [160].

15.7 Conclusions and future prospects

To ensure sustainable development and better-quality products, the conventional plas-

tic polymer has faced drawbacks in the barrier, mechanical, and thermal properties.

While the pressure on the environment created by plastics from packaging can be

Table 15.3 Associate diseases due to the exposure to nanoparticles through different

organs.

Organs that absorb nanoparticles through

ingestion and inhalation

Disease

Gastrointestinal system Crohn’s disease

Colon cancer

Orthopedic implant wear debris Autoimmune diseases

Dermatitis

Urticaria

Vasculitis

Brain Parkinson’s and Alzheimer’s disease

Lungs Asthma

Bronchitis

Emphysema

Cancer

Heart Arrhythmia

Heart disease

High blood pressure

Lymphatic system Podoconiosis

Kaposi’s sarcoma

Skin Autoimmune disease

Dermatitis
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lessened by bio-based polymers, there are very few marine-grade biopolymers in the

market. Cellulose, starch, and protein-based plastics are the main examples of biode-

gradable polymers, but these lack mechanical strength and barrier properties signifi-

cantly. Polymer nanocomposites have the potential to be not only biodegradable but

also with increasing packaging quality. Different edible chitosan, starch, and protein-

based films that are modified with glycerol-like plasticizers and cellulose nanofillers

are being developed to answer the question raised from plastic waste. Although there

are not many pieces of research that prove that nanoparticles are nontoxic to the

body, there is some nanoclay-like layered silicate, MMT that can be used. But due to

environmental and technical barriers, complex manufacturing processes and high pro-

duction costs make it hard to industrialize polymer nanocomposite packaging. Once

technologies help researchers and markets to overcome those barriers, polymer nano-

composites can become the new future for packaging industries.

Because of excellent barrier properties, polymer nanocomposites have advantages

over conventional packaging materials specifically for fruits, meats, fish, dairy pro-

ducts, confectionery items, and beverages and juices as it significantly improves the

quality of these food items. Packaging and nanomaterial industries, academic insti-

tutes, and research laboratories are taking active projects to industrialize these materi-

als for better performance. In 2018, the world market of polymer nanocomposites

was around US$8 billion, which is estimated to become over US$30 billion, more

than 15% of which is related to the packaging industry. Arkema Group, Evonik

Industries AG, Nanocyl SA, DuPont, RTP Company, Inframat Corporation,

Powdermet Inc., Nanocor Inc., Nanophase Technologies Corporation, Showa Denco

KK are the companies that dominate the polymer nanocomposites industries with a

lot of industrialized use of polymer nanocomposites [161�163]. In 2011, consump-

tion was estimated to be more than 100 million pounds in which carbonated drinks

and beers only were estimated to be more than 50 million pounds, which is a big

jump from 3 million pounds in 2006 [28,41]. The compound annual growth rate of

this market is estimated to increase by 18.5% by 2026 [164]. As of now, the produc-

tion cost of polymer nanocomposites is higher than conventional packaging materials.

But once the production and manufacturing costs are lower, polymer nanocomposites

can be the only choice for packaging. Environmental and technical barriers are also

essential factors that hamper the production of polymer nanocomposite packaging at

a large scale. The defense and regulatory issues for the production and use of nano-

particles to package foods also inhibit mass production and usages. The advantages

of nanocomposites outweigh the costs and problems, and the technique will be per-

fected over time and procedures will be highly evolved [165�169].
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16.1 Introduction

Electronic textile (e-textile) is a complex structure that is made of textiles having elec-

trical properties. Nowadays e-textiles are so much popular in flexible smart textiles.

E-textiles are more flexible and stretchable than other textiles [1,2]. Wearable

e-textile technologies are gaining popularity these days. It earns so much acceptance

from people for medical instruments, surgical machinery, military instruments, athlet-

ics dresses for its flexibility, stretch-ability, ultralight advantages. Its composites from

ultralight electrical fibers give shining looks to the dress in the dark. Electrically con-

ducting textiles include the insertion of metallic wires inside yarns, the coating of the

surface with metals, and the use of conductive fillers through the formation of polymer

nanocomposites [3]. Like many other applications [4�10], nanoparticles/nanofillers

such as graphene (GN), carbon nanotubes (CNTs), metal nanowires, metal nanoparti-

cles, and so on also contribute to the e-textiles by enhancing the electrical conductiv-

ity. However, the employment of these nanoparticles sometimes makes the textile

substrates less flexible for daily use. To overcome these obstacles, plastic substrates

have been tried, but some applications require better mechanical properties and more

flexibility. So, the idea of producing electrically conducting textile materials has

become important. Conductive polymer composites are generally manufactured

through soaking, dip coating, casting, paste brushing on fabric, and inkjet printing. In

conjunction with conjugated and nonconjugated polymers, CNTs are used. Carbon-

based nanoparticles make up the majority of nanocarbons. Chemical and physical
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vapor deposition, laser procedures, and plasma-related processes are the most feasible

methods for producing nanocarbons. Nanocarbons are extremely tiny, with diameters

in the nm range. CNTs, GN, nanodiamonds, and other nanocarbons can be generically

classed. When compared to inorganic nanoparticles, nanocarbons have many advan-

tages. E-textiles provide a lot of potential for innovation. Nanocarbon modification,

processing, and biocompatibility are the most important aspects of nanocomposites

production. Nanocarbons have remarkable physical features that make them appropri-

ate for different applications. Nanocarbons resulted in various unique morphological,

conducting, and sensing capabilities in nanocomposites [11]. Every day, new textiles

with features like heat regulation, luminescence, touch, and sensitivity are introduced

to the market. These capabilities are applied in a variety of industries, including health-

care, sports, space exploration, and gaming. Drug delivery, biological imaging,

fluorescence imaging, biosensing, capacitance, and electronics have all used

nanocarbon-based nanocomposites. The foundations and future prospects of nanocar-

bons, particularly nanocarbon-based textile materials, have gained researchers’ curios-

ity. Because of their unique features, nanocarbons and hybrid materials have attracted

the interest of textile researchers. The application of nanocarbon-based nanostructures

to construct functional textiles, as well as the exploration of their structure-property

correlations, must be the focus of future advancements. The downsizing of electric cir-

cuits allows for seamless integration of functionalities, reducing the risk of a bionic

stigma and allowing for greater market penetration of wearable e-textiles. On the other

hand, e-textiles are a special source of concern after their useable product life span as

causing global environmental and societal concerns due to the huge volumes of elec-

tronic waste (e-waste) generated. Ibanez-Labiano et al. commented that a mixture of

relatively short-lived mass-consumer items, electronics, and textiles would produce

e-waste including contaminated used textiles [12]. Recycling and disposal issues are

likely to occur if electronic textiles are designed and mass-produced without regard for

their end-of-life fate. E-waste typically comprises several hazardous compounds or

precursors that can affect human health and the environment [13]. In addition,

e-discharge contains nonrenewable resources such as precious metals and rare earth

components, which have a significant environmental impact even before being used in

products. Due to current e-waste issues, it is now widely recognized that electrical

high-tech devices should be built to minimize negative effects during the end-of-life

stage. End-of-life treatment and recycling are considerably less beneficial than waste

prevention by design [14]. However, these procedures normally cause nanofillers to

poorly adhere to the polymers and can be rinsed away during the rinsing process. Thus

it is impossible to wash the composites. E-textiles can be used for a long time with

good washability. This can greatly save costs, be less harmful and ecologically sound.

16.2 Functions of e-textiles

E-textile has tremendous work in the textile industry with enormous functions. It

shows some good impact on textiles [15]. It has become a common necessity in our
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daily life [16]. E-textile’s major function is to give ultra-flexible, scalable, ultra-

light, highly conductive power to the textile material [15]. Due to this type of

advantages, e-textile is involved in the processing of many biomedical, solar cells,

electrical antennas, etc. It has a tremendous sensing capability so that it solves the

biological factors of textiles. It is now thought to be used in the therapy for its stim-

ulation strength. Wearable electronic fabrics that gather and utilize capacitive

energy can be employed in customized electronics is another new field where

e-textiles are heavily exploited for energy storage in personal electronics. Lab-on-

fiber technology allows for the enhancement of efficient, independent, multifunc-

tional, actuation, mechanical, and biosensing arrangements in textiles. It also works

on light-emitting diodes. Experts are now using micro- and nanoparticles in

e-textile, and it gives a comfortable, flexible, wound dressing. The e-textile fibers

which are acceptable in drugs are now used in drug invention. Finally, e-textiles are

very much suitable for wearable sensors [11,17,18]. After all, e-textile fiber is used

in electronic, photonic, communicating instruments. Therapeutic drugs and biologi-

cal factors are also used in e-textile. How many types of reflects, tattoos are used in

textile by the e-textile method which cannot be washed or removed with damages

to the dresses? The new material, fiber, is designed to make the raised issue solved

by new conductive inks, reflected fiber, adhesive, printing procedure, and many

other technologies to develop our e-textile world. It has an extended area of func-

tions that includes electrocardiography (ECG), pressure sensor, radio frequency

identification (RFID), entre bridge, sail panel, and box rail protector [19].

Nanocomposite also helps polymer barrier technology [20]. Recently, GN�silver

was mixed with other materials and made composite for e-textiles, and it gives the

garment a more conductive ultralight printing color on its surface which looks gor-

geous on textile [19].

16.3 Carbon-based materials for e-textiles

The importance of electronic wearable devices has brought great attention to e-

textiles. Conductive and capable of sensing are e-textiles, as opposed to ordinary

textiles. Wearable electronic devices could be useful in a variety of fields, including

robotics, healthcare monitoring, and sports activity monitoring. Because carbon

material composite has outstanding characteristics, it received great attention from

researchers, and they introduce carbon-based nanoparticles [21]. Some conductive

materials are used in fabricating electronic textiles, Carbon-based electronic textiles

detect human motion and monitor human health because of their properties of flexi-

bility and stress ability [22]. Carbon derivatives such as activated carbon (AC), GN,

graphene oxide (GO), CNT, carbon fiber (CF), and carbon black (GB) have recently

been developed. Its superior mechanical and electrical properties have become

more important in e-textile applications [21]. AC and CNTs have been intensively

explored for supercapacitor applications due to their unique combination of fea-

tures, such as high surface area, electrical conductivity, controlled pore size

445Carbon-based polymer nanocomposites for electronic textiles (e-textiles)



distribution, and superior electrochemical capabilities [23]. Carbon-based nanoparti-

cles are lightweight, comfortable, and flexible, and because of these features,

carbon-based electronic composites in the textile are the most favorable ones [24].

16.3.1 Carbon derivatives

Economical manufacturing of functional materials is an important factor for the

long-term development of wearable e-textiles [21]. To create electronics textiles,

researchers have experimented with a variety of conductive materials. CNT yarns

have sparked interest due to their outstanding electrical conductivity and ultra-

lightweight, making them suited for future applications in a variety of sensing and

energy domains [25].

16.3.1.1 Activated carbon

Because of its low cost and ease of processing, AC has been widely used as an elec-

troactive material in supercapacitors [23]. It has a large surface area but few pores

[21]. The quality of AC is determined by its surface area, pore structure, and pore

size distribution. It was possible to attain a surface area of 1000�2000 m2 g21 and

a pore distribution of 2�5 nm [23]. AC is made up of natural raw materials that are

both inexpensive and widely available, such as agricultural waste, municipal waste

slurry, and industrial waste slurry [21]. It is less expensive than other competing

electrode materials and the material produced by the process of carbonization in

low vacuum yielded [26]. Poly (phenylene isophthalamide) (Nomex), polyacryloni-

trile (PAN), and poly (amic acid) have all been effective in producing activated car-

bon fibers (ACFs) [23]. Nitric acid has also been used to modify AC, resulting in

the formation of hydroxyl and carbonyl groups on the carbon surface [26]. Because

of its decreased polarization, it was also changed with semiconducting material

mixing, such as titanium oxide [22]. It has numerous exciting characteristics, but it

has limited electricity storage due to its narrow pore structure and shorter path

length, despite its excellent charge storage capability [27]. To make conductive fab-

rics, it is used in classic dip coating and screen-printing processes [23]. Different

levels of activation of CF are shown in Fig. 16.1.

16.3.1.2 Graphene

At present, GN has achieved great interest in carbon-based nanocomposite in e-

textile. GN structure has excellent electrical and high thermal conductivity [21]. Its

features include a large surface area, strong charge carrier ability, outstanding

mechanical qualities, unique electromechanical stability, and exceptional flexibility

[23]. GN fibers are produced from GO suspension [29]. A simple reduction of pro-

pylene carbonate at a high temperature (150�C) created GN [30]. Flexibility is one

of the most significant characteristics of textiles since it allows the structure to be

worn [31]. In terms of comfort, if the material is harsh, it is not suitable for clothes.

It is strong due to its hydrophobic nature and strong contact between GN sheets
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[23]. But due to its insoluble and nonmelting mechanical properties, GN has a low

processing capability [32]. Creating high-performance flexible conduct in textile-

like fiber, yarn 2D GN is used as a component [11]. Recently, due to its theoretical

and practical advantages including high conductivity, huge surface areas, high

mechanical strength, and cheap manufacturing costs, the focus has become

GN-based material [26]. Flexible GN fibers, a new type of fiber-like material, have

excellent strength, electrical and thermal conductivity [23].

16.3.1.3 Graphene oxide

E-textiles with cotton, polyester (PES), nylon, and silk can be used for GO coating

[31]. To apply GO to the textiles, vacuum filtration, simple dipping, screen printing,

spraying, and blade coating were used [33]. The electrical conductivity of e-textiles

is generated by the reduction of GO using heat treatment (HT), chemicals, or elec-

trochemical methods. The use of GO in a range of applications, including electronic

textiles, has grown in prominence. Liquid crystalline dispersions of GN were also

used to make GN fibers and yarns [11]. The hydroxyl, carbonyl, and other oxygen

functional groups of GO, as well as their numerous diminutions, are well

Figure 16.1 (A) AC-based load-bearing supercapacitor fabrication; (B) activation of

nanoporous carbon fiber; (C) cross-section of positive and negative electrode; (D) carbon

fiber surface area and strength properties at different activation [28].
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understood, allowing GO to display a wide range of behaviors [34]. A few exam-

ples are supercapacitors, membranes, sensors, and solar cells [23]. Because of the

functional groups, GO can be coated on a variety of materials [35]. Electrical and

thermal conductivity, mechanical strength, and electrochemical performance have

all been enhanced by GN-conducting composites [26]. Polymers are conducting

with large capacity and conductivities and are also quick to load and unload kinet-

ics. The e-textile products are GO-coated commercial textiles, GO-coated cotton,

GO-coated PES, and GO-coated nylon [36]. GO-coated cotton, PES, and nylon

have demonstrated conduct [37]. Bovine serum albumin was used as an electrostatic

adhesive between GO and commercial fabric for coating GO on nylon, PES, and

cotton [35].

16.3.1.4 Carbon nanotube

Due to their outstanding properties, CNTs have made a revolution in the application

of supercapacitors of carbon-based materials [23]. Chemical and mechanical stability,

larger volumetric currents, high heterogeneous transfer rates, and high conductivity

are all characteristics of CNT. CNTs are incredibly light and are highly conductive,

making them perfect for electronic textile uses [34]. With their great electric conduc-

tivity, exceptional thermal stability, high tensile strength, and low density, CNTs

have recently proven to be appealing in electronic textiles [26]. A CNT-based super-

capacitor showed unusual special capacitation of its original specific capacity after

1000 loading/discharge cycles [21]. Single-walled nanotubes (SWNT) and multi-

walled nanotubes (MWNT) are the two fundamental structures of CNTs [38].

Wearable activity sensors built of CNTs are highly stretchy and flexible. The most

prevalent methods for manufacturing CNTs are arc discharge, laser ablation, and

chemical vapor deposition (CVD). CVD has grown in popularity in recent years

because of the lower temperature (800�C) required compared to other methods [21].

Contrary to conductional carbon coatings, CNT fibers were found to be adequate

temperature sensors as their strength remained unchanged substantially after repeated

bending.

16.3.1.5 Carbon black

CB is another all-embracing carbon-based conductor which has lately gained

numerous advantages in e-textile production [23]. Due to its high energy conductiv-

ity, low prices, vast production potentials, improved chemical and thermal resis-

tance, high flexibility, and easy chemical operation, CB has been widely used in

wearable sensors [34]. Pure graphite, dried wood, sawdust, coconut shell, seashell

high-density polyethylene, and benzene are some of the raw ingredients used to

make CBs [22]. Metal nanoparticles could be used to separate the carbon sheets in

the electrode, while also acting as a conductive channel for charge transport,

improving specific capacitance and electrochemical stability [23]. Screen printing

of CB is preferred to dip coating, according to the researchers [26]. In addition to
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the flexibility of electrochemical processing, CB has a high load density per unit

volume and is easier to synthesis [23].

16.3.1.6 Carbon fiber

Using a pressure-sensitive capacitive sensor, CFs can be used to build arrays with a

resolution defined by the distance between the strands [24]. High-temperature car-

bonization of acrylic fiber results in a very robust lightweight synthetic fabric [21].

CF is also fabricated using liquid crystalline dispersion [34]. Polypyrrole and

polyaniline (PANI) are the most frequent leading CFs used in supercapacitors

(PANI) [23]. CF is also manufactured using liquid crystal dispersion [37]. It is an

appropriate blend of microspores and mesopores for quick ion mobility and high

conductivity. CFs are extremely strong, thin fibers, whereas carbon crystals are

honeycomb-shaped molecules made up of long chain-like molecules of pure carbon

[24]. This can be used as a supercapacitor due to having high electrical conductiv-

ity. CFs having a diameter of 0.25 mm can also be effectively transformed to super-

capacitors of 1�2 mm diameter by combined treatments of PVA (polyvinyl

alcohol)/H3PO4 polymers.

16.4 Fabrication techniques

The incorporation of carbon compounds into textile materials via a variety of pro-

cesses increases the use of conductive textiles in smart textiles. Textile circuits are

built up of conductive channels, sensor elements, electrodes, and discrete compo-

nents that are sewn or stitched together (e.g., resistors and capacitors). This is a

common application for many textiles and yarns. These fantastic circuit elements

can also be made using a variety of fabrication processes. The ideal material for

sewing, bending, and wearing would have electric-charge properties that could

be adjusted to any degree. Two fundamental methods are used to create conductive

textiles (nonconductive substrate covered with conductive solution textiles available

in fiber, yarn, and composite fabric form). Some examples of forming e-textiles

are fiber, yarn or fabric extruding through carbon solution, carbon aerogel spinning,

CVD, yarn wrapping on basic yarn, yarn twisting, etc. [39].

16.4.1 Fiber-based fabrication

A procedure of hummer is used for homogeneous graphic oxide in high concentra-

tion (18 mg mL21) (GO), which is then combined with CB under ultrasonic

condition-controlled agitation. The solution was then injected down a glass tube at

a specified boiling (90�C) temperature and speed, then dried in a furnace at 1000�C
and cooled to produce conductive fibers [40]. Electrically producing textile fibers

are often solution trimmed from semiconducting polymers, CNTs, and 2D materials

quite GN and MXenes [41]. An existing physical or synthetic textile cloth shall be

tinted, covered, or printed on an hourly basis with electrolytic material to form
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a conductive textile [42]. Individual cotton fibers are equally coated with rGO

and retain the equal porosity of cotton fabric on each side of the material during

padding. The mechanical perversity of the three-dimensional conducting fibers con-

trols the resistance change [43]. The carbon staple fiber yarn is embedded during a

sheet of green wool, and continuous lengths of the CF current collectors are often

knitted [38].

16.4.2 Yarn-based fabrication

The wet spinning method was used to create innovative stretchy composite fibers

made of MWCNTs and thermoplastic polyurethane. This new class of highly

mechanical embedded fibers could pave the way for smart textiles and artificial

intelligence applications [44]. Melt spinning is not a possible approach for conduct-

ing fiber spinning [3]. Regardless of their diameter, conducting fibers can be

formed by three different methods solution spinning with a stable homogeneous

highly concentrated conducting polymer solution (10�30 wt.%), solution spinning

with a heterogeneous less concentrated polymer solution in which an insulating

polymer is used for better mechanical properties, and coating of conducting poly-

mers on fibers from a dilute solution or interfacial polymerization [3]. CNTs and

polyelectrolytes are coated on the cotton thread. To generate polymer-based con-

ductive yarns, two practical ways are commonly employed: coating and spinning.

The superior conductive powder is mixed with a suitable polymer in the melt of

solution spinning to form conductive yarn. The carbon-based conductive yarn pro-

duced by spinning technology is depicted in Fig. 16.2.

16.4.3 Fabric and garment-based fabrication

Washed degummed Bombyx mori silk yarn immersed into an air-tight CNT/HEIP

(Hexafluoro isopropanol) paint and dried at 70�C for the strong bond formation.

The experiment was carried out using a chemical hood with additional alertness.

This conductive fiber can be used in fabric preparation [45]. MWCNTs containing

silk fabric were fabricated by a depositing and microdissolving method. An ultra-

sound bath was used for 30 minutes at room temperature to have a solution

with sodium dodecyl benzenesulfonate (SDBS). The solution was then thinned to

the silk fabric and sooner was immersed into ethanol-containing formic acid.

Specific heat volatilizes the alcohol and resulting formic acid converts the silk

fibroin toward natural adhesive. For applications in soft flexible e-materials, CSF

had a high electrical conductivity (468-ohm cm21) and was long-lasting [46].

MWCNT-silk fabric (CSF) and patterned conductive MWCNTs@silk fabric were

made effectively (shown in Fig. 16.3) for flexible and heating devices.

Fascinating material CNTs are applied through electrospinning processes and are

also used to fabricate next-generation electronic textiles. All of the smart fabrics

that use the piezopolymer fibers mat have membrane design, modified shape dis-

persed, and energy harvest. Piezoelectric poly (vinylidene difluoride) polymer solu-

tion mixed with CNTs solution at various percentages and then processed through
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an electrospinning technique for the engineering applications [47]. Electrospinning

of various CB rations with PAN demonstrates improved thermal and electrochemi-

cal activity [48]. Layer-by-layer CNTs are used by electrospinning techniques for

Figure 16.2 Yarns conductive: (A) carbon fiber and (B) yarn containing carbon nanotubes

[32].

Figure 16.3 Fabrication process and applications of CSF and PCSF [46]. CSF, MWCNT-

silk fabric; PCSF, patterned conductive MWCNTs@silk fabric.
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the manufacturing of flexible sensor-type materials without the use of any binder.

The utility of porous structures in real-time detection is increased as a result of this

approach [49]. The most common method for creating flexible and lightweight elec-

tronic textile is to use a low-cost dip coating method. Dip coating is the technology

used to immerse and remove textiles from a liquid chemical so that a very thin

layer can be applied on the surface of the material [50]. Recent research publica-

tions for applications like bending sensors and power storage have been published

on the successful characterization of e-textiles created utilizing the dip-coating pro-

cess [51]. The GN and MWCNT solution at a low speed was conveyed via a cotton

fabric strip. Conductive textiles with a plate resistance of 33.2 ohms Q21 and 29.8

ohms sq21, respectively, were obtained from the MWCNT layer and GN. The resis-

tance to fabric remained practically constant after the water and other organic sol-

vents were washed and toned.

MWCNTs-SDBS solution with PVA mixture is stirred uniformly and applied by

a pad-dry-cure technique. Briefly, toluene, ethanol, and water-washed cotton stripes

are immersed and submitted to a padding process several times followed at 100�C
drying for achieving good deposition. This approach will boost the high-tech appli-

cation of e-textiles [52]. Pad-dry application of CB on cotton fabric for electrically

conductive textile is scalable and simple. The coated cloth is flexible and washable,

and it can monitor the human body, according to the findings [31]. Another work

uses a pad-dry coating technique to apply SWCNTs to a polydopamine (PDA)-trea-

ted textile. Speaking, drinking, walking, bending of the finger and knee, and other

actions have all been shown to be conceivable [53]. The reduced GO (rGO) of tea

carbon has been consistently placed on the tightly woven fabric and then squished

into a flexible wearable textile molding [54]. Figs. 16.4 and 16.5 show the facile

fabrication of CNT-PDA-cotton composite fabrics provides a novel and simple

framework for improving garment wearable electronics and heaters.

The above figures represent the synthesis of carbon dots from tea and fabrication

with rGO for a pilot study. Under consistent high-speed striation, N-[3-(triethoxysi-

lyl) propyl] ethylenediamine (EDAES68 L) and ethanol were mixed with a two dis-

tinct CNT solution (0.5 mg, 0.2 mg mL21) (132 L). The wetting agent Invadine

PBN was then blended within using ultrasonication, and thickening was utilized

under certain conditions. The paste was now applied to a cotton cloth using a knife-

over-roll multilayer approach. The fabrics are excellent for biomedical signal pro-

cessing, healthcare, sports, and military applications, according to the findings [55].

Fig. 16.6 shows that the knife over roll paste coating is an effective printing

process.

The use of simple, economical, scalable approaches for mass manufacture of

conductive natural fiber fabrics is examined with the graphene nanoplatelets and

CB coatings for conducting cotton and conductive wool. The high-performance

portable sensor tracks several movements of human beings including finger, wrist,

and knee joints and acoustic identification [56]. Inkjet printing is a method of

applying ink to a large area of textiles that is both automatic and regulated [57].

Without the use of masking or stencils, it is feasible to print practical patterns on

textiles [51]. Inkjet printing is a multifaceted and cost-effective way to print thin
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films with conductive carbon inks [58]. It has been used to print circuits in a large

area with great success [59]. Inkjet-printed conductive materials are used to create

wearable sensors, antennae, conductive channels, and energy equipment such as

batteries, supercapacitors, ultracapacitors, and solar cells [60]. Further, because of

Figure 16.4 (A and B) Dip-coating technique by CNT-PDA on cotton fabric [53]. CNT,

Carbon nanotubes; PDA, polydopamine.

Figure 16.5 (A) Carbon-dots synthesis from tea; (B) synergistic effect of TCD-rGO;

(C) fabrication technique [54]. TCD-rGO, Reduced graphene oxide of tea carbon.
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the lesser inks waste, while printing, drop-on-demand may be a preferable choice

for conductive ink printing [61]. Spray coating is a versatile, area-specific process

that permits a precisely regulated amount of carbon to be uniformly sprayed on the

cloth [62]. Pneumatic pressure and therefore lateral material movement concerning

the fixed head are typically used to provide a uniform thickness of the film by use

of spray-coating features [63]. The interface layer is needed to provide an adequate

support layer with the following spray-coated active layer, and operating tempera-

ture can influence the functioning of the operating material [64]. The procedure of

controlled spray coating was used to supply the material surface with a special

amount of carbon solution [63]. Intriguingly, the diverse intrinsic mechanical char-

acteristics of woven and knitted textiles are exploited to exhibit textile actuators to

be used as artificial muscles with stiffness (woven fabric) [65]. The woven cotton

fabric showed the minimum quantity of alternative within the electric resistance

over an elaborate period of cyclic tensile tests [50]. Preliminary knitting of the

welded cotton strands turned out to be just too breakable to face up to machine

treatment. The knitting needles frequently cross the material even with slow speeds

instead of forming knitting loops [66]. Yarn-based embroidered conductive materi-

als have a lot more promise than weaving and knitting since they can combine

numerous layers in one step. Because conductive yarn must follow physical loca-

tion, there is a lack of homogeneity in resistance due to the imprecise gaps between

the yarns, thus weaving and knitting are not suited for functional electrical stimula-

tion [67]. However, the ES 65 Designer software embedded computerized embroi-

dery machine (MEYAG model 912) was used to fabricate conductive material with

a zigzag stitch and straight stitch pattern for integrating sensors, data processing,

storage, and transmission circuitry in clothing, resulting in increased patient com-

fort, mobility, and privacy [68]. Stitching is a versatile and accurate method for pro-

ducing leading fabrics or garments, which require careful management of the speed

of stitching, length of the stitch, pretension thread, and direction of sticking [69].

The strands that carry electricity popular method of inclusion is to sew conductive

strands into operable textile threads [70]. To achieve desirable electrical properties,

electronic devices are frequently created out of the conductive thread by stitching

thread fibers in designs with many crossings [11]. Electrodes are made by combin-

ing conducting yarns, which are silver-coated fibers, into a textile substrate using

Figure 16.6 Knife-over-roll coating findings [55].
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an embroidery technique [71]. Because piecework is time-consuming and inaccu-

rate, we have relied on the e-embroidery, or numerically controlled embroidery

with conductive thread, as our principal method of circuit patterning. In the textile

industry, the building of a state of art that precisely controls the planning, layout,

and stitch pattern of circuits through computer-assisted design (CAD) processes,

and used business stitch processes to sketch patterns that outline traces of a circuit,

component connection pads, or sensing surfaces [72]. Embroidering electrical

thread into textile surfaces is a typical method. This method stitches patterns that

demarcate circuit lines, component connection pads, or sensor surfaces using CAD

tools [73]. The lock stitch embroidered machine is the simplest procedure to incor-

porate conductive yarns in the fabric but it needs flexible thin yarn with sufficient

strength to be withstand during process. So tailed fiber placement is another method

for very stiff yarn concorporation with the help of zigzag stitch.

Screen printing is a cost-effective, flexible, and breathable technology that is

also less cytotoxic and biocompatible. A four-layer carbon-loaded silicone rubber

paste was applied to a poly/cotton blended fabric, then dried and cured for use in a

variety of medical applications, including aid and rehabilitation in both clinical and

home settings [67]. Screen-printing technology was employed in the creation of a

textile condenser (nine samples of cloth) with conductive and dielectric inks.

Criteria such as conductive dough type, viscosity, solids, and printing settings must

be controlled based on the results to obtain maximum performance [74]. One of the

most extensively utilized ways for generating practical designs on fabrics is screen

printing [21]. Ink viscosity, binder, mesh no and mesh materials quality, such as

surface ruggedness, porosities, and weight resistance, are dependent on the lifetime

of the printed screen electronics [75]. On the other side, brush-paint is an adaptable,

affordable pilot method and a fast technique in the manufacture of a carbon pack

on a cloth. Ultra High Frequency passive RFID tags are fitted on a flexible elastic

band with carbon-based stretch antennas. The RFID tags’ wireless performance is

similar to the silver expandable RFID tags. The results show that antennas with car-

bon tags and silver tags are not efficient but are sufficient for a range of built-in

RFID textiles rating from 2 to 2.4 m [44].

16.5 Characterization techniques

The vastly expanding topic of textile-integrated conductive materials or electronics

e-textiles is electronic goods with extra textile-specific needs as a result of integra-

tion into a textile foundation. In reality, these wearable e-textiles should be used on

or near your body. Depending on the application, changes in their characteristics

such as tensile, bending, shear, torsion, or compression stress must be observed. To

assure the well-being of the users, suitable quality control procedures are used. The

absence of standardization of e-textiles is regarded as a major impediment to indus-

trial progress. Although the e-textile industry has always been eager to develop pro-

ducts with improved effectiveness and safety, its efforts could well have fallen

455Carbon-based polymer nanocomposites for electronic textiles (e-textiles)



short of analyst estimates due to the lack of specialized standardized test techni-

ques. There are now just a few standards defined expressly for e-textiles. The

majority of the existing ones, including ISO/PRF TR 23383 and ASTM D

8248:2020, are concerned with language or definitions. Others, such as AATCC 76

for fabrics, AATCC 84 for yarns, and CSN EN 16812 for conductive tracks on tex-

tiles, give resistance measuring procedures for textile-based goods. IPC-8921 is a

standard that specifies the language and provides options. There are additional

efforts to address the lack of e-textile standards [54] (Table 16.1).

Table 16.1 Current, proposed, and external e-textile standards [76].

Identification Title Year

Existing standard DS/CEN/TR

16298

Smart/intelligent textiles,

categorization, applications, and

standardization need

2012

ASTM D

8248

Standard terminology for smart textiles 2020

AATCC 76 Electrical resistivity of fabrics surface 2018

AATCC 84 Test method for electrical resistance of

yarns

2018

CSN EN

16812

Electrical resistance of conductive

materials

2016

IPC-8921 Prerequisites for conductive fibers,

conductive yarns, and/or wires in

woven and knitted electronic fabrics

2019

Upcoming

standards

IEC 63203

204-1

Resistance to washing for leisure and

sportswear

2022

IPC 8981 Quality and reliability of e-textiles

wearables

2022

IPC 8952 Design standard for printed electronics

on coated or treated textiles and e-

textiles

-

IPC 8941 Guideline on connections for e-textile -

External standard

for e-textiles

wash testing

ISO 6330 Home washing and drying procedures 2012

ISO 105-C01 C01: Color fastness to washing 1989

ISO 15797 Workwear washing and furnishing 2017

DIN 54015 Colorfastness assessment of dyeing and

printing in the presence of peroxide

2017

AATCC 6 Fastness to acids and alkalis 2016

AATCC 61 Colorfastness to laundering:

accelerated

2013

AATCC 135 Fabric dimensional alterations after

home laundering

2018
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16.5.1 E-textile standardization

Standardization tests are performed on e-textiles to assess their electrical, mechanical,

thermal, and optical properties (Table 16.3). The ASTM WK61479 test technique is

used to assess the durability of an electroconductive textile exposed to sweat, whereas

the ASTM WK61480 test method determines the durability of an e-textile exposed to

washing and drying cycles [55,77]. AATCC RA111 has released new test methods

AATCC TM210 and AATCC EP13 for measuring electrical resistance after several

exposures to washing, perspiration, UV radiation, dry cleaning, wetness, seawater, and

other factors in a single technique. The European Standard CEN EN 16812:2016 is

used to determine the linear electric resistance and ohmic behavior of conductive tracks

for textile constructions. IEC 63203-204-1 describes leisure and sports equipment test-

ing techniques that have components and electrically conductive sensors that collect

user data. To determine the electric resistance of conductive materials in garments in

simulated microclimate IEC 63203-201-3 provides a test procedure. CEN EN 16806-1

is the method used to measure the heat storage and thermal release capacities of textile

fibers, yarns, and textiles with PCM (phase change material), as well as the phase

change temperature (phase change materials). Its test methodologies of Parts 2 and 3

shall be utilized to determine the heat transfer characteristics of textile fabrics and heat

transfer of PCM-containing materials between the user and textile commodities. The

accuracy of wearable glove-type motion sensors may be provided by adhering to the

standard IEC 63203-402-1 without regard to device technology or size (Table 16.2).

Table 16.3 summarizes various research studies on the washing durability of

carbon-based functionalized e-textiles. The application of international and US stan-

dards techniques to the laundry durability of carbon-based functionalized e-textiles is

presented in Table 16.3.

16.6 Applications

Carbon-based e-textiles are widely used because of their remarkable performance in

terms of flexibility and extensibility. Carbon-based materials that are suited for

wearable applications have excellent electrical conductivity, lightweight, good

chemical and thermal endurance, inherent and mechanical flexibility, facile chemi-

cal modification, low cost, and mass production possibilities. This section will

cover the use of carbon-based materials in e-textiles.

16.6.1 Fiber-based applications

Fiber-based applications of carbon conductive materials are still in their early phases but

research works are being conducted to enhance fiber-shaped wearable devices. To produce

electrical energy, a fiber-shaped nanogenerator is used to store mechanical energy. A

research group, Wang and co-workers exploited this approach to design a power generator

using ZnO-coated CFs. Because of the continuous airflow, the power generator produces

an AC output with an average current and voltage of 1.5 mV and 0.5 nA, respectively.
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Table 16.2 Standard test methods (existing and in development) for electrical, thermal,

mechanical, optical, and physical properties of e-textile.

E-textile

properties

Test methods Title Ref.

Electrical ASTM WK61479 Durability of textile electrodes exposed to

perspiration (in development)

[78]

ASTM WK61480 Durability of textile electrodes after

laundering (in development)

[79]

AATCC RA111(a) Electrical resistance of electronically

integrated textiles (in development)

[80]

AATCC RA111(b) Electrical resistance changes after home

laundering (in development)

[81]

CEN EN

16812:2016

Linear electrical resistance of conductive

tracks

[82]

IEC 63203-204-1 Washable durability for leisure and sportswear

e-textile system (in development)

[83]

IEC 63203-201-3 Electrical resistance of conductive textiles

under simulated microclimate

(in development)

[84]

IEC 63203-250-1 Snap button connectors (in development) [85]

IEC 63203-201-1 Basic properties of conductive yarns

(in development)

[86]

IEC 63203-201-2 Basic properties of conductive fabric and

insulation materials (in development)

[87]

Thermal CEN EN

16806-1:2016

PCM—heat storage and release capacity [88]

CEN EN 16806-2 Heat transfer using a dynamic method

(in development)

CEN EN 16806-3 Determination of the heat transfer between the

user and the product (in development)

IEC 63203-406-1 Measuring skin contact temperature

(in development)

[89]

Mechanical IEC 63203-401-1 Stretchable resistive strain sensor

(in development)

[90]

IEC 63203-402-1 Finger movements in glove-type motion

sensors (in development)

[91]

Physical IEC 63203-402-2 Fitness wearables—step counting

(in development)

[92]

Optical IEC 63203-301-1 Electrochromic films for wearable

equipment (in development)

[93]

PCM, Phase change material.
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Table 16.3 Research papers investigating the durability of washing of carbon-based

functionalized e-textile [37].

Standard

method

Fabric

structure

and fiber

content

Methods Results Ref.

International Woven, 100%

cotton

ISO 105 C10:2006A;

5 g L21 soap at

40�C, for 30 min

Surface electrical

resistivity

increased

following

washing: 0.19

MΩ/square and
0.26 MΩ/
square to 1.75

MΩ/square and
2.39 MΩ/
square for knit

and woven,

respectively.

[94]

Knit, 100%

cotton

Dipped in

graphene

oxide,

chemically

reduced

3/1 twill, 100%

cotton treated

with reduced

graphene

oxide

ISO BS EN 105 C06;

4 g L21 reference

detergent, 10

stainless-steel balls

at 40�C for 30 min

Electrical

resistance

increased from

36.94 to 70.32

KΩ/square
after first

wash; 139.09

KΩ/square
after 10 washes

[50]

Plain knit, 100%

cotton spray-

coating layer

by layer of

graphene

solution

ISO 105-C03 Surface resistance

increased after

wash

[95]

(Continued)

459Carbon-based polymer nanocomposites for electronic textiles (e-textiles)



When this power generator is attached to the wrist, it may also be powered by the heart-

beat [98]. In recent years, biofuel cells have gained popularity due to their sustainability

and green environmental impacts, since they can harvest energy by employing biocatalysts

such as enzymes or microorganisms derived from green and sustainable sources [99,100].

Mano and colleagues used amorphous microfibers as anodes when modified by glucose

(GOx) or as a cathode when modified by bilirubin oxidase in the development of fiber-

shaped biofuel cells [101]. Compared with the CF electrode, the CNTF electrode has oxy-

gen reduction densities four times greater and a positive potential four times higher. The

use of CNT-PEDOT discolored composite fiber in biofuel cells has increased fiber-shaped

BFC’s performance to 2.18 mW cm22 [102]. Any electronics device needs an energy

storage unit to drive it. For wearable electronics with increased energy densities, wearable

power storage units such as Li-ion batteries are essential. Ren et al. employed MnO2/

CNT composite fiber twisted with lithium wire to prepare a fiber-shaped lithium-ion half-

cells battery. The battery showed a special discharge current of 0.5 mAh of

,100 mAh cm23 [103]. In another work, CNTF composite fiber was used to develop

wearable batteries. When 38.1% of Si is deposited using a CNTF composite fiber battery,

the performance has been improved to 1670 mAh g21 [104]. Different CNT-based com-

posite fibers are produced for supercapacitors with a volumetric capacity of 25 to

48.5 F cm23 ([67,105]; Ren et al., [106]). The wound of elastic fiber aligned CNT sheets

have also been created. This stretchy supercapacitor has a specific capacity of 18 f g21

and occurs after 100 washing cycles by 75% [107]. Wang and colleagues used a superfi-

ber conveyor with a flexible triboelectric generator to collect mechanical energy. A bridge

corrector has been used to load the supercapacitor to change the alternating current into a

Table 16.3 (Continued)

Standard

method

Fabric

structure

and fiber

content

Methods Results Ref.

United

States

Plain woven,

100%

polyester,

treated with

reduced

graphene

oxide

AATCC 61�2 A,

50�C for 30 min,

liquor ratio 1:50

with AATCC soap,

5 cycles

Surface and

volume

resistivity

increased

[96]

Plain woven,

100% cotton,

treated with

graphene

nanoplate and

polyurethane

dispersion

AATCC 61-2006;

500 mL

(75 mm3 125 mm)

stainless-steel lever

lock canisters;

200 mL standard

detergent with 10

steel balls

Surface electrical

resistivity

increased from

2.943 10�11

Ω/m to

3.353 10�11

Ω/m after 10

washes

[97]
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direct current. In 5 seconds the supercapacitor may be loaded to 2.4 V and voltage can be

increased by hand [108]. Hydrocarbon-fiber-shaped electrodes (CNTF), electrochemically

inactive, organic, or inorganic are modified by glucose and used for glucose detection

[109,110]. Various fiber-based applications are shown in Fig. 16.7.

16.6.2 Yarn-based applications

In the e-textile business, carbon-based conductive yarns are employed in many

applications. The use of carbon-based conductive yarn for health monitoring sen-

sors, power devices, actuators, and other applications has been the subject of

numerous studies. Even though all of these studies are in their early stages, they

will open up enormous opportunities for the e-textile sector. Dinh and colleagues

created a CNT yarn-based thermal sensor as wearable electronics for humans in a

research project [111]. To manufacture this device, extensible CNT yarns serve as

very solid and lightweight thermal wire, as an electrode a graphite pencil, and as

stretchable substrates pure and durable bioreusable paper. This sensor built on CNT

yarn can monitor breath rates and assess respiratory disorders in real time. A tem-

perature detector was also installed in the same device, which could detect the tem-

perature of the human body without any contact with the body. Because they are

lightweight, carbon-based wearable electronics are comfortable to use and are used

to design a variety of healthcare devices. A strain sensor is used as a health moni-

toring device made of the textile composite where carbon filament yarns are used

due to their lightweight and ability to be reinforced inside thermoplastic composite

structures [112,113]. Zhang et al. created a fiber-based generator to fabricate power

Figure 16.7 Wearable appliances, human enhancement, health monitoring, and

human�machine interface applications [45].

461Carbon-based polymer nanocomposites for electronic textiles (e-textiles)



shirts that can be powered by a wireless body temperature system. CNT and

polytetrafluoroethylene-coated cotton yarns are used to create an electrostatic

induction effect capable of converting biomechanical vibration energy into electric-

ity [114]. Photovoltaics make use of CNT yarns. CdSe nanowires are wrapped uni-

formly around a core metal wire, and the device is created by covering the top of

the nanowires with a porous transparent electrode made of CNT and efficiency was

recorded up to 3% [115]. Another unique application of CNT yarn is the construc-

tion of artificial muscles. Elastomer actuators based on CNTs that can be driven

electrothermally are being developed [116,117]. CNT fiber components are then

employed for the creation of hybrid-coiled yarn muscle covered by an elasto-

mer�methanol composite. A small voltage that can be used to activate this hybrid-

coiled yarn muscle composite is shown in Fig. 16.8 with SEM images [118].

16.6.3 Fabric-based applications

Self-encapsulation is a property of yarn-based devices, although they are costly to

manufacture. Fabric-based e-textiles made of carbon materials are becoming

increasingly popular in this regard. A solid-state, single-layer (SS-SL) fabric super-

capacitor is a scalable, low-cost device that can be easily integrated into clothing

and has capacitance comparable to comparable supercapacitors [62,119] created a

supercapacitor with a maximum capacitance of 23.6 mF cm22 on cotton fabric

using AC and CB as electrodes. Because of their flexibility, chemical resilience and

enormous surface structure, carbon textiles manufactured from CFs are very prom-

ising applicants for supercapacitor applications. ACF can also be directly employed

as an electrode in supercapacitor applications [120]. In the recent literature, a super-

capacitor made by screen printing GO reduction by a process has also been men-

tioned. PVA-doped H2SO4 and hydrogel polymer electrolyte are used to print on

the electrodes. A study found that GN mechanical stability results in high initial

capacity and electrochemical excellency [121]. All mechanical actions to respond

to carbon-based leads include bending and bending, distracting and untwisting,

stretching and relaxing [43]. The rGO dip-coated cotton bend sensor and the

Figure 16.8 (A) The hybrid CNT/elastomer composite’s actuating mechanism; (B) SEM

photograph; (C and D) surface morphology of the CNTs before and after elastomer-methanol

composite infiltration [118]. CNT, Carbon nanotube.
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expected and recurrent resistance changes during bending�unbending have been

studied in the literature [50]. Wearable technologies for detecting human motions

and athletic physical acts have also been created. Wang and Loh [122] developed

wearable multifunctional sensors with a CNT-based fabric to detect commercial

stress detecting capacities of sensors by monitoring human finger bending move-

ments. In addition, a CNT-based sensor was put on a thoracic strap to assess human

respiration. This CNT-made sensor has various advantages, including flexibility,

ease of the synthetic process, low weight, low cost, and human consumption reli-

ability. A dip-coating procedure is used to manufacture a graph enclosed textile

electrode for the ECG monitoring sensor. Before the hydrazine vapor has decreased,

nylon cloth has been soaked in GO suspension. The data show that the recording in

high-time and frequency fields of EKG using textile electrodes is related to standard

Ag/Ag Cl electrodes. ECG textile graphic electrodes offer advantages in addition to

typical elements, as they remove gel needs, guarantee comfort, wearability and

reusability, and are readily integrated with personal cleaning. The electric ECG tex-

tile material printed with electric rGO inkjet was the subject of a recent investiga-

tion [123]. The-rGO printed electrode collects high-grade ECGs with an estimated

heart rate of less than 21 db when compared to a reference heart rate monitor with

an estimated heart rate of fewer than 2.1 beats per minute (bpm). It has been

described as a CNT-based dip-coated heating unit with good heating capability

[124]. The CB screen printed wearable heater was also mentioned in a recent post.

Screen printing on a 34 cm PES cloth was then done with the CB printing paste.

Heating resistance decreases as the number of press layers grows, allowing Joule

heating to perform better [125]. In Table 16.4, different applications of carbon-

based functionalized fabrics in e-textile have been discussed.

16.6.4 Recent modifications in e-textiles

The cost-effectiveness of carbon-based total superconductors, the inherent safety

qualities of the fabric, and the latest developments in carbon-based conductive tex-

tile production processes have stimulated interest in employing such substances in

specific uses [148]. E-textiles composed of carbonaceous materials are used for a

variety of reasons, including electromechanical properties, durability, and comfort

(Kasaw et al., 2020). Wearable sensors (such as force sensors, stress�strain sensors,

and chemical sensors), wearable and nonwearable heating pads, and textile-based

healthcare monitoring systems are all examples of carbon-based e-textile applica-

tions [21]. A lipid bilayer-based coating for the CNT channel was presented as

an alternative to biological molecules attached directly to the CNTs [149].

Carbonaceous materials with a high specific capacitance are also useful for making

high-capacity storage devices like batteries and supercapacitors. The structures of

electrical devices, heaters, and tissue-based sensors are presented in the next section

of the study, along with a brief review of the qualities of the materials, manufactur-

ing processes, and the corresponding electrical stability under various stimuli.

Detection of hazardous gases and chemicals is essential both within the administra-

tive center and as a precaution in unfamiliar environments [148]. Toxic gas sensors
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Table 16.4 Different applications of carbon-based functionalized fabrics [126]

Carbon-

based

materials

Fabric structure

and fiber content

Functionalization Application Ref.

CNTs 100% cotton woven Dipped in

solution

Pressure sensor [127]

100% wool twill

woven washed

with nonionic

detergent washed

wool 18 warp/

10 mm,

16/10 mm

Impregnation Electrically

conductive

textile

[128]

100% wool scoured,

mass 67.6 g m22

1/1 woven

Ultrasonic bath Static dissipation,

antispark,

electromagnetic

shielding,

heating

[129]

100% cotton

prepurified 1/1

woven

Padding Electrically

conductive

superhydrophoic

fabric

[130]

100% cotton twill

woven

Screen printing

with automatic

squeegee, Ms-

300FRO

Chemical vapor

sensor

[131]

100% cotton 1/1

woven

Dip coating,

screen printing

Energy storage [51]

100% wool scoured;

mass 350 g m22

twill woven

Impregnating bath Electrically

conductive

fabric

[131]

100% cotton woven Dipped in

solution

Wearable

electronic,

energy storage

[133]

Polyamide/Lycra Coated Stretch sensor [134]

Knit with flat-bed

machine; two rows

separated by two

rows of

nonconductive

yarns

Activated carbon

in swelled

cellulose yarn

of linen,

bamboo,

viscose

Supercapacitor [66]

Knit, 75%

electroconductive

yarn/ 25% Lycra

1/1 woven

Belltron Piezoresistive

sensor

[135]

(Continued)
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Table 16.4 (Continued)

Carbon-

based

materials

Fabric structure

and fiber content

Functionalization Application Ref.

Reduced

graphene

oxide

100% nylon, 100%

cotton, 100%

polyester 1/1

woven

Immersion in

graphene oxide,

reduction

Electrooculography [136]

100% polyester

woven

Immersion in

graphene oxide,

reduction

Plantar pressure

sensor, gait

analysis

[137]

100% cotton woven Dipped in

graphene

nanoribbons

Potential for strain

sensor

[138]

100% cotton woven Graphene oxide

with vacuum

filtration,

thermally

reduced

Strain sensor [43]

Cotton fabric nickel

nitrate treated

Immersion in

graphene oxide

Energy storage [139]

100% cotton (ISO

105/F standard

fabric) woven

Immersion in

graphene oxide,

reduction

Counterelectrode [140]

100% polyamide 1/1

woven

Immersion in

graphene oxide

Electrocardiogram [123]

100% wool 1/1

woven

Graphene oxide

painted on

fabric,

reduction

E-textile (e.g.,

glove to operate

smart devices)

[141]

100% cotton knit GO coating,

reduction

Motion sensor [142]

90/10 nylon/10

spandex knit

GO coating,

reduction

Strain sensor [143]

100% polyester knit rGO coating,

polypyrrole

variations

Energy storage [144]

100% cotton knit Ultrasonication

coating

Strain sensor [56]

100% wool knit Ultrasonication

coating

Strain sensor [77]

100% polyamide

Interlock weft knit

GO coating,

reduction

Sensitive artificial

skin

[145]

(Continued)
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[150] thin polypyrene or polyaniline films are deposited onto PET or nylon threads,

which are then woven into a fabric mesh. Although carbon particles have the inherent

ability to adsorb gaseous molecules, very little research has been conducted on carbon-

based fully textile sensors. The literature describes a carbon-based material sensing ele-

ment capable of detective work dimethyl ketone and alkane vapor. This gas sensor was

screen-written mistreatment GN pellets and a 3 wt.% liquid dispersion of MWNT dur-

ing a carbon ink. CB printer ink is employed to make a screen-printed aerometric

chemical sensor. As acetone and methane vapor are identified, the relative resistance

adjusts. The rationale for this can be that the gas particles adhere to the fabric’s surface,

disrupting the MWNT’s homogenized semiconductive channel [21]. ECG is a well-

established scientific procedure that monitors the electrical activity of the guts and pro-

vides helpful info regarding coronary heart condition [151]. Using a dip-coating

method, a GN-clad material conductor for a graph observance device is formed. In

those artworks, nylon fabric is immersed in cross suspension and then reduced with the

help of hydrazine vapor [152]. Conductive carbon-based fabrics are sensitive to

mechanical movements such as bending and stretching, twisting and unwinding,

stretching and relaxing [153]. They may be able to recognize human frame movements

as well as wrist, elbow, and palm movements. The resistance variations of the RGO

dip-coated cotton bend sensor during bending and unbending have been characterized

in the literature in a repeatable and predictable manner [21].

Due to the high specific surface area and the inherent specific capacity of carbona-

ceous materials, current research is focused on scalable fabrication of flexible electrodes

using carbon-based functional materials such as GN, rGO, GO, CNT, carbon onion, and

alternating current [21,152]. Fabric and carbon textiles have this quality, making them

acceptable for the use in an electric garage. Dip coating, screen printing, inkjet printing,

and printing are all methods used to apply carbonaceous useful chemicals to fabrics. As

per different studies, cotton material treated with GN, rGO, CNTs, and AC is then coated

with an aluminous active material such MnO2 nanoflakes, RuO2, and Co(OH)2 to

enhance the particular capacitance [21]. According to current research, screen printing

silk fabric using MnO2-coated hollow carbon microspheres avoids the need for additional

Table 16.4 (Continued)

Carbon-

based

materials

Fabric structure

and fiber content

Functionalization Application Ref.

100% viscose knit Multicycle

dipping-drying

graphene oxide,

reduction

Potential energy

storage

[146]

100% nylon lycra

knit

Immersion in

graphene oxide,

reduction,

polypyrrole

polymerization

Supercapacitor [147]
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coating [154]. It also has good electrochemical stability, with only 4% capacity loss after

2000 high-rate cycles, which is important in real-world scenarios. A recent study also dis-

closed inkjet-printed PVA gel/SWNT supercapacitor and RuO2 nanowire/SWNT nanos-

tructured supercapacitor [21]. Carbon-based materials, such as GN, CNTs, CF, and CB,

have become one of the most widely used components in electromagnetic shielding due

to their high electrical conductivity, good mechanical overall performance, lightweight,

flexibility, and large aspect ratio. CB and CF applications arrived ahead of schedule.

Because of its high specific strength and high conductivity, CF has become a popular

shielding material. The conductive network of CB particles is stronger, but the absorption

capacity of CF is weak. CNTs and GN have garnered a lot of attention in recent years

due to their high-quality thing ratio and great overall transmission performance [155].

With 1286 retrieval effects in 2019, carbon-based electromagnetic shielding substance

research far outnumbers metal and conductive polymer shielding substance research

[156]. Numerous factors influence the response activities and kinetics of carbon-

supported catalysts, including the nature of the carbon guide, catalytic particle size, and

catalyst composition [157]. According to recent research, the physical properties of the

carbon support can have a significant impact on the electrochemical activities of the Pt

catalyst, thus improving the electrochemical efficiency of gas cellular devices [158].

CNTs have the advantage of having a large floor area and high porosity, which permits

catalyst particles deposited on CNTs to be more easily accessed for desired catalyst use.

Furthermore, CNTs have improved electrical conductivity, electrochemical sturdiness,

and resistance [159]. Because of their high energy density, high operating voltage, and

low self-discharge rate, lithium-ion batteries are becoming the dominant power source in

today’s portable digital devices and hybrid electric cars [160]. The commercialized

lithium-ion batteries have a graphite anode and a cathode of steel oxide. Army utility of

sweat sensors mounted on the pores and skin can actively analyze sweat for organic facts.

The smart lifestyles era has advanced e-textiles by integrating knitted ECG electrodes,

respiration sensors, and conductive pathways for interconnection and fitness monitoring.

The capabilities of sensing, tracking, and data processing are networked collectively

within a fabric. The protective apparel can detect the penetration of a projectile, screen

the soldier’s crucial signs, and alert medical triage units stationed near the battlefield. In

the multilayer fabric, the internal apparel can be prepared from blends of excessive-

performance fibers and cellulosic fibers (cotton/viscose) to provide both comfort and

overall performance [157]. The outer garments need to offer the essential ballistic safety

and could accommodate a unique set of sensors and other digital additives, together with

temperature sensors, accelerometers, a GPS module, and a textile antenna.

16.7 Health aspects of e-textiles

E-textiles are a rapidly expanding body of materials in the world of fashion, and

they have also been embellished in the military and medical sectors [161].

Nanomaterials, electrical components, and fibers are being combined in novel ways

in e-textiles. In the medical realm, there are diverse sectors where e-textile is used
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[162]. Personal health devices, fabric-based glucose sensors, breathing sensors, anti-

microbial textiles, heated fabrics, textile-based drug-releasing items, and a variety

of others are just a few examples. In general, e-textiles assist in the promotion of a

healthy lifestyle [163]. There are various examples of health devices that monitor

physical and mental well-being and provide benefits such as stimulating activities

and sustaining functionality. E-textile technology can be used to analyze and treat a

variety of age-related disorders [161]. There are electrocardiogram t-shirts for

early detection of cardiovascular disease, electrode garments for stroke rehabili-

tation, shoes with embedded sensors for fall detection, and a variety of other

products [164]. Notwithstanding the above statement, there is another side of

e-textile on the heath. The chemicals, circuits, and other devices used on the

fabric may severely affect health and sometimes can lead to diseases like cancer.

E-textile may lead the fashion business to promising business opportunities, but

its hazard to human life cannot be ignored. Hence, proper use of T-textile is cru-

cial [165].

16.8 Environmental aspects of e-textiles

The environmental impact of e-textiles is linked to the entire life cycle of the prod-

uct, which includes product design, material extraction, production, use phase, and

finally end of life. As a result, we must consider the entire life cycle to provide an

informed assessment. There is a new trend toward bio-based and nonmaterial solu-

tions for e-textiles in the material extraction phase. Silver, for example, is a scarce

metal with difficult mining circumstances and a larger environmental effect than

CB. The environmental impact of textile manufacturing, particularly e-textile

manufacturing, is mostly related to energy usage, as well as material and chemical

consumption. Hazardous chemicals can form when e-waste is incorrectly disposed

of or recycled. A variety of pollutants are released into the atmosphere as a result

of chemical and thermal reactions, such as open burning. Corrosion can also occur

as a result of improper disposal practices in the generation and discharge of con-

taminants (dumping). This is particularly problematic in nonsanitary landfills and

dumpsites, which are frequently not just in developing countries but also in the

European Union. As a result, toxic elements included in e-waste, as well as those

created during improper disposal and recycling, endanger the environment and

human health. E-textiles are fabrics or apparel products containing technologies

that perceive and operate according to the circumstances they are inclined to, thus

allowing the wearer to experience increased functionality [166]. Electronic items

typically have a short lifespan. As a result, when their useful life is up, they will

eventually be thrown away. Approximately 5�7 years following the mass-market

introduction of e-textiles, significant amounts of trash develop. Textile products

make up the majority of the waste stream in terms of weight [167]. There are vari-

ous reasons to believe that future market diffusion of e-textiles will be at least as

quick and ubiquitous as the previous market diffusion of mobile phones. There are
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numerous similarities to electronic garbage, which is currently causing serious envi-

ronmental issues. During the disposal process, there is a risk of harmful compounds

being released. Furthermore, it is to be assumed that rare materials will be lost.

This would hasten the depletion of natural resources [165]. Though e-textile has

ushered in a new era in the textile industry, the e-waste it generates is costing our

environment dearly. E-waste is one of the fastest-growing waste streams in the

world, according to the OECD, and UNEP considers it a priority waste stream. As a

result, we should pay close attention to the situation.

16.9 Recycle, reuse, and sustainability

Sustainability, recycling, and reuse are the globe’s timely need toward proficient

use and sustainability of the resources; these phrases are becoming increasingly

important. The ongoing innovation process provides a window of opportunity to

develop more sustainable e-textiles as well as a method to utilize e-textile waste,

which contains limited raw materials such as valuable metals and textile fiber. Eco-

design ideas [such as design for recycling (DfR)] can be borrowed from the elec-

tronics and textiles industries, but they must be refined to meet the unique qualities

of e-textiles [14]. In the case of product design, research on the toxicity and avail-

ability of basic materials, the projected influence of the manufacturing process

involved, and the potential impact of unforeseen end-of-life stadiums should all be

part of the design process. Electronic items typically have a short lifespan.

Therefore it is critical to recycle and reuse these products. The fate of e-textiles is

determined by the waste management plans in place at the point of disposal. They

may differ significantly between countries. The recycling of e-textile goods is

advanced in developed countries. Electronic devices are sometimes more difficult

to recycle because they cannot be disposed of in the same way as other products.

Metal recovery from incinerator bottom ash, for example, is only practicable for

larger metal components in the centimeter range. Metallic components in e-textiles

(such as silver-coated fibers) are significantly smaller, making the process more dif-

ficult to complete. E-textile goods can be recycled or disposed of by any of the fol-

lowing channels (Fig. 16.9).

Sustainable development is a complicated issue [168]. Today, there are a lot of

things to think about when it comes to sustainable development [169].

Sustainability forbids resource consumption, the use of nonrenewable energy

sources, and the loss of key natural capital [170]. As a result, sustainable develop-

ment can be defined as a balance between man and the environment, with today’s

and future generations’ lives and growth planned to meet and develop the expecta-

tions of future generations [171]. When producing e-textile products, sustainable

terms and conditions should be taken into account. As a result, metal dispersion in

e-textiles, as well as their dispersion among vast swaths of waste textiles, is a recy-

cling concern. Metals will be lost at the end of the product life cycle since they are

disseminated throughout textile materials. If e-textiles become commonplace,
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resource scarcity will be exacerbated. Finally, the ultimate goal of e-textiles is to

make them circular by extending the life of products and materials as much as

feasible.

16.10 Conclusion and future stream

In this work, an attempt was made to explore the use of carbon nanocomposites in

e-textile. From raw materials to design, production, consumer use, and finally dis-

posal, a broader concept of e-textile has been discussed from what carbon compo-

sites suit and which properties they illustrate. Fabrication is one of the major

portions of e-textile, from fiber to yarn to fabric using knitting or weaving. Dip

coating, spray coating, embroidery, and stitching are all methods used to create

nano-based e-textiles. Aside from it, scalable printing technologies such as inkjet

and screen printing have been used. This chapter also describes the recent develop-

ments in e-textile and its use in different sectors, such as medical to military. It can

Figure 16.9 Proposed scheme of e-textile damping and recycling [165]. MSW, Municipal

solid waste.
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be predicted that in the future, the use of e-textile will rapidly expand. So, to give it

fuel we need to focus on it because we believe that technology makes our life easier

and efficient. But we need to keep in mind that technological development needs to

be in a sustainable way. So, we need to also focus on the environmental aspect of

e-textiles. In addition, ongoing research into the least harmful carbon nanoparticles,

biodegradable and nontoxic electronic polymers, and materials for temporary elec-

tronics that decay over time could lead to breakthroughs in the development of a

long-term e-textile. The continual innovation process offers an opportunity to

develop more sustainable e-textiles as well as a means for repurposing e-textile

waste, which comprises limited raw elements like valuable metals and textile fiber.

When e-textiles approach the end of their useful lives, they will be disposed of.

Eco-design concepts like DfR and extremely flexible and washable textile-based

thermoelectrics can be borrowed from the electronics and textiles industries, but

they must be further developed to fulfill the unique requirements of e-textiles. The

use of heat generated by the human body to generate energy is a sustainable method

as well as a type of waste utilization. Wearable and flexible platforms for combin-

ing multiple functionality, such as sensor-based devices and user-interface elements,

have become a popular research issue in recent decades. Electrically integrated tex-

tiles that can communicate wirelessly have become a popular research area in

recent years. E-textiles have recently changed their focus to more active and intelli-

gent functionalities, pushing textile materials and structures with built-in electronic

capabilities, such as piezoelectric yarns, photovoltaic fibers, and sensing fabrics.

However, the nanofillers produced by these methods usually have weak adherence

to the polymers and can be washed away during the rinse process. As a result, the

composites are not washable. E-textiles that are easy to wash can be used for a long

time. This has the potential to significantly reduce costs, is less hazardous to human

health, and is environmentally benign. Washable e-textiles could be the next

focused priority.
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17.1 Introduction

Polymer materials can be extremely flammable and generate a great deal of heat

when burned. Thermal degradation of polymer materials results in the formation of

bubbles beneath the polymer’s surface. By the diffusion of heat and oxygen, the

number of bubbles produced increases as the burning time increases. When the bub-

ble reaches the polymer’s outer layer, the polymer melts and degrades [1]. Polymer

materials have seen an increase in popularity over the years. Despite its high flam-

mability, the polymer is still used in a wide variety of commercial products, ranging

from textiles to molded items. This is a clear indication of consumer exposure to

hazards. To compound matters, many polymeric materials are prone to melt flow

and melt drip under elevated temperatures or fire conditions. This creates a signifi-

cant secondary hazard, as melt flow and melt drip from polymeric materials (partic-

ularly the ceiling) can ignite flammable materials (especially of the lower area).

This scenario’s fire escalation is rapid, posing a greater risk to people [2].

The term “flame retardancy” is frequently used to refer to the property of the

combustion process ceasing or the absence of afterglow when the ignition source is

removed. The flame retardant is then referred to as the additive to the polymer that

contributes to the polymer’s increased flame retardancy [3]. However, ISO (2021)

defines flame retardant as a substance added to or treatment applied to a material to

suppress or delay the appearance of flame and/or reduce the rate of flame spread

[4]. ASTM, on the other hand, provides a more detailed and descriptive definition

of the subject. As a result, the term “flame retardant” has been deprecated and can

only be used in conjunction with a defined compound to refer to a flame retardant

chemical, flame retardant coating, or flame retardant treatment. A flame retardant
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chemical is a substance added to a combustible material to retard ignition and limit

flame spread when the material is impinged by flames. A flame retardant coating is

a fluid that is applied to the surface of a material to protect it from flame impinge-

ment [5]. Flame impingement occurs when material comes into contact with or is

consumed by a flame [6]. Another ASTM-created term relating to flame retardants

is flame retardant treatment. The term “flame retardant treatment” refers to the

application of a flame retardant chemical or coating [5]. The published work suc-

cessfully adapts the ASTM-recommended term for flame retardant chemicals [7].

While thermal stability is also a heat-related test and is frequently studied in con-

junction with flame retardant behavior, it is important to understand that the thermal

stability of polymers refers to the material’s ability to resist action caused by heat

[8]. Its data are derived from thermogravimetric analysis (TGA) measurements of

weight loss as a function of temperature [9]. On the other hand, flame retardancy is

not quantifiable. Rather than that, it can be quantified using characteristics such as

ignitability, flame spread, and combustion rate [10]. Thus, to comprehend what

makes a flame retardant chemical effective, one must first understand the combus-

tion mechanism. When combined with sufficient heat, oxygen, and a suitable fuel,

combustion becomes self-catalyzing and will continue until all of the components

are depleted [11,12]. Thus, when polymeric materials are burned, the polymer

serves as the fuel that sustains combustion in the presence of heat and oxygen.

The selection of flame retardant chemicals for incorporation into polymers is labori-

ous, as different materials have varying compositions and characteristics. Additionally,

the behavior of materials during combustion varies significantly, complicating the pro-

cess of selecting an effective combination of polymer and flame retardant chemicals

[13]. Thus, by incorporating the appropriate flame retardant fillers into the polymer, a

protective or shielding function will be provided, limiting heat transfer to the internal

substrate during combustion. Additionally, the nanoparticle acts as a physical barrier on

the polymer substrate during polymer material thermal decomposition, forming a car-

bon layer [1]. As a result, it is expected that the addition of nanoparticles will reduce

the flammability of polymers by delaying the formation of bubbles and the degradation

process during combustion. Additionally, a high surface area or nanoparticles may

improve the interaction with the polymer matrix.

By incorporating flame retardant nanoparticles, the specific characteristics of the

polymer matrix can be altered, hence increasing flammability resistance. The perfor-

mance of a nanocomposite is determined by the nanoparticles’ dimensions, shape, spe-

cific surface area, volume, or concentration, as well as their compatibility with the

matrix surface. Nanomaterials fall into two categories: nanostructured materials and

nano-objects. Nanostructured materials have a nanoscale internal or external structure

(1�100 nm). At the nanoscale, nano-objects can have one or more external dimen-

sions. Nanoparticles, nanofibers, and nanoplates are often used subcategories of nano-

objects. Nanocoatings, nanofilms, and nanolayers are also termed nano-objects by

ASTM [14]. Fig. 17.1 illustrates these nano-objects. As a result, flame-resistant nano-

particles must possess all three external dimensions at the nanoscale.

The two-dimensional (2D) nanofiller has a particle size of less than 100 nm and

is more flame retardant than the 1D and three-dimensional (3D) nanofillers. This is
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because the 2D nanofiller has a layered structure that can act as a physical barrier,

insulate, and boost the polymer matrix’s thermal stability [15]. 2D nanofillers are

frequently found as tubes, fibers, and filaments. The significant advantages of uti-

lizing flame retardant nanoparticles are that they require a tiny amount of nanoparti-

cles, less than 5% by weight, to increase the flame retardant qualities of polymer

materials [16]. The effectiveness of nanoparticles in a polymer matrix in terms of

flammability is dependent on their dispersion and interfacial coupling to the poly-

mer matrix [17]. Due to agglomeration and a lack of interfacial adhesion with the

polymer matrix, flame retardant nanofiller disperses poorly, reducing its flame

retardancy [18].

On the other hand, the polymer nanocomposite’s mechanical and physical prop-

erties will be harmed as a result of the nanofiller’s weak bonding relationship with

the polymer structure [19,20]. The tortuous pathway established by the 2D nanofil-

ler can delay the release of pyrolysis gases during polymeric material combustion.

Zhang et al. [21] have developed an organic�inorganic 3D nanostructured flame

retardant material. SiO2/PZM/Cu is a 3D core�shell nanostructure that was synthe-

sized in a one-pot synthesis technique. As a result, it creates graphitized char during

burning, which is more effective at inhibiting heat and mass transmission than dis-

ordered graphite is. The 3D core�shell nanostructure is extremely compact, which

benefits fireproofing capabilities.

This chapter discussed the evolution of flame retardant polymer nanocomposites.

There are numerous varieties of flame retardant nanoparticles, each with a unique

active ingredient attached. Additionally, surface modification of nanoparticles has

garnered attention, as dispersion of nanoparticles in the polymer environment is

critical. Finally, several fire tests, such as UL-94, cone calorimeter, limiting oxygen

index (LOI), smoke, and toxicity analysis, are described for numerous flame retar-

dant nanocomposites.

Figure 17.1 The grouping of nanomaterials according to ISO [14].
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17.2 Flame retardant nanomaterials

Through a chemophysical mechanism occurring below the ignition source, flame retar-

dants can inhibit the ignition and propagation of the flame. Different forms and sizes of

flame retardant nanoparticles were used in a variety of applications. Additionally, flame

retardants can be classified into many broad classes based on their chemical constitu-

ents. Halogen-based, phosphorus-based, nitrogen-based, metal-based, and UV-curable

are some examples. Historically, halogen materials containing flame retardants were

used. However, public agencies expressed concern in the 1970s, and numerous restric-

tions limiting the use of brominated and chlorinated flame retardants were enacted.

This is owing to the primary concern about the high levels of harmful chemicals emit-

ted during burning, which can contaminate the environment and hurt human health,

prompting the phase-out of the halogen-based substance. Later, due to the ecologically

beneficial qualities of the halogen-free compound, it was regarded to be a viable alter-

native to the old halogen-based compounds [22].

Nanosized flame retardants are a group of modern materials that ride the wave of

nanotechnology, leaving behind some traditional, toxic flame retardants containing halo-

gen compounds. The advantage of being nanosized offers an innovative flame retarding

mechanism that traditional flame retardants could not achieve. While conventional ways

of flame retardation include the creation of free radicals in the gas phase, endothermic

reaction, and char formation, nanosized flame retardants work by traditional and/or

novel processes, such as increasing the thermal stability and viscosity of polymers

[23�25]. Since the method in retarding flame depends on the type of compounds, this

section will explain the mechanism based on different flame retardant nanomaterials.

Generally, flame retardant nanomaterials interact with polymers through van der

Waals, hydrogen bonding, and electrostatic interaction. When the interaction is

good, it is translated as good compatibility, which hugely contributes to retarding

flame through well-dispersed nanomaterials in polymers [24].

17.2.1 Clay-based nanomaterials

Clay minerals are classified according to their layered structure as kaolinite, smec-

tite, illite, and chlorite. Nanoclays are typically composed of 98% montmorillonite

(MMT), a mineral that is a constituent of smectite [26]. The length of nanoclay can

range between 1.5 μm and a few tenths of a micron [27], although the diameter

(sometimes referred to as thickness or width) can be as small as 1 nm [26]. This

classifies nanoclay as a type of flame retardant nanomaterial known as nanoplates.

Nanoclay has a large surface area due to its size. This results in the aggregated and

agglomerated nanoclay [28]. However, when dispersed properly, the high surface

area of nanoclay contributes significantly to the flame retardant mechanism.

Nanoclay is made up of layered silicate layers that act as protection for the poly-

mer substrate during the burning process. Nanoclay intercalated and exfoliated into

a polymer matrix with a significant d-spacing indicates migration from the nanoclay

platelet to the substrate surface [29,30]. Migration requires the formation of a
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carbonization barrier that can retard the release of gas and heat transfer. At low

temperatures, migration can occur due to the degradation of the organic modifier

that binds to the nanoclay platelet. Additionally, the polymer may deteriorate when

nanoclay is present in a restricted area. In this case, increased chain scission

destroys the polymer into small molecules, resulting in the emergence of new deg-

radation pathways [31]. Additionally, the catalytic action of nanoclay affects flam-

mability. Degradation occurs at a different rate depending on the type of organic

surfactant connected to the nanoclay structure [32]. According to Qin et al. [33],

the polymer nanocomposite’s shorter ignition time during combustion can be due to

the acidic sites attached to the nanoclay degrading and the polymer matrix decom-

posing, which is catalyzed by the nanoclay (Fig. 17.2). Finally, the presence of

nanoclay contributes to the reduction of combustion heat, gasification heat, and the

nanocomposite’s flaming state. Without the addition of nanoclay, the flame con-

sumes the polymer skin, leaving no residue after flaming [34].

A varied level of dispersion of nanoclay as shown in Fig. 17.3, results in diverse

nanoclay states in response to polymer mixing. Intercalated-flocculated nanoclays,

exfoliated-intercalated nanoclays, or a combination of intercalated and exfoliated

nanoclays are all possible. The effect of these four distinct nanoclay dispersion

states in polylactide or polylactic acid (PLA) was investigated. The tortuous path

formed by the nanoclays acts as a gas barrier, delaying the passage of gas mole-

cules through the resin [36].

Figure 17.2 Schematic diagram of combustion mechanism on nanocomposite filled with

nanoclay silicate layers [33].
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To obtain the desired dispersion form, the silicate surface of nanoclay can be chan-

ged by substituting cationic surfactants such as alkyl ammonium and alkyl imidazolium

for the initial interlayer cations. This is accomplished by lowering the surface energy of

nanoclay, increasing its wettability with polymers, and increasing the interlayer space

in organo-modified nanoclays due to their long aliphatic tails [24].

Apart from nanoclay, there is another extensive clay class known as layered dou-

ble hydroxide (LDH). This compound contains metallic cations that are divalent

and trivalent [24]. Thus this flame retardant chemical takes use of the synergistic

effect of combining two different types of flame retardant processes. It is reported

that synergistic flame retardant systems are being developed to increase the effec-

tiveness of flame retardants [37]. Endothermically, LDH decomposes, releasing

water and carbon dioxide that cool and dilute the flammable components. The syn-

ergy between clay and metal compounds significantly reduces the peak heat release

rate (PHRR) and mass loss rate values while increasing the LOI.

17.2.2 Metal-based nanomaterials

Inorganic nanoparticles that are flame retardants contain a metal-based chemical

that is less poisonous and effective as a smoke suppressor. Inorganic nanoparticles

containing a metal-based substance are less harmful and more efficient than organic

nanoparticles as smoke suppressants [38]. Additionally, because metal-based com-

pounds are good heat conductors, they can improve heat transfer within the mate-

rial, hence delaying bubble migration. Simultaneously, it may lower the amount of

heat released and the concentration of local oxygen caused by the oxides’ oxida-

tion�reduction reactions. Apart from that, these chemicals can operate as a heat

and mass transfer barrier, altering the polymer degradation route and absorbing free

Figure 17.3 Different structures of polymer-clay nanocomposites [35].

488 Advanced Polymer Nanocomposites



radicals. Additionally, because it is a nanomaterial, its presence can limit the mobil-

ity of polymer chains [24]. Apart from this, it has been suggested that metal-based

nanomaterials release water molecules during decomposition, so creating an endo-

thermic environment that self-extinguishes flames [25].

Metals with hydroxide groups [Mg(OH)2, Al (OH)3], metal-containing salts (car-

bonates, phosphates, borate), and metals with oxide groups (ZnO, Sb2O3, Al2O3)

are all examples of metals with flame retardant properties [39]. Certain metal oxi-

des, such as cuprous oxide (Cu2O), can rapidly absorb or release oxygen from the

surface lattice [40]. Due to its high thermal conductivity and heat capacity, zinc

oxide (ZnO) is said to absorb heat from its surroundings and inhibit fires. The

chemical is well-known as an inhibitor of flame propagation [25]. The synergistic

effect of flame retardant metal oxides on graphene has been demonstrated to

improve the polymer’s flame retardant qualities via the generation of char [41].

17.2.3 Carbon-based nanomaterials

Nanocarbons such as carbon nanotubes (CNT), graphene oxide (GO), and fullerene

(C60) are attractive nanofillers that have the potential to significantly increase the

flame retardant properties of the polymeric composite. The primary mechanism by

which CNT retards flame is by the creation of char layers. Char layers act as ther-

mal insulators and heat barriers, re-emitting radiation into the gas phase.

Ultimately, this retards polymer thermal breakdown. As with metallic components,

CNT improve the heat conductivity of polymer nanocomposites. Not only that,

CNT enhances the melt viscosity of polymers and works as a scavenger of free

radicals [24]. Additionally, due to its highly elongated form, CNT have a high

aspect ratio. This enables them to form a strong protective network of CNT around

the polymer to shield it from heat. This reduces the amount of heat released and the

rate of weight loss during burning. Interestingly, it has been found to have a low

flame spread rate and antidripping characteristics as well. Finally, these benefits are

contingent upon the dispersion and handling of CNT [25].

The addition of nanocarbons alone does not significantly improve the flame

retardant properties due to their strong tendency for aggregation formation and min-

imal interfacial contact with the polymer matrix. The enhancement of nanocarbons’

strength is related to their dispersibility in the polymer matrix. One way to enhance

dispersion is to graft the nanocarbon surface with a compatibilizer. Wang et al. [42]

grafted a phosphorus-nitrogen-containing polymer onto the surface of the CNT via

strong-stacking interactions. The surface grafting improves the interfacial adherence

of the CNT to the polymer’s surface, resulting in enhanced flame retardant quali-

ties. Unlike CNT, which have a tube-like structure, graphene has a platelet struc-

ture. Due to Van der Waals forces, graphene tends to restack, which may impair its

effectiveness as a flame retardant nanomaterial. However, when properly dissemi-

nated, graphene improves the thermal stability of polymers due to graphene’s heat-

insulating properties. Additionally, its presence might act as a significant heat sink.

To boost graphene’s compatibility with polymers, it can be treated with metal

oxide. On the other hand, C60 takes a different approach to flame retardance.
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This chemical has a high level of reactivity toward free radicals. When in contact

with polymers, C60 traps radicals created during burning, delaying their thermo-

oxidative destruction [25]. Carbon-based flame retardants have been reported to be

applied to polymers in conjunction with traditional flame retardants to increase their

flame retardancy [43,44].

17.2.4 Silicone-based nanomaterials

Nanosilica has been shown to inhibit polymer chain mobility, hence delaying poly-

mer dripping during combustion. The way it works is that when the viscosity of the

polymer is increased due to the presence of nanosilica, a greater amount of energy

is required for the polymer to drip. It has been demonstrated that the addition of

nanosilica to polyethylene reduces the heat release rate (HRR). Polyhedral oligo-

meric silsesquioxane (POSS), a derivative of the substance, is an organic�inorganic

hybrid chemical with a silicon-oxygen cage surrounded by organic groups.

Copolymerization and grafting are two therapeutic options for POSS that modify

the organic substituent groups chemically. When properly produced, POSS protects

the underlying polymer by migrating to the surface and producing a ceramic layer

after combustion. This results in a thermally stable silica material at elevated tem-

peratures [24]. One of the most recent synergistic flame retardant processes

involves the use of nanosilica in the synthesis of hybrid nanosilica/GO. The mate-

rial is a porous sponge with exceptional flame retardancy [45].

17.2.5 Biobased nanomaterials

Environmental concerns have prompted the development of green additives or fil-

lers. Lignin has the potential to generate char and retards the degradation process,

making it an excellent biomass flame retardant filler [46�48]. To work effectively

as a flame retardant material, lignin nanoparticles (LNPs) must be well dissemi-

nated in polymer media. The addition of around 5% grafted lignin with phosphorus

increases the time to ignition (TTI) by approximately 23% and decreases the HRR

of the PLA nanocomposite [46]. According to Sienkiewicz and Czub [49], functio-

nalized CNT and expandable graphite can be incorporated into biocomposite to

improve its flame retardant properties and to build a char layer to protect the

beneath surface. With the inclusion of a flame retardant filler, flame retardants for

biodegradable polymers such as PLA can be increased.

Apart from lignin, another bio-derived nanomaterial that can be employed as a

flame retardant chemical is starch. The mechanism in retarding flame involves car-

bonization and char formation. The formation of char begins with the breakdown of

starch. Starch is a type of polysaccharide composed of amylose and amylopectin.

Starch dehydrates and releases stored moisture during heat decomposition.

Immediately afterward, at elevated temperatures, hydroxyl groups undergo thermal

condensation. Finally, at approximately 400�C, aromatic rings such as furan are cre-

ated, contributing to the carbonization and char formation processes [25].
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17.2.6 Nitrogen-based nanoparticle

Additionally, nitrogen-based flame retardant nanofillers were popular due to their

environmentally acceptable features and their ability to enhance the flame retardant capa-

bilities of polymeric materials. Nitrogen-based flame retardants such as melamine and

ammonia are frequently employed and form salts to increase the thermal stability and

volatility of polymers. Additionally, the phosphorus base exists in a variety of organic

and inorganic compounds, including phosphonates of phosphine oxides, phosphites, phos-

phines, and phosphates. There are two types of phosphorus-based flame retardant materi-

als: reactive and nonreactive. Red phosphorus, for example, is a nonreactive phosphorus

flame retardant that is frequently employed in polymers. In comparison, reactive phos-

phorus is commonly employed in polymers as chain extenders or monomers.

The size of nanofillers can affect the performance of flame retardant properties.

Sertsova et al. [39] reported that the particle size would affect the yield of char resi-

due. The flame retardant efficiency of the polymer nanocomposite will be increased

with the reduction in particle size. For smaller particles per weight, as for nanoparti-

cles, the amount of particles in the same volume is higher than large particle size

(microparticle). The presence of a high amount of nanoparticles increases the

restriction sites on polymer chains, complicating the scission, and more thermal

energy is desired [50]. Furthermore, the size of flame retardant particles also affects

the amount of oxygen released during combustion [51].

17.3 Flame retardant polymer nanocomposite

The schematic diagram in Fig. 17.4A depicts the exfoliation of bulk molybdenum

disulfate (MoS2) nanosheets with tannic acid. The green tannic acid modifier gener-

ates a strong hydrogen bond with the polymer matrix, which accelerates the exfolia-

tion of MoS2 nanosheets and improves the mechanical characteristics of the

polymer nanocomposite (Fig. 17.4B). Tannic acid, on the other hand, is a biobased

flame retardant substance capable of generating intumescent char and forming a

dense network with MoS2 in the polyacrylonitrile (PAN).

The incorporation of pristine 2D graphene or the nanocarbon structure will not

increase the polymer’s fire retardant capabilities. Graphene or other nanocarbons

have a strong agglomeration propensity and are poorly distributed in polymer

Figure 17.4 Schematic diagram of (A) tannic acid-assisted exfoliation MoS2 nanosheets and

(B) cross-linked networks between tannic acid and MoS2 nanosheets in PAN [52]. PAN,

polyacrylonitrile.
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matrixes. Additionally, the inserted nanocarbon’s surface area will interact with the

polymer chainless. Thus, by grafting a flame retardant component such as nitrogen

or phosphorus onto the surface of the nanocarbon, the flame retardant capabilities

of the polymer nanocomposite will be considerably improved [53].

The addition of a flame retardant filler to PLA had no discernible effect on the

flame retardant properties of the PLA nanocomposite. The addition of an acid

source, a carbonization agent, and a blowing agent to PLA results in the formation

of an intumescent flame retardant (IFR) system, and approximately 30% by weight

of nanoclay may have been added to the system [54]. Additionally, by protecting

PLA, the addition of LNPs treated with diethyl chlorophosphate (diEtP) enhances

the quantity of char produced following combustion.

The combination of two different nanofillers in polymer nanocomposites can be called

hybrid flame retardant polymer nanocomposites. According to Wang et al. [55], adding

2.5 vol.% LNP to polyvinyl alcohol (PVA) loaded with hydroxyl boron nitride increases

the flame retardant property (BN-OH). They discovered that the BN-OH/PVA/LNP

flame did not propagate for roughly 5 seconds after ignition. Due to LNPs’ capacity to

generate char, they are an excellent contender for use as a flame retardant material.

The hybrid flame retardant nanofillers can be prepared in four ways: via covalent

linkage, hydrogen bonding, π-π interaction, or an ionization process. The conven-

tional approach is covalent coupling hybridization, which involves interacting an

organic flame retardant chemical with active sites. For instance, several flame retar-

dant chemicals have been covalently reacted with GO [56�59], black phosphorous

[41], boron nitride [60,61], nanocellulose [62], and carbon black [63] for the pur-

pose of forming hybrid flame retardant nanofillers. Due to the existence of flaws,

the structure of the nanofiller is not retained during covalent bonding. The flawed

structure can act as an anchor for the polymer chain, hence improving load trans-

mission efficiency [53].

Hydrogen bonding is the simplest method for manufacturing hybrid flame retar-

dant nanofillers without using harmful solvents. By immobilizing the hydrogen

bonding contacts and increasing the graphene nanosheets’ dispersibility in the poly-

mer matrix, the strong van der Waals forces on graphene nanosheets can be mini-

mized [64]. For instance, the polydopamine (PDA) combination in hexagonal boron

nitride (h-BN) forms a hydrogen bond that aids in exfoliation and scatters the h-BN

layers into the epoxy matrix. Furthermore, h-BN/PDA interacted favorably with

SnO2 and an epoxy matrix. This resulted in the formation of dangling bonds and

external atoms between the nanofiller and the polymer matrix. The interaction will

result in a high-efficiency catalytic performance, which will enhance the flame

retardant qualities of the polymer nanocomposite [65].

Metal-based flame retardant nanoparticles can work synergistically with various

forms of flame retardants. For example, polyvinyl chloride (PVC) filled with hybrid

flame retardant nanoparticles such as ammonium polyphosphate (APP)/ZnO exhi-

bits a drop in flame resistance compared to PVC filled with APP nanoparticles.

Different flame retardants react differently, and the synergistic action of two differ-

ent flame retardants may result in an increase in flammability [39]. Nitrogen-based

flame retardants showed great synergy with phosphorus-based flame retardants.
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The majority of salts based on nitrogen or nitrogen/phosphorus exhibit an IFR

response. When the polymer nanocomposite burns at elevated temperatures, the phos-

phorous forms a char layer on the surface of the nanocomposite. Simultaneously, the

nitrogen will release nonflammable gases into the flame zone, including N2, NH3,

CO2, and H2O. Following that, the char layer will expand on the polymer’s surface,

acting as a heat and oxygen barrier.

17.4 Flammability of polymer nanocomposite

The ability of the sample to self-extinguish can be tested using the UL-94 vertical

burning test, as specified in ASTM D 3801, as seen in Fig. 17.5. The materials shall

be classed as V-0, V-1, or V-2 based on the results of the test. The drip of charred

material on the cotton that ignited the fire suggests that the sample has low flamma-

bility but a significant potential for flame propagation. Generally, it has been

observed that unreinforced polymers fail the burning test due to the lack of a pro-

tective ingredient for the polymer materials. By combining an acidic source, a car-

bonizing agent, and a blowing agent, an IFR system can be created. Because silica

Figure 17.5 Experimental setup for UL-94 vertical burning test [66].
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(SiO2) has numerous acidic sites, it is an excellent source of acid for a catalytic

breakdown of the polymer, particularly when paired with metal oxides [67]. When

nanoclay is burned, the acidity of the hydroxyl groups (�OH) connected to the clay

platelet’s edge promotes char production [32].

Guo et al. [19] demonstrated that the addition of 17% melamine phosphate

(MPP) to PLA with only 1% nanoclay achieved a V-0 rating. For 10 seconds, the

sample self-extinguished without dripping. Melamine phosphate is nitrogen and

phosphorus-based flame retardant. It absorbs a substantial amount of heat during

the combustion process and releases nitrogen into the surrounding air, where it dis-

solves with oxygen. Additionally, the presence of nonhalogen polyphosphate accel-

erates the development of char and is also implicated in stimulating the polymer

chains’ dehydration [68]. The creation of char results in the formation of carboca-

tion and C5C bonds during this stage. The layered silicate nanoclay was dispersed

evenly with uneven and angular shapes, as illustrated in Fig. 17.6. The nanoclay

structure in the composite system reduces the size of the MPP domains. However,

adding around 2% nanoclay has no effect on the flammability property. It will alter

the MPP domain’s size by making the composite system more flexible and

twistable throughout the manufacturing process.

It was discovered that adding 1%�3% nanosized NiO to PLA containing IFR

components gradually improved the PLA’s flame retardant capabilities (Gao et al.,

2020). The UL-94 rating reached V-0 due to NiO’s ability to build an effective bar-

rier on the polymer surface, delaying the transfer of heat and oxygen. As illustrated

in Fig. 17.7, two distinct char layers were formed on the sample using NiO. The ini-

tial char layer was formed by esterifying and crosslinking APP with a silicon-

containing macromolecular charring agent (CSi-MCA). The finding indicates that

given the UL-94 rating at V-1, degradation at this layer is unlikely to result in drip-

ping. However, merely 1% enhances the flame retardant characteristics greatly, as

the UL-94 achieved V-0 without dripping. The efficiency of the flame retardant

was attributed to the catalytic carbonization process involving NiO, PLA, and CSi-

MCA, which results in the formation of another char layer (char 2) with a high gra-

phitic carbon content during combustion.

Figure 17.6 TEM images of (A) 1% nanoclay/PLA/MPP and (B) 2% nanoclay/PLA/MPP

[19]. MPP, melamine phosphate; PLA, polylactic acid.
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According to Ref. [70], a hybrid graphene oxide nanoribbon (GONR)/MMT in

polyethylene glycol (PEG) demonstrates favorable flame retardant capabilities. The

hybrid nanocomposite was created using a low-temperature evaporation technique

using only water as the solvent. The resultant solution was then applied to the poly-

urethane (PU) foam’s surface. Fig. 17.8 depicts the uncoated and coated PU’s reac-

tivity to fire. The coating surface adheres extremely well to the PU foam. The

hydroxyl groups in the PEG/montmorillonite/graphene (PMG) coating solution

react with the N-H groups in the PU foam, delaying fire ignition. As illustrated in

Fig. 17.8, increasing the coating solution concentration from 10% to 30% allows

the structure to remain intact without dripping after the 20 seconds of combustion.

The highly connected network of GONR/MMT prevents oxygen and heat from

transferring to the PU foam, which is an outstanding flame retardant material.

17.5 Heat release rate of flame retardant polymer
nanocomposite

A cone calorimeter can be used to determine the mass loss and gaseous release dur-

ing the combustion of polymers (Fig. 17.9). The sample will be subjected to a heat

flux of between 10 and 100 kW m22 during this study. The TTI is critical for deter-

mining the delay between fire start and ignition. By prolonging the TTI, additional

time for escape is provided in the event of a fire. The HRR intensity is defined as

the quantity of heat released per unit of time and the sample’s surface area. If the

materials are very flammable, the total heat release will be reduced.

Nanoclay dispersibility in polymers can be classified into three types: immisci-

ble, intercalated, and exfoliated. Immiscibility, or the inability of nanoclay to

Figure 17.7 Schematic diagram on the addition of NiO in PLA/APP/CSi-MCA [69]. APP,

ammonium polyphosphate; CSi-MCA, silicon-containing macromolecular charring agent;

PLA, polylactic acid.

495Flame retardant nanofillers and its behavior in polymer nanocomposite



disperse in a polymer matrix, would not considerably affect the HRR value.

However, for intercalated and exfoliated nanoclay, the high degree of dispersibility

of the polymers has an effect on the HRR, which may be determined by cone-

calorimetry. There are two mechanisms at work, both of which require nanoclay

mixes in a polymer matrix at varying concentrations. Along with the low concentra-

tion of nanoclays, radical trapping occurs in the polymer nanocomposite. At ele-

vated temperatures, as the amount of nanoclays added to the polymer matrix

increases, a high carbonaceous char forms on the polymer surface. Expandable

graphite disperses uniformly in PA-6 via the melt blending method, resulting in a

significant reduction in HRR. Additionally, sulfuric acid was generated during this

procedure, resulting in the nanocomposite’s excellent flammability [72].

Additionally, it was discovered that the addition of nanocarbons such as CNT

reduced the PHRR. The total heat release rate will not alter; however, because the

CNT do not react in the vapor phase, interfering with the combustion process [73].

Figure 17.8 Vertical burning test analysis of (A) PU foam, (B) 10% PMG-PU foam, and (C)

30% PMG-PU foam [58]. PMG, polyethylene glycol/montmorillonite/graphene; PU, polyurethane.
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Figure 17.9 Schematic diagram of cone calorimeter [71].

The dispersibility of N-doped modified graphene oxide (N-rGO) in acrylonitrile-

butadiene-styrene copolymer (ABS) has been increased through grafting with 2,2-

dimethyl-1,3-propanediol phosphoryl chloride and ammonium molybdate

[(NH4)2(MoO4)]. The interlayer gap of the grafted GO rises, indicating that the

grafted GO layers are exfoliated and intercalated into the ABS matrix via strong

interfacial interaction. Additionally, the inclusion of molybdate (Mo) increases the

catalytic charring action by forming a physical flame retardant barrier on the under-

lying substrate materials. Furthermore, the layered GO structure can restrict the

vitalization of minor degradation products [17].

17.6 Limiting oxygen index of flame retardant polymer
nanocomposite materials

As illustrated in Fig. 17.10, the LOI of the polymer nanocomposite can be deter-

mined. The LOI analysis is used to determine the oxygen content of an oxygen/

nitrogen mixture and the material’s combustion capacity in 3 minutes, with the

flame consuming approximately 5 cm of the sample length. It is the lowest oxygen

concentration in a mixture of oxygen and nitrogen at which the samples will burn

[74]. The following formula may be used to calculate the LOI: [24]:

LOI5 100 3 O2½ �= O2½ �1 N2½ �ð Þ (17.1)
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where [O2] is an oxygen concentration and [N2] is a nitrogen concentration.

The LOI can be determined using ASTM 2863. The LOI indicator corresponds

with the flame behavior of deteriorated materials, as shown in Table 17.1.

The adherence of the flame retardant nanofillers to the polymer matrix affects

the LOI value. Compatibilizers can be used to improve interfacial interaction and

produce a convoluted channel during high-temperature combustion, hence increas-

ing flammability. The addition of 3phr TiO2 to a wood polymer composite (WPC)

along with the compatibilizer N-cetyl-N,N,N-trimethyl ammonium bromide (CTAB)

increases the LOI. The presence of CTAB facilitates the formation of strong interfa-

cial bonds between TiO2 and WPC, forming a barrier to oxygen and heat transport

[75]. When a sufficient amount of aluminum trihydrate (ATH) is included in a

nanoclay polymer composite, a solid insulating layer is formed, increasing the LOI

value during combustion [76].

Yang et al. [77] reported a relative difference in oxygen concentrations associated

with combustion. They discovered that when oxygen concentrations are low enough, the

surface of the polymer is sufficiently quenched to generate free radicals of O and �OH,

which reduces the combustion intensity. The flame on the sample steadily dimmed and

Figure 17.10 Schematic diagram of limiting oxygen index (LOI) analysis [68].
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eventually went out in this situation. Thus the char layer compacts the substrate and

shields it from further degradation. On the other hand, as the oxygen concentration

increased, the polymer’s surface did not sufficiently cool. Due to a lack of O and �OH

free radicals released, aggressive combustion occurred, resulting in the rapid breakdown

of pyrolytic gases. As a result, the char layer takes on an intumescent appearance.

The LOI values for several nanocomposites are listed in Table 17.2. In general,

increasing the graphene content increases the char residual, as well-dispersed filler

produces continuous networks that act as heat sinks [75,76]. This indicates that the

LOI value is directly proportional to the TGA value, which may be used to calcu-

late the char residue [76]. Increased LOI results in decreased combustibility and

improved flame retardant efficacy [78]. Certain endothermic decomposing materi-

als, such as ATP (Attapulgite), release vaporized water and cool the combustion

zone by diluting the concentration of combustible gases. This results in the forma-

tion of a dense isolation layer on the fibers’ surface, which provides heat shielding,

smoke suppression, oxygen penetration reduction, heat transfer inhibition, and deg-

radation restraint [84,85,78]. Another possible explanation for how nanoparticle

reinforcement raises the LOI is that oxygen root is released. Dheyaa et al. [79]

explained that the release of oxygen roots from nanoparticles such as AnT (anti-

mony trioxide) would promote the removal of active free radicals in the flame chain

and impede the thermal fragmentation process that occurs during the initial stages

of the flame due to its effect on the amount of heat generated by the flame.

Because the HRR is also an LOI-dependent feature, a system with a greater LOI

suggests that its flame produces less heat [76].

17.7 Smoke toxicity analysis

Smoke is produced during polymer combustion. The amount of smoke generated is

determined by the chemical reaction that occurs during combustion. The emission

of smoke can result in the production of hazardous gases that are potentially harm-

ful when inhaled, lowering the survival rate. A smoke toxicity study can be per-

formed following ISO TS 19700 by promoting air at a constant, increased

temperature in a steady-state tube furnace [86]. The analysis can be measured by

quantifying the harmful gases produced, including CO, CO2, NOx, and HCN [82].

With the high char residue observed in flame retardant polymer nanocomposites,

the flammability of the nanocomposite can be reduced, whereas the smoke

Table 17.1 LOI indicator on flame behavior of material.

LOI indicator Flame behavior of material

,21% Combustible

.21% Self-extinguish

.28% Flame retardant

21% , LOI , 28% Slow burning
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production is high. However, an investigation by Huang et al. [17] indicates that

modified grafted GO with Mo has improved the smoke suppression performance

with high char yields. At low degradation temperature, which is about 470�C,
incombustible gases such as NH3 and H2O are released to dilute the fuel and oxy-

gen in the gas phase to suppress the combustion process to some extent. Despite an

increase in the degradation temperature, a high amount of styrene and its deriva-

tives were observed in the gas phase, resulting in the release of CO and CO2.

The schematic diagram in Fig. 17.11 illustrates how a graphene/black phospho-

rus (BP)/thermoplastic polyurethane (TPU) nanocomposite forms a protective char

layer upon burning. Graphene is initially functionalized with melamine. BP was

found to be extremely effectively integrated with functionalized graphene. The BP

nanosheets react with the TPU and form a barrier that prevents the pyrolysis of the

BP nanosheets and TPU. Exfoliated modified graphene nanosheets generate a pro-

tective char layer that shields the underlying substrate, hence reducing smoke

particles.

17.8 Applications of flame retardant polymer
nanocomposite materials

Polymer composites have found application in a wide range of applications.

Polymer composites are used because of their lightweight nature, high durability,

and cost-effectiveness. As illustrated in Fig. 17.12, different applications require

varying degrees of fireproofing. Additionally, aeroplanes take a longer time to

Table 17.2 LOI of various nanocomposites.

Nanocomposites LOI

[%]

Source Remarks

Epoxy/GNP

(1.0 wt.%)

24 [78] GNP (graphene nanoplatelets)

Epoxy/MMT

(1.5 wt.%)

23.5 [79] MMT (montmorillonite)

PDMS/NC

(2.0 wt.%)

23 [80] PDMS (polydimethylsiloxane) NC (nanoclay)

TOCN/LDH

(20 wt.%)

31 [81] TOCN (2,2,6,6-tetramethylpiperidine-1-oxyl

radical-oxidized cellulose nanofibrils)

LDH (layered double hydroxides)

Cotton/PAA/

ATP (1.0%.)

22.7 [82] PAA (polyacrylic acid)

ATP (Attapulgite)

Epoxy/AnT

(10 wt.%)

23.8 [83] AnT (antimony trioxide)

500 Advanced Polymer Nanocomposites



evacuate during fire incidents. While driving on the road necessitates a quick

response time, the flame spreads quickly in a car accident. As a result, the polymer

composite’s fire retardant qualities must be enhanced through the addition of flame

retardant chemicals.

17.8.1 Aerospace

Safety and comfort for crew members, passengers, and valuables are essential to air

vehicles. In the event of a fire, the use of flame retardant compounds in aircraft can

Figure 17.11 Schematic diagram of graphene/BP/TPU nanocomposite as protective char

layer [87]. BP, black phosphorus; TPU, thermoplastic polyurethane.

Figure 17.12 Relationship between fireproofs requirement and time to escape for various

applications [68].
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delay the generation of smoke and fire. In an aircraft, fire propagation can occur as

a result of combustible objects in the cabin, fuel leaks, or technical failure during or

after the crash. On an aircraft, the presence of combustion elements can generate

tremendous heat. For instance, when 700 kg of polymer materials are contained

within an aircraft, approximately 245 3 108 J of heat is generated [88]. Thus using

nanofillers as reinforcement should improve the polymer composite’s thermal and

mechanical properties. This is consistent with the Aircraft Accident Records Board

(ACOR) report by Bar et al. [89], which indicates that enhancements to the flame

retardant qualities of the polymer composite may minimize the probability of an

aircraft fire accident.

Raimondo et al. [90] investigated the possibility for aircraft lightning protection

using a hybrid of 2D carboxylated partly exfoliated graphite (CpEG) and flame

retardant glycidyl polyhedral oligomeric silsesquioxane (GPOSS) nanoparticles.

They discovered that the flame retardant polymer nanocomposite they created did

not degrade during degradation, which paved the way for industrial applications in

aerospace. Additionally, Meenakshi et al. [91] synthesized POSS/nanoclay in epoxy

and reported an increase in flame retardant characteristics. The improvement is due

to Si�O�strong Si’s thermal stability in POSS. Additionally, nanoclay silicate

layers can migrate to the epoxy surface and produce a protective char layer.

Another possible flame retardant material is a very porous 3D organic�inorganic

PFR/SiO2 aerogel embedded in a polymer nanocomposite. It is more insulating and

has a lower PHRR value of 19 kW m22 than unfilled composite [92]. George et al.

[93] examined phenolic covered with PBI and filled with calcium silicate. The LOI

increased with the addition of calcium silicate, which resulted in a proportional

increase in char proportional to the increase in oxygen percentage.

17.8.2 Automotive

Plastic is used in the design of several automotive components on purpose to mini-

mize weight and fuel consumption. Due to the high flammability of plastics and the

hazardous gases they generate, the addition of flame retardants is expected to

reduce flammability. As a result, vehicle makers are required to conform to specific

regulations, which include rules and limitations on the use of flammable materials.

Among the flammable components found in an automobile are the car seat, boot

liners, door liners, and door trim panel. It is critical to apply flame retardant com-

pounds to the automobile to prevent vehicle components or parts from fire. Cogen

et al. [94] created flame retardant materials for automobile wire by combining

flame retardant nanoparticles and thermoplastic polymer crosslinking. According to

Mathew et al. [95], nanoclay as a reinforcement for flame retardant nanofillers in a

polymer is suitable for vehicle components located near the engine. This is because

it possesses excellent thermal and flame retardant characteristics. [96] studied the

potential for automotive uses of a hybrid TiO2/CNT in polypropylene. They discov-

ered that the presence of TiO2/CNT tends to slow the HRR and spread of the flame

during polymer combustion.
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17.8.3 Textile

Flame retardant textiles are used in a variety of applications, including protective clothing

for firefighters [97,98], smart textiles for health monitoring [99], mattresses [100,101],

carpets [102,103], curtains [104] and many more. Flame retardant compounds are

included into the fabric to retard ignition and contain the spread of fire during combus-

tion.) The incorporation of nanoparticles into cotton fabrics can improve the thermal sta-

bility and flame retardant qualities of the textile polymer composite. According to

Norouzi et al. [24], the addition of modified nanoclay to cotton resulted in a high char

yield due to the nanoclay/cotton interfacial interaction with the polymer matrix. The sche-

matic layout of the nanocomposite textile/halloysite (HNT) production in polypyrrole

(PPY) is shown in Fig. 17.11. Attia et al. [105] used vapor phase polymerization to create

a flame retardant textile nanocomposite. As illustrated in Fig. 17.13, the textile was first

immersed in a solution of ferric chloride and hydrogen peroxide. It is then dried and

exposed to pyrrole vapor. Finally, the polymerized textile nanocomposite was washed

with methanol and deionized water to eliminate any remaining unreacted products and

dried. Previously, degradation of the textile/HNT/PPY nanocomposite was attributed to

PPY chain disintegration, which resulted in the formation of a nitrogen-rich char layer on

the textile surface. In comparison, by filling the lumen cavity in the textile with HNT,

the textile/HNT/PPY nanocomposite boosts its flame retardant properties.

17.8.4 Building

When exposed to fire, polymers produce heat, smoke, and hazardous fumes. The

building’s flammable materials include the roof, flooring, doors, and water supply

insulation, among others. The addition of flame retardants improves the fire resis-

tance of the polymer composite. Additionally, certain building materials, such as

tiles, contain toxic elements and are not completely compostable when broken.

Yildirim [106] developed biodegradable and more efficient nanocellulose ceiling

tiles. To enhance the water repellent and flame retardant qualities of the nanocellu-

lose, it was treated with n-octadecyltriethoxysilane and boric acid.

17.9 Future trend on flame retardant nanocomposite

Polymer materials are flammable and must be combined with flame retardant ele-

ments to mitigate their flammability and potential for flame spread, which results in

the emission of heat, smoke, and hazardous fumes. At the moment, flame retardants

are based on a nonhalogen chemical. Additionally, emphasis is placed on altering

the surface of nanoparticles to enhance their surface area. Numerous studies have

demonstrated that nanoparticles agglomerated in polymer composites reduce fire

resistance, in contrast to a well-dispersed modified nanoparticle in the polymer

matrix, which can lower flammability and increase the time required to ignite.

However, as environmental awareness and concern rise, researchers and industry

are becoming increasingly interested in developing green flame retardant materials
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that are acceptable for the required applications. As a result, it is critical to exploit

and produce ecologically acceptable, highly effective, and compatible green and

natural materials as flame retardants.

17.10 Summary and future directions

This chapter discussed recent advancements in the field of flame retardant nanoparticles

and nanocomposites. A complete explanation of the polymer-modified nanoparticle

interaction was offered to enhance the flame retardant capabilities. Additionally, the

majority of research has demonstrated the usage of 2D nanofillers and their dispersibil-

ity in polymer media. Due to the strong interfacial adhesion between the nanoparticle

surface and the polymer chain, the well-dispersed nanoparticles in the polymer matrix

imply improved thermal performance. Additionally, the well-dispersed nanoparticle

forms a char layer on the polymer surface, delaying the breakdown process and protect-

ing the substrate layer beneath. However, the development of ecological and natural

flame retardant materials is necessary for the future.
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of polymer nanocomposites
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Centre for Bioengineering and Nanomedicine, Faculty of Dentistry, University of Otago,

Dunedin, New Zealand

18.1 Introduction

Presently worldwide, we are dealing with finite supplies of progressively dirty

petroleum, climate change resulting from carbon dioxide emission and lower socio-

economic communities living amongst the pollution caused by disposable

manufacturing. Our dependency upon petroleum-based polymers has increased

exponentially and synthetic polymers from petroleum-based hydrocarbons include

polypropylene, nylon, polyester and epoxy (generally known as plastic). As a posi-

tive solution to these problems, the subject of sustainability has arisen to become a

matter for serious discussion, particularly in the plastic industry. An entirely new

generation of plastics, particularly PNC, based on 100% renewable resources may

offer a solution for environmental impact. There is a critical need for improved

environmental sustainability through the development of environmentally benign

PNC (Table 18.1). Significant pollution reduction could be attained if these

environmentally benign materials are implemented in place of petroleum-based

plastics. Novel polymer nanocomposites, based entirely on renewable sustainable

resources will allow the continued progressive growth of the plastic industries with-

out the deleterious effects in the environment with the added advantage of a variety

of economic and environmental benefits.

Sustainability, by definition, is described as balancing our own needs without

compromising the capability of future generations to balance their own needs in

that they should not cause irreversible change to the environment, should be eco-

nomically viable, and should in some way benefit society as a whole. Informally

called; profit, people and planet, these principles cannot be isolated from one

another due to the interplay between these three principles (Fig. 18.1).

PNC derived from products from natural resources and based on environmentally

friendly materials have received attention because of their ability to maintain a nat-

ural sustainable environment. Biodegradable polymers generated from either waste

or renewable sources are the eco-friendly key to the problem from plastic waste.

PNC are multiphasic heterogeneous polymers whereas the filler is a continuous

phase (Fig. 18.2). Individual constituents in the resulting composites are merged

together by physical or chemical means but retain their individual identities.

Mechanical properties are governed by the matrix. Some of the problems include
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processing, interface between nanoparticles and matrix, homogeneous dispersal of

the nanoparticles, the compatibility amongst the various phases, controlled size and

preservation of the nanoparticles within the matrix. The nanoparticle size ranges

from 1 to 50 nm dispersed within a polymer matrix [5]. Production of these suspen-

sions requires controlled interspersing and stabilization of the dispersed phase.

Technologies, like computers and cell phones, have become smaller over the

years, at the same time becoming faster and more powerful, the development of

nanoscale polymers in the field of biotechnology seems the next logical step.

Researchers have studied polymer-based nanocomposites for the past few decades

but despite their obvious potential, it remains unclear why these products have not

been released commercially.

Figure 18.1 The interplay between environmental, economic and social aspects of

sustainability.

Table 18.1 Advantages and disadvantages of natural and synthetic polymers [1�3].

Advantages Disadvantages

Natural Low toxicity

Biocompatibility

Biodegradable

Low cost

Recyclable

Renewable

Infinite supply

Cell-binding sites

No immunogenic response

Hydrophilic

Low thermal stability

Structurally more complex

More variability

Low mechanical properties

Extraction complicated and costly

Synthetic Biocompatibility

Mass produced cheaply

Toxic

Not degradable

Synthetic process complicated and costly

Made from finite resources

Good mechanical strength

Local acidity from degradation products
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Disposal of nanocomposites in that they are composed of more than one particle

is challenging from both scientific and socio-economic perspectives due to the pos-

sibility of exerting a dramatic direct/indirect impact on our eco-system.

This chapter highlights various aspects of PNC including, chitosan, collagen and

keratin functionalized with carbon nanotubes (CNT), graphene, nanoclay, and metal

nanoparticles etc.

18.2 Chitosan

Chitosan is a hydrophilic bioactive linear polysaccharide acquired from the deacety-

lated form of chitin obtained from marine crustaceans’ exoskeletons and shells, and

a few species of fungi. Chitosan’s rigid crystalline structure displays strong inter-

and intra-molecular hydrogen bonding. From a biomedical viewpoint, chitosan dis-

plays antimicrobial, antiinflammatory, antioxidant properties, immune-stimulating

effects, low toxicity. and high biodegradability. Despite availability and sustainabil-

ity, chitosan is restricted by insolubility and poor processability in that it dissolves

in weak acetic or formic acid.

Chitosan is composed of deacetylated and acetylated units, with N-acetyl-D-

glucosamine in the acetylated units, whereas β-(1,4)-linked D-glucosamine is

present in the deacetylated units, with the latter usually exceeding 80%. Each gly-

cosidic unit contains a single �NH2 group and a pair of �OH groups (Fig. 18.3).

The presence of these reactive groups delivers flexibility and provides features

such as adhesivity, viscosity and film-forming characteristics. Although, the bio-

logical activity of chitosan depends on the molecular weight and the degree of

deacetylation.

Often used in coatings, emulsions, drug release, gene delivery, and other bio-

medical applications. Owing to the regenerative effect of chitosan on living tissues

Chitosan has been used extensively for tissue engineering [2,3].

Figure 18.2 Polymers combined with different fillers form a variety of nanocomposites

[4,5].
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18.2.1 Chitosan polymer nanocomposites

Chitosan can be blended with a variety of polymers including epoxy, polycarbonate,

polystyrene, polysulfone, poly(methyl methacrylate), and polyaniline [7] including

organic [8] and inorganic nanoparticles [9]. Furthermore, chitosan can be adapted

utilizing CNTs, nanoclay, graphene, metallic and magnetic nanoparticles [10].

These modified chitosan composites have been adapted by using different polymers

to form nanocomposites with superior properties such as increased surface area,

increased porosity, tensile strength, photoluminescence, electrical conductivity,

antibacterial, biocompatibility and thermal properties. The modification of chitosan-

based nanocomposites requires further exploration to find applications in a variety

of medical fields.

18.2.2 Polymer/chitosan/graphene nanocomposites

Graphene is single-layered sp2-bonded carbon atoms organized into a honeycomb

lattice. Graphene oxide (GO) is the oxidized form of graphene leading to a greater

interlayer spacing of the graphite planes, whereas the reduced form (rGO) is pro-

cessed, reducing the oxygen content. Graphene and GO are used as fillers in the

polymeric nanocomposite [11]. fabricated chitosan-GO nanocomposite films with

OH
O OH

O

H NH2

H2N
H

S S

Chitin

Chitosan

Cellulose

Nanocellulose

Collagen

(A) (B)

(C) (D)

Keratin

Figure 18.3 The structure of (A) chitin, chitosan, and (B) cellulose differ by the group at

position C2 [6]. (C) Collagen composed of proline (blue), hydroxyproline (orange), and

glycine (green). (D) Keratin.

Adapted from PubChem.
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the GO homogeneously dispersed throughout due to amide linkages forming

between the GO carboxylic acid groups and chitosan amine groups. The Young’s

modulus glass transition temperature and tensile strength and of the nanocomposite

were improved relative to pure chitosan [11]. Chitosan membranes were modified

with GO and RGO from chemical exfoliation of graphite and postprocessing ther-

mal reduction. The graphene materials formed small stacks of 6�8 sheets with a

nanoscale thickness of 1�6 nm. Graphene dispersed within the chitosan matrix sig-

nificantly reduced swelling by 460% but the hydrolytic degradation process and the

membrane hydrophilicity was not diminished [12]. Furthermore, Yang et al., in

2010 fabricated chitosan and GO-based nanocomposites again showed GO dis-

persed homogeneously within the chitosan matrix owing to chitosan and GO inter-

actions that increased tensile strength and Young’s modulus [13]. The fabrication of

chitosan-GO nanocomposite with tensile strength and are biocompatible may

unlock innovative possibilities for these leading-edge biomaterials.

18.2.3 Polymer/chitosan/nanoclay nanocomposites

Polymer/nanoclay composites prepared by intercalation of the chitosan polymer

into the layered silicate formed a superabsorbent chitosan-g-poly(acrylic acid)/

montmorillonite (MMT) nanocomposite [14]. Electrospun nanofibrous nanocompo-

sites from a chitosan/polyvinyl alcohol (PVA) blend and sodium montmorillonite

(Na-MMT) nanoclays formed uniform bead-free nanofibers with the Na-MMT

nanoclays inside the nanofibers. Amalgamation of the nanoclays into nanofibers

increased the tensile strength and the glass transition temperature. The epidermal

carcinoma A-431 cell line showed no cytotoxic effect on cell viability and the A-

431 cells adhered to the surface of the fibers [15]. Poly(lactic acid) (PLA)/chitosan-

modified MMT nanocomposites were synthesized using intercalation, with the aim

of increasing the interlayer layout. The PLA improved the amorphous regions of

the nanocomposites providing reduced degradation, indicating a reduction in crys-

tallinity. Also, the expanded silicate layers were intercalated into the PLA matrix in

a disorderedly manner [16].

18.2.4 Polymer/chitosan/metal nanocomposites

Metal-chitosan nanocomposites can be prepared using silver (Ag), gold, platinum

or palladium. Metal nanoparticles can be fabricated using sodium tetrahydroborate

(NaBH4) that reduced the metal salts, however, this method suffered from a differ-

ence in particle size. A nanocomposite prepared using chitosan and colloidal silver

nanoparticles showed increased thermal stability of the combined chitosan and sil-

ver nanoparticles when compared to pure chitosan. Such nanocomposites are aimed

specifically at antibacterial applications for medical and biological purposes

because both silver and chitosan have antimicrobial activities. Polycyclic aromatic

hydrocarbons (PAHs) are categorized as high priority for the development of water

quality standards and effluent restriction guidelines because they form toxic pollu-

tants often present in wastewater that are mutagenic and persistent with proven
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carcinogenicity hence, their total elimination is crucial. Chitosan iron oxide-

nanocomposites trigger oxidative degradation of toxic PAHs such as phenanthrene

(PHEN) and anthracene (ANTH). The highest photodegradation was observed for

zinc ferrite (ZnFe2O4), followed by copper oxide-iron oxide (CuO-Fe2O3), nickel

ferrite (NiFe2O4), copper oxide-iron oxide (Co2O3-Fe3O4) and iron chromite

(FeCr2O4), respectively [17]. Palladium (Pd) nanoparticles embedded on a nano-

composite composed of chitosan, polyaniline (PANI), and magnetite (Fe3O4).

Polymerization of the by-product ferrous chloride (FeCl2), formed magnetite that

formed a magnetic nanocomposite that may be used for the degradation of organic

pollutants.

Consequently, there are many novel pioneering opportunities open to the use of

modified chitosan-based nanomaterials. Therefore it can be expected that substan-

tial developments in PNC may revolutionize a variety of scientific fields in the near

future with adequate scientific developments.

18.3 Cellulose

Polymers can be biodegradable (natural i.e., animal or plant origin, or chemical) or

nonbiodegradable to be combined with fillers of organic or nonorganic origin

(Fig. 18.4). Globally, cellulose is abundant, natural and biodegradable providing

strength, stiffness and toughness to the plant anatomy. The primary component in

the rigid plant cell wall, cellulose is a linear polysaccharide composed of repeating

β-D-glucopyranose rings covalently linked at C4 and C1 positions by glycosidic

bonds and each repeating segment is a dimer of glucose [20]. Extensive inter- and

intra-chain hydrogen bonding between the hydroxyl groups of the adjacent ring

molecules results in the linear configuration of the cellulose chain stabilizing the
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Figure 18.4 Polymers can be biodegradable (natural i.e., animal or plant origin, or chemical)

or nonbiodegradable to be combined with fillers of organic or nonorganic origin [3,18,19].
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linkages [20,21]. The strong hydrogen bonds impart a high crystallinity thus limit-

ing the ability of organic compounds to dissolve cellulose making it difficult to con-

vert the short fibers from wood pulp. However, the high crystallinity gives rise to

high mechanical properties [22] that allow cellulose fibers to compete with current

engineering reinforcement materials, such as steel [23].

Nanocellulosic materials have the potential capacity as nanofillers due to them

being inexpensive with a renewable sustainable nature, easy availability, high

biocompatibility, and excellent physical properties. Plant fibers with natural resins

are considered green composites because they are naturally biodegradable.

Furthermore, cellulose-based PNC display exceptional properties that are an amal-

gamation of organic polymers and natural fillers.

18.3.1 Nanocellulose polymer nanocomposites

The mechanical properties of the nanocellulose PNC, can be improved by proper

material dispersion within the polymer matrix. With the addition of a load, then

the matrix effectively transfers the load to the enhanced nanocomposite. The

nanocellulose-reinforced polymer nanocomposites mechanical properties are

improved because of the rigidifying properties of the cellulosic nanomaterials

mainly because of the large surface area interlocking the reinforcing materials

together with the matrix, creating a strong interfacial adhesion. The surface area

provides strong interfacial interactions between the polymer matrix and the nanocel-

lulose as long as the nanofillers are homogeneously dispersed within the matrices.

18.3.2 Polymer/cellulose/graphene nanocomposites

On our planet, cellulose is the most plentiful biomaterial that potentially could serve

as a solution to our limited fossil resources. Cellulose is blessed with nontoxicity,

renewability, biocompatibility, biodegradability, high strength, high stiffness, excel-

lent physicochemical properties, and environmental friendliness of cellulose derived

from natural renewable resources; this product has attracted tremendous interest.

The use of any organic nanomaterial in the preparation of nanocomposites is advan-

tageous because these materials support the notion of environmental protection,

thereby contributing to sustainability as the use of environmentally friendly pro-

ducts from renewable and biodegradable sources are more desirable than the

chemical-based alternatives. The cellulose extracted from wood and wood-like

materials is a polysaccharide consisting of β-1,4-linked anhydroglucopyranoside

units with every monomer unit corkscrewed 180 degrees in comparison to its neigh-

bors (Fig. 18.3). Furthermore, the development of cellulose nanocrystals (CNC)

from cellulose after eliminating the more unstructured regions via acid hydrolysis

[24,25] exhibit superior barrier properties, a larger surface area with ease of biocon-

jugation [26�28] further expanding the function of cellulose alone. The existence

of reactive chemical groups on the surface of CNC provides modification by physi-

cal adsorption, surface grafting or covalent bonding [29].
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The combination of CNC with other nanomaterials such as graphene has gener-

ated a novel series of hybridized materials. GO from the oxidation of graphite is

rich in oxygen-containing functional groups including epoxy, hydroxyl, (present on

the basal plane) and carboxyl, carbonyl, phenol, lactone, and quinone, (present at

the sheet edges) and these change the van der Waals force of attraction.

Graphene loses aromaticity when oxidized due to the utilization of the

π-electrons in the covalent bonding of the oxy groups to the graphene backbone.

The carboxyl, carbonyl, and additional groups bound on the edge allow them to be

homogeneously dispersed in organic solvents [30] and water [31]. The hydropho-

bicity of the aromatic frameworks and the hydrophilicity of the oxygen-containing

groups transform GO allowing it to become more amphiphilic, giving it further

interaction with organic and inorganic molecules.

Alternatively, rGO, with its eliminated oxygen atoms reduces the negative

charge [32]. Whereas during reduction, rGO regains its graphic assembly by remov-

ing the oxygen-containing groups, which were introduced during oxidation reinstat-

ing its electronic properties [33,34]. Partial reduction along with chemical exposure

permits the adaptation of the conductivity of the rGO [35,36].

18.3.3 Polymer/cellulose/nanoclay nanocomposites

Research that focuses on developing “green” composites uses natural fibers as a

substitute for conventional inorganic fillers such as plastic. Natural fibers have

intrinsic properties that transcend conventional reinforcing materials because of

their renewable cheap properties. However, the evolution of the use of biodegrad-

able polymers has been hampered due to low-performance characteristics, including

heat distortion and brittleness. Biodegradable polymers can also come at a higher

cost compared to other common polymers or plastics. The intrinsic shortfalls of bio-

polymers can be overcome by the incorporation of reinforcement materials, also at

the nanoscale. Both silicate clay and cellulose are amongst the most common

minerals and polymers in nature, so in some ways, it makes sense to combine them.

Nanocellulose (NC) with its high strength and stiffness, with low density, and

significant mechanical properties, when formed into a composite displays enhanced

overall properties when compared to nanocellulose alone. NC displays intrinsic

flexibility when it comes to tailoring the design of the composites.

Nanoclay (NCl), on the other hand, is a natural industrial mineral chiefly used

as fortification in composites due to being flame retardant and a mechanical bar-

rier. Although not renewable, it is biodegradable and can augment the mechanical

properties of other polymers. The clay mineral’s structural unit is composed of sil-

ica tetrahedral sheets [SiO4]
42 and alumina octahedral sheets [AlO3(OH)3]

6. The

silicon and oxygen tetrahedrons in the tetrahedral sheet link to the next-door tetra-

hedrons on three corners, while the fourth corner connects to the adjacent octahe-

dral sheet. The octahedral sheet is formed from magnesium or aluminum in

octahedral coordination between the oxygens from the hydroxyl group and the tet-

rahedral sheet. These sheets appear as a single layer and when many layers are

combined together, they form clay crystallite. The layers are bound into stacks of
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parallel lamellae via electrostatic and Van der Waals forces, and also hydrogen

bonding. The gap between the neighboring layers can be lined with water or other

liquids, causing the forces to weaken, resulting in the lattice expanding.

NCl fine-grained particles in stacked lamellar sheets are predominated by fine-

grained aluminosilicates and phyllosilicates that are shaped from the weathering of

silicate minerals on the earth surface [37]. NCl can be isolated away from the clay

by procedures such as vigorous stirring with ultrasonication and cross-flow filtration

[38]. The most common NCls used for reinforcement are halloysite and montmoril-

lonite that have a robust influence on mechanical properties when combined in

small quantities into the polymer matrix. Halloysite nanotubes are naturally tubular,

with the structural formula of Al2(OH)4Si2O5.nH2O. Crystalline layers are octahe-

dral aluminum (Al31) and tetrahedral silicon (Si41) with water molecules in

amongst the parallel layers. Montmorillonite is one of the most familiar smectites

that undergoes reversible expansion on absorbing water. Having a dioctahedral

structure, this NCl precipitates microscopic crystals from water, then when distrib-

uted in polymers undertakes a stiff maze structure that reduces its diffusion rate

[39]. The morphology changes from platy to sponge-like to ribbons accentuating its

practicality as a reinforcing filler, particularly useful in food packaging [40]. Each

montmorillonite layer is 2002 600 nm thick and the crystal lattice has layers 1 nm

thick, with a octahedral alumina sheet amid paired silica tetrahedral sheets [39]. Of

note, montmorillonite when hydrated expands its hydrophilic behavior, but under

those conditions, it is only miscible with hydrophilic polymers, such as poly(ethyl-

ene oxide) (PEO) and PVA [39]. Incorporation of the NCl prevents the polymer

chains’ free movement providing rigidity to soft polymeric composites thereby

reducing internal flexibility providing increased mechanical properties, diffusion

barrier features, fire retardant and ultraviolet light resistance properties [4].

Hybrid nanocellulose/NCl (Cloisite C30B) composites combined with PLA

showed synergistically enhanced barrier properties, improving thermomechanical

resistance and crystallization kinetics whilst upholding transparency aimed at food

packaging applications [41]. The assemblage of two dissimilar hydrophilic pro-

ducts, namely, nanoclay platelets and nanocellulose fibrils increased the water con-

tact angle of the surfaces of the composite films due to the high density of ionic

groups on their surfaces. The two hydrophilic nanoelements exhibited a contact

angle larger than the individual neat films [42]. Furthermore, cellulose from banana

pseudo-stems combined with nanoclay enhanced the film tensile strengths but

reduced the elasticity further improving the nanocellulose/nanoclay based bioplasti-

city [43]. NCl fibrils with montmorillonite dispersed homogeneously in the matrix

showed that the optical transparency increased as the concentration of the montmo-

rillonite increased alongside the mechanical moduli [18].

18.3.4 Polymer/cellulose/metal nanocomposites

A combination of inorganic and organic nanomaterials will provide a nanocompo-

site with features evolving from combining both materials. Cellulose is the most

profuse biopolymer on earth, as detailed above. From the extensive range of
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obtainable inorganic fillers, metal nanoparticles from silver (Ag), gold (Au), or cop-

per (Cu) display properties that diverge from their original analogs due to a variety

of size, distribution and surface effects. Accordingly, the final material properties

could be fine-tuned by the addition of nanofillers and the interactions that occur

with the cellulose fiber surfaces.

A simple blending of inorganic nanometals with cellulose as a matrix, frequently

causes nanoparticle aggregates that reduce the advantages usually correlated with

the presence of nanoparticles leading to poor durability and lower antibacterial effi-

ciency [44]. Direct addition of Ag or Au nanoparticles onto filter papers leads to

the heterogeneous distribution of nanoparticles and aggregate formation during the

drying process [45�47]. However, the metal salts reduce in the cellulose aqueous

suspensions in the presence of ether and hydroxyl groups in the cellulose fibers to

securely bond the metal ions strongly onto the fibers via ion�dipole interactions

that further stabilizes the metal nanoparticles through surface interactions [19,48].

Sodium borohydride (NaBH4) and tri-sodium citrate (Na3C6H5O7) can reduce

the metal ions in cellulose matrices [49]. Ascorbic acid combined with gelatin or

polyvinylpyrrolidone worked as a colloidal stabilizer acting as a reducer for gelatin

and Ag1 controlling particle size. The reducing agent triethanolamine reduced the

Ag ions producing 8.5 nm spherical particles, homogeneously dispersed in the bac-

terial cellulose membranes [50]. Streaming hydrogen (H2) gas over a preformed cel-

lulose matrix formed Au salts nanoparticles with a variable thickness that could be

adjusted by the addition of different halides [51].

18.4 Collagen

Collagen is the main insoluble structural protein of the extracellular matrix located

within the connective tissue. As the most copious protein in the animal kingdom sit-

uated in the tendons, dermis, and bones renders collagen type I the ideal substrate

for the culture of a variety of different cell lines. Collagen is, unsurprisingly, the

most plentiful protein in the human body, it is an important component of the extra-

cellular matrix imparting tensile strength and structural integrity to body tissues.

Subsequent to injury tissue disruption requires collagen to restore normal function

and structure [52].

18.4.1 Collagen polymer nanocomposites

Although collagen has drawn awareness in the tissue engineering community

because of the low mechanical properties, any application concerning mechanical

loading or demanding structural integrity is inhibited. To overcome that weakness,

organic collagen combined with a nanoscale inorganic bioactive material, like silica

in a composite. Bioactive materials naturally contain hydroxyapatite (HA), calcium

phosphate Ca3(PO4)2 these include bioactive glasses. Bioactive materials are capa-

ble of promoting nucleation and consequently form calcium phosphate crystals, HA
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crystals or other calcium phosphates on their surfaces [53,54]. Naturally organic

materials are incapable of this ability, however, by supplementing these with nano-

scale inorganic bioactive materials, the subsequent composites become bioactive

and this is particularly useful for bone tissue. The incorporation of inorganic bioac-

tive materials can offer cell adhesion sites that expedite incorporation with the adja-

cent tissue [55]. The composite materials provide a strong bond at the location of

implantation and form a layer of HA upon their surface [53�55]. Organic compo-

sites combined with nanoscale inorganic bioactive materials have increased

mechanical properties, compression strength and stiffness. In that respect, the parti-

cle size s will affect the composite properties. Nanosized inorganic particles deliver

high surface area, by providing a high interaction area for the reaction may improve

the bonding strength between the inorganic filler and consequently augment the

overall mechanical properties of the composite [56,57].

18.4.2 Polymer/collagen/silica nanocomposites

Bone tissue engineering scaffolds ought to be biodegradable, biocompatible,

osteoconductive and in particular, should exhibit sound structural properties

[58,59]. Natural bone is compiled of collagen fibrils mineralized by calcium phos-

phate that is comparable to HA. Silica (SiO2) itself is biocompatible and osteo-

conductive [60], and plays a critical role in promoting bone formation. Silica

provides mineralization on the silica/collagen composites [60,61] as the surface

silanol groups (Si-OH) of amorphous silica encourage the development of the bio-

logically active bone-like apatite [62]. The collagen’s carboxylate functional

group binds to the calcium ions and simultaneously releases silicic acid from sil-

ica forming calcium silicate that provides nucleation sites for additional calcium

phosphate deposits [61]. Electrostatic binding between the positive charges of the

amine groups of collagens and the negative charges of the silica can increase the

overall strength of the matrix [63].

A combination of a colloidal (sol) into an integrated network (gel) provides sol-

gel-derived silica that has the ability to stimulate neoangiogenesis in the tissue sur-

rounding the bone substitute [64], which is the ultimate goal for vascularized bone

regeneration [65]. Human bone marrow stromal cells (hBMSCs) seeded onto nano

silica-collagen scaffolds increased up to sixfold during 28 days of cultivation and

alkaline phosphatase (ALP) activity of hBMSCs on hybrid scaffolds or pure colla-

gen scaffolds proliferated at the same rate [63]. Human dermal fibroblasts adhered

preferentially to a silicified collagen hydrogel when compared to the pure collagen

hydrogel control [66].

Mouse osteoblast precursor (MC3T3) cells on a pure collagen membrane showed

a rounded morphology, however, as the silica content increased in the collagen/sil-

ica membrane, the cells showed excellent adhesion and spreading characteristics.

Furthermore, the collagen membranes containing a higher proportion of silica dem-

onstrated twice the ALP activity of pure collagen [67].

Medicated dressings composed of core-shell collagen�silica nanocomposites

showed prolonged release of two topical antibiotics, gentamicin sulfate and sodium
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rifamycin. Antibiotics released from the nanocomposites showed sustained antibac-

terial properties against Staphylococcus aureus (S. aureus). Histological examina-

tion of the wound bed showed that M1 inflammatory macrophages were absent

posttreatment and the biocomposite promoted cutaneous wound repair [68].

Specifically aimed at packing specific bone defects, the development of osteo

regenerative silica/collagen composites capable of influencing the bone remodeling

process and promoting particularly, neovascularization could be the gold standard

in bone tissue engineering.

18.4.3 Polymer/collagen/hydroxyapatite nanocomposites

Bone is a hierarchical biological composite composed of minerals in the form of

HA crystals and organic collagen molecules. A composite structure fabricated from

a pair of outer layers of HA and an internal collagen layer in between showed that

when HA aligned with the c-axis of the crystal parallel to the main axis of the colla-

gen molecule, the H-bonds between collagen and HA increased resistance against

catastrophic failure. The HA increased the mechanical properties of the composite

and through the geometric confinement increased the mechanical performance.

Certainly, the progressive breakage then the formation of the H-bonds acted as a

toughening mechanism providing a realistic molecular model of bone [69].

18.4.4 Polymer/collagen/metal nanocomposites

Collagen scaffolds that incorporated gold nanoparticles (AuNPs) at ,20 ppm with

a size of .20 nm were biocompatible with HaCat keratinocytes and 3T3 fibro-

blasts. The inclusion of AuNPs into glutaraldehyde cross-linked scaffolds increased

tensile strength and hydrolytic degradation. In vivo healing of full-thickness skin,

wounds examined histopathologically showed that AuNPs repressed inflammation

while elevating granulation, neovascularization and wound closure. AuNPs had the

highest Young’s modulus and tensile strength when used for wound healing treat-

ments [70].

For centuries, silver has been utilized as an antimicrobial mediator for treating

bacterial infections, particularly for treating antibiotic-resistant bacteria. These Ag

nanoparticles are created at a smaller scale (hence increased surface area) because

of their strong magnetic, chemical and plasmonic properties. In the production of

silver particle nanosuspensions, chemical reduction is commonly used due to its

large-scale production of aggregation-free nanoparticles with low formulation costs.

However, the method of chemical reduction creates particles of variable dimensions

and morphology [71]. Escherichia coli (E. coli) cells in the presence of Ag nano-

particles showed that the Ag accumulated causing pitting in the bacterial cell wall

significantly increasing permeability resulting in cell apoptosis [72]. Yeast, S.

aureus and E. coli were inhibited by Ag nanoparticles [73]. Additionally, Ag nano-

particles as a low concentration of 10 ppm exerted significant toxicity against bac-

terial Bacillus subtilis, causing significant chromosomal DNA degradation and

increased membrane permeability [74].
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Silver nanoparticles stabilized with type I collagen displayed antimicrobial activ-

ity specifically against S. aureus and E. coli but showed no identifiable cellular

cytotoxicity [75]. In another study, collagen sponges achieved by cross-linking col-

lagen gels with glutaraldehyde that was then plasma sputtered with Ag nanoparti-

cles showed activity against E. coli [76]. Furthermore, a composite of titanium

dioxide (TiO2)-Ag encapsulated in collagen increased both biocompatibility and

skin regeneration with resistance towards S. aureus activity [77]. Electrospun Ag

nanoparticles in collagen nanofibers on the incision of the skin of a Wistar rat

showed that the wound healing rate of the composite appeared accelerated when

compared to pure collagen nanofibers with an increased rate of reepithelialisation,

collagen production, hemostatic properties and wound contraction [78].

18.5 Keratin

It is possible to add value to waste keratin-rich materials such as poultry feathers

and sheep wool by partially substituting them with synthetic polymers producing

biocomposites with improved mechanical properties. The strong intermolecular

ionic keratin bonds of disulfide, and hydrogen (Fig. 18.3) generate a thermoset

material that is not easily processed or blended with another polymer. Since the

organic biodegradable fibers are agricultural waste products at greatly reduced cost,

one thought-provoking possibility is to combine the organic with the inorganic.

Each year, over 5 million tons of keratin-based waste products from “dirty” wool,

horn, feathers and nails are created from slaughterhouses, butchery, farms and of

course, the poultry business [79,80]. These organic proteins have underutilised posi-

tive characteristics such as biodegradability, biocompatibility, and fire retardant

capability, and owing to the increased sulfur content (of around 3%�4%), landfill

or incineration have an adverse environmental impact [81]. The function of these

organic fibers reinforcing the polymer composites is an intriguing idea for the

development of new commercial products that concurrently reduces and recycles

these waste products [82].

18.5.1 Polymer/keratin/graphene nanocomposites

Carbon as the 6th element of the periodic table is capable of forming many allo-

tropes including diamond, graphite, fullerenes, CNTs and the newly discovered gra-

phene. Graphene is a flat monolayer of tightly packed carbon atoms in a two-

dimensional (2D) honeycomb lattice. Graphene is used in the preparation of PNC

as a substitute carbon-based nanofiller

Electronic devices are commonly formed from rigid, nondegradable materials, as

they are designed to be long-lasting. But this characteristic, along with traces of

rare and/or toxic elements generates additional problems for waste management [1].

Recently, researchers have been working on keratin in the form of feathers or waste

wool incorporated into sensors or sustainable packaging. For example, a novel
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approach using keratin combined with graphene produced protein-based electronic

materials, including capacitors, resistors and inductors assembled together to form

electrical circuits. Furthermore, a water-based ink of keratin and graphene produced

flexible electrodes with electrical conductivity [83]. Composites of a keratin matrix

with 1% GO or keratin with 1% carbon fibers fabricated composite film sensors

with the latter exhibiting a higher degree of sensitivity, fast response/recovery times

and greater ionic conductivity behavior [84]. Feather keratin/PVA/tris(hydroxy-

methyl)aminomethane (FK/PVA/Tris) bio-nanocomposite films containing GO or

graphene prepared using a solvent casting method formed hydrogen bonds between

the GO and the film matrix for use in the packaging field [85]. As our awareness of

sustainability increases and our focus shifts from traditional plastic materials to

more environmentally-friendly alternatives for a variety of applications such as

food packaging.

Bio-based electrically conductive fibers polyacrylonitrile (PAN) combined with

waste wool were fabricated using the wet spinning method then chemically reduced

through hydrazine vapor exposure providing bonding between the carboxylic and

hydroxyl groups of the amino groups of wool and the GO sheets. The GO

nanosheets showed increased electrical conductivity when compared to the control.

These GO/wool/PAN hybrid fibers may provide an application in smart textile

products.

Keratin, in particular, has the potential to replace traditional petrochemical-

derived polymers for use as a sustainable alternative in a variety of applications.

18.6 Conclusions and future directions

This chapter outlines the essential characteristics of PNC in various categories such

as chemical modifications and chemical linking leading to the homogeneous disper-

sion of nanofillers throughout the polymer matrix. Further endeavors are required to

pinpoint the optimal nanofiller loading required for peak thermal, electrical conduc-

tivity, sensing, and mechanical properties furthering novel prospects for the produc-

tion of functional sustainable biomaterials.

Linking nanoclay, or graphene, or metals to chitosan or cellulose or even keratin

produces nanocomposites that may fabricate advanced eco-friendly packaging with

superior properties. The attachment of chitosan to metal nanoparticles for sensor

applications, as the metallic particles may enhance sensitivity. The applications of

these PNC in tissue engineering and implants, filters, dye removal, clothing, sen-

sors, membrane technology, antimicrobial with biomedical relevance are endless

(Fig. 18.5).

As the demand for PNC increases, a balance between the consumers’ high

expectations, government regulations, and industry will consequently enhance the

available products as well as tackle the increasing worldwide concerns with packag-

ing waste. PNC are gaining momentum and may hold the key, not only for today

but also in the future. Once production costs are reduced, then companies will
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utilize this technology to change product sustainability delivering high quality pro-

ducts to the customers while saving money and making a profit. The benefits

offered by PNC far outweigh the costs and in time will become further refined.
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19.1 Introduction

Polymer nanocomposite (PNC) is a class of multiphase material having polymer

matrix and nanosized fillers. It can be referred to as 2D, 1D, or 0D depending on

the dimension of filler dispersed in it [1]. Respectively, the fillers can have only

one dimension in the nanorange, resulting in layered sheet structure; two dimen-

sions in the nano range, having tube, fiber, wire shape; or all three dimensions in

nano range like a sphere, particle shape. Nanofillers add multifunctionality to PNC.

Sheets of clay, graphene, carbon nanotube (CNT), carbon nanofiber (CNF), metal

nanowires, nanorods and spheres of silica, titania, C60, quantum dots, barium tita-

nate, indium tin oxide, zirconia, iron oxide, etc. are some of the filler materials

used in PNC [2]. Polymers used as the matrix can be thermoplastic or thermoset.

Polyolefins, polyamides, polystyrene, polyethylene terephthalate, epoxy resin, poly-

imides, conducting polymers, styrene-butadiene rubber, etc. are commonly used as

a matrix [3].

PNC offers an excellent combination of properties which is way more exciting

than conventional composites. These properties include superior mechanical, opti-

cal, thermal, magnetic, electrical, and other physicochemical properties in lower

density and lower loading of filler. High specific strength, high specific modulus

compared to even lighter metals or alloys result in lower fuel consumption, lower

gas emission and make it a strong competitor in the structural part of an automotive

application. Other than that, wear resistance, antiscratch property, and chemical

resistance are utilized in paint and coating applications. Gas barrier properties, anti-

microbial properties are being utilized in the packaging of meat, soft drink, beer

bottles, medicine, pharmaceuticals, computers, and electronics. Enhanced electrical

properties help to find its application in the energy sector which includes fuel cell

membrane, supercapacitor, electrode of battery, semiconductors, hard disk storage,

sensors, etc. Also, consumer goods like sporting tools, furniture, toys, home appli-

ances; medical sectors including dental filling material, biosensors, body implants,

medical devices; fire retardant foams, fire-resistant products, self-cleaning win-

dows, etc. can utilize PNC. Properties of light transparency, UV light protection,

optical clarity, noise damping, shielding of EM signal, etc. are being utilized or

have the potential to be utilized in many more applications [4].
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Because of the nanoscale dimension of fillers, the interface area, that is, the sur-

face area to volume ratio is increased dramatically in PNC. This interface effect leads

to unique properties than the effect of micro-sized fillers in conventional composites.

19.2 Applications and challenges of PNC industry

The PNC-based applications which have been successfully commercialized with

medium to high volume production include the tires and some structural parts (i.e.,

exterior and interior structural parts, under the hood) of an automotive system.

Medium volume manufacturing of PNC products includes timing belt cover,

inverter cover, door panel, etc. of an automobile. The applications which are com-

mercialized with low volume production include conducting paints, coatings,

engine, power train, under the hood components, suspension, braking system, diesel

fuel tanks, battery cases, etc. and those which are not commercialized yet are sen-

sors, fuel cells, and batteries [3]. PNC-based gas separation membrane and dielec-

trics for capacitors, insulations, etc. have great commercialization potential.

Challenges are confronted in optimization of enhanced property combination, in

maintaining optimal conditions during the manufacturing process, and in scaling up

laboratory innovations in the large-scale industry with quality products.

19.2.1 Innovation challenge

Optimum conditions of variables are still not understood for many established or

potential applications of PNC. Though in general, the interface effect causes the

superior properties of PNC, the impact of this interface effect is not similar for dif-

ferent electrical or optical properties such as light transparency, permeability,

dielectric breakdown, conductivity, etc. Again, its impact on the viscoelastic prop-

erty and thermomechanical property is different for temperature above and below

Tg [2]. Another challenging factor is that the optimum morphology and distribution

of the nanofiller are not the same for enhanced electrical, mechanical, or other

properties. This is very complex and challenging to engineer the interface effect of

PNC so that optimized thermal, mechanical, electrical, optical properties can be

obtained simultaneously without making processing too difficult [2].

Among the established market of PNC, the tire industry is the one that requires

focus on properties of rolling resistance, wear-resistance, and wet traction with

reduced cost and weight. It uses carbon and silica nanofillers in a rubber matrix.

Though it is referred to as an established industry because of high volume production,

it faces certain uncertainty which demands more research. Those issues include not

knowing the correct combination of size, shape, property, and dispersion state of

nanofillers which would optimize required properties of the given application with

lower cost and better processability in large-scale production [2]. Meeting all these

requirements is complex and challenging. For adhesive or coating-related applica-

tions, nanofiller of copper oxide is used to increase the fracture toughness of epoxy
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matrix with the challenge of degrading other properties; this problem was solved by

using grafted nanoparticles in glassy un-crosslinked epoxy. But optimum processing

conditions for crosslinked epoxy should also be studied [2].

19.2.2 Processing challenge

In the application of continuous fiber-reinforced composites, implementing optimum

findings is tough in the industry due to processing issues of high viscosity, agglomer-

ation of nanofillers, void formation, etc. Even though various automated and precise

advanced fabrication techniques are available (such as injection molding, resin trans-

fer molding, contact molding, compression molding), the fact that there are numerous

parameters in the processing of PNC makes it difficult to automate. The property of

the PNC product depends on parameters of the size and shape, loading of the filler,

dispersion state of filler, aspect ratio of filler, adhesion, and compatibility of matrix

and filler, viscosity of matrix, etc. So, choosing one optimum manufacturing proce-

dure among many emerging suggestions in a certain application is difficult.

19.2.3 Scaling up challenge

On a laboratory scale, finding and maintaining optimum processing conditions is

comparatively easier but implementing these on a mass scale is difficult. So, finding

scalable, industrially feasible, lower production cost manufacturing techniques with

available technology or innovating required technology is a common challenge for

almost all applications at different stages of their growth. Advanced technology and

costly infrastructure with control over the process through automation and simulation

are some options to explore. So, to ensure reliable and consistent mass production, all

the parameters affecting product property along with correct blending without deteri-

orating filler aspect ratio, controlling formation of void or agglomerate of filler, con-

trolling viscosity of matrix with the loading of filler, etc. should be maintained.

19.3 Business ecosystem

19.3.1 Manufacturer

NYCOA, USA; BASF, Germany; UNITIKA Ltd., Japan; Goodyear Tire and

Rubber Co., USA; InMat Inc., USA; and Continental AG, Germany are some of the

leading manufacturers of PNC products used in an automotive application.

Honeywell International Inc., USA; Plantic Technologies Ltd., Australia; Dai Dong

Tien Corp., Vietnam; Fine Polymer Inc.; and Babydream Co. Ltd. are some of the

food packaging and container manufacturing industries using PNC [5]. Developer

or manufacturer of coating and painting of PNC includes Carbon Motor Corp.,

USA; GE Plastics and Hyperion Catalysis Int. Inc., USA, etc. [3]. To grow the mar-

ket faster, the leading manufacturing companies should collaborate through sharing

knowledge and technology.
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The manufacturer of a PNC product depends on the supplier of nanofiller, poly-

mer, and other additives. So, the cost and quality of the PNC product are dependent

on the cost, quality, and processing of the resin and reinforcement. To lower the

manufacturing cost of PNC, the price (i.e., the production cost) of nanofillers and

matrix should be a concern. Among the nanofillers proved to enhance properties of

composite with polymer, nanoclay has lower cost and consistent quality, which

makes it easily accessible to both researchers and industrialists.

To increase control over the quality of the PNC product of already active

manufacturing process or to decrease development time and cost of manufacturing

trials, supervisory, interactive, or predictive digital twin of that process can be cre-

ated using simulation [6]. Simulation can help to choose the correct manufacturing

process. Then smart tools and augmented reality equipment (i.e., Microsoft

HoloLens) can be used to train and guide technicians to inspect, trace, and control

processes more successfully [6].

19.3.2 Research and development

Since the origination of PNC, there have been extensive research and numerous

innovations. But finding optimum process conditions along with processes feasible

for large-scale production needs more emphasis than exploring new materials. Also,

more investment in the study of the toxicity effect of PNC on health and the envi-

ronment is necessary which would push the development of safety regulations. So,

industrial implementation and ensuring the safety of the growth of this industry

should be the emphasis of further research.

19.3.3 Investor

The cost involved in the manufacturing and research of PNC is high, which means

it demands significant funding to support the finance. Government-level investment

in nanotechnology research and development has shown an increasing trend for sev-

eral nations including the United States and European countries, whereas for Japan,

it is consistently huge [4]. This huge sum of funding shows the promise to boost

the PNC industry. Private companies should also be encouraged to invest and ignite

this industry.

19.3.4 IP and consultancy

Organizations such as the WIPO (World Intellectual Property Organization) can

help to protect and meaningfully use intellectual property (i.e., filing patent), to

implement global policy issues related to IP, and to share knowledge across borders

without risk of disputes.

Consultancy firm for a specific application (i.e., McKinsey & Company; The

Boston Consulting Group, Inc., Bain & Company, etc. for automotive application)

or specialized independent consultant group for an individual company is needed

for strategic analysis and forecasting and development of the market, cost
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performance balance, product optimization, resolving manufacturing problems,

troubleshooting, regulatory advice, navigation of rules and requirements of the

industry, and obtaining overall feedback of the development of PNC.

19.3.5 Infrastructure

PNC utilizes versatile materials, so the manufacturing process is difficult to auto-

mate. As the manufacturing process inherently has so many variables, it demands

the infrastructure to be well planned, advanced, and sometimes expensive. The abil-

ity of collection and feedback of data should be increased through enhanced con-

nectivity of equipment and database, use of intelligent vision systems such as

sensors embedded in tools. This will facilitate enhanced monitoring of the progress

of the process, reducing process time and if any deviation occurs, identifying root

causes of it, and deciding the next step without stopping production [6]. Intelligent

mixing, intelligent cure monitoring are examples that are being utilized in some

composite industries [6]. Also, recycling facilities should be a concern during

developing infrastructure.

19.3.6 Regulation

Safety regulation, strategy, policy or codes for manufacturing, handling, consump-

tion, and disposal of PNC, which encompasses the whole PNC field should be

developed by industry, academia, or government. The toxicity or safety issue should

be considered when developing regulations, especially for food packaging, fire

retardant, and medical-related applications. The nanomaterials of the PNC can be

detached from the composite and have direct or secondary hazardous effects on

health or the environment. As still there is a lack of knowledge about the effect of

nanomaterials on the health and environment, extensive research is needed to

understand the toxicity effect and only then well-defined regulations can be devel-

oped. To date, the effect on skin, lungs, respiratory system, absorbed by inhalation

or drinking and effect on marine life have been studied [5]. Among the nanomater-

ials being used in PNC, titania, nanocarbon possibly can have a carcinogenic effect

and cause respiratory disease on living animals [according to the National Institute

of Occupational Safety and Health (NIOSH) and Occupational Safety and Health

Administration (OSHA)] [7]. Nonbiodegradable polymer matrix, hazardous gases,

and effluents of fire-retardant products can also cause a threat to damage the

ecosystem.

Agencies like the US Environmental Protection Agency (USEPA), US Food

and Drug Administration (USFDA), and OSHA are with the goal of regulating safe

and toxic use of any product to the environment and human health [7]. Regulation

related to reducing greenhouse gas emission is in favor of the automotive applica-

tion of PNC but the safety of using PNC in food and medical applications is still

uncertain. As delayed the generation of regulations and rules are, the more doubt

will persist in investing in this field in fear of future unfavorable product market.

So, solid statistical evidence and accurate method to find the response of these
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nanomaterials intake on humans and the environment are needed to determine fur-

ther well-planned steps of this industry.

19.3.7 Standardization

Standardization of products is a must to ensure consistency and uniformity of

nature and quality of products available in different markets. Industries or

organizations are supposed to follow guidelines while manufacturing products

tested in nationally recognized testing laboratories following standard testing

methods.

The obligations placed on the automobile manufacturer by national and international

laws and regulations can be met using International Material Data System (IMDS). For

packaging products, the standard testing method is provided by the American Safety

for Testing and Materials (ASTM) or International Organization of Standardization

(ISO); and regulations and guidelines developed by the FDA, US Department of

Agriculture, EU (European Union) should be followed. The plastic regulations [8] of

the EU for food contact material mentions overall and specific migration limits for

plastics. Standardization for nanomaterials used in PNC and standardization of labora-

tory tests for biodegradability need more work [7].

19.4 PESTLE analysis

To anticipate the opportunities, influences, threats, and limitations of the PNC

industry, the variables needed to be considered are as follows:

� steadiness of nanomaterial supply,
� production cost and price of nanomaterial,
� purity and consistency of quality of nanofillers,
� production of ecofriendly biodegradable polymer matrix,
� recyclability of nonbiodegradable polymer matrix,
� determination and complexity of optimum characteristics of matrix-filler system (i.e.,

matrix chemistry and chain length, filler chemistry and size, shape, functionalization,

etc.),
� capital of PNC production,
� control over manufacturing process in large scale production,
� availability of technology and knowledge for mass production,
� awareness of technology,
� willingness to take risk of failure in creating a potential market,
� consistency of quality of produced PNC in mass production,
� environmental and health safety.

The external factors influencing the operation and growth of the PNC market are

analyzed below in terms of political, economic, social, technological, legal, and

environmental aspects.
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19.4.1 Political variable

Several governments including the United States, Germany, China, India have strin-

gent policies and regulations for automotive emission, which is supporting the

growth of the PNC market; as the application of PNC in the automotive sector is

simultaneously reducing fuel consumption, gas emission because of its reduced den-

sity. But the high cost of some nanofillers (CNT, graphene), high manufacturing

cost, long lead time of production are making the growth slow.

The risk and toxicity impact of the PNC on human health and the environment is

still not well defined. Most of the countries having leading PNC industries do not

have regulations or legislations specific to nanomaterials in food application due to

insufficient research [5]. The FDA or EU is under the expectation of developing

regulations and guidelines for the industries. Currently, the use of nanofillers of

PNC in food applications is going on without any strong guidelines. To prevent any

detrimental effect of this unplanned growth of industry, specified regulations are

necessary; on the other hand, if the harm is proved negligible, the path of other

potential nanomaterials in similar applications will be smoothed once regulations

are clearly defined.

19.4.2 Economic variable

Among the nanofillers, clay is the most used because of its lower price than multi-walled

carbon nanotube (regular length $6.5�$14/g), single-walled carbon nanotube (SWCNT)

($70�$270/g), graphene ($270/g), carbon nanofiber (CNF) ($13.5/g), etc. [9]. As a

result, clay-based PNC has found significant industrial application, while for CNT and

graphene, high material cost and processing difficulty hinder full utilization of property

enhancement.

Commercially, the potential of PNC has been showing an increasing trend.

According to Allied Market Research Report, the global PNC market is projected to

value USD 11.549 billion by 2022 [1]. The automotive and packaging industry has

higher growth both in terms of volume and revenue. North America, Europe, and the

Asia Pacific are regions with leading PNC markets. A report by Global Market

Insights Inc. forecasted the PNC market to reach beyond 31 billion by 2025[10].

Among currently available equipment, attaining a feasible cost-effective synthe-

sis method for PNC is difficult as the trade-off between the cost of processing tech-

nique and product property persists in all available cases. Undoubtedly processing

methods and conditions have a significant effect on the properties of nanocomposite

products. Techniques of solvent processing, electrospinning, layer by layer assem-

bly are costly processes but offer better dispersion control than low-cost melt pro-

cessing techniques [11]. For the processing of clay-based nanocomposites, melt

intercalation is more compatible and environmentally friendly than solvent blend-

ing; in situ polymerization is also used [11]. So, the manufacturing cost is responsi-

ble for the higher cost of a product with better performance. Current technology is

not enough to control all important process conditions.
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19.4.3 Social variable

The superior performance offered by automotive using PNC attracts enthusiast con-

sumers while high cost and long production lead time act otherwise. Doubts about

food packages and containers also persist as the safety of these products has not

been established yet. The main killer of the consumption is the higher cost of the

product compared to alternative materials products.

19.4.4 Technological variable

Even though there are numerous innovative suggestions of the manufacturing pro-

cess, scaling up the technology for high volume consistent quality production utiliz-

ing these suggestions is one of the biggest challenges. The suggested processes

should be evaluated in terms of cost of developing infrastructure, cost of

manufacturing, scalability, product quality, process condition, yield, recyclability,

and effect of environment. Technologies to overcome challenges associated with

current manufacturing processes (i.e., dispersion of fillers, compatibility with

matrix, formation of void or agglomeration, degassing, controlling alignment of

filler, etc.), to develop a real-time characterization method, tools, and instrumenta-

tion, to build affordable infrastructure with facilities, design tools, equipment, and

skilled operators are necessary to move this industry forward [12]. Technology

development should also focus on producing bio-resourced resin and lower cost

CNT, graphene, CNF fillers, improving automation of PNC manufacturing through

processing and structural simulation.

19.4.5 Legal variable

An effective method with less complexity and variation in the detection, characteri-

zation, quantification of nanomaterial migration from PNC package to food or drug

needs to be developed to ensure the safety of the continuously growing packaging

market. Specific new regulations for nanofillers of PNC are needed as current regu-

lations cover only general substance in macroscopic size.

19.4.6 Environmental variable

To minimize the future problem of waste management of nonbiodegradable

polymer-based PNC, research and investment in biodegradable polymer-based PNC

are on growth. Governments of the United Kingdom, United Nations, and EU are

interested in the growth of eco-friendly alternatives to conventional plastics

[13�16]. Some of these eco-friendly polymers (i.e., polylactic acid, starch, cellu-

lose, polycaprolactone, poly hydroxy alkanoates, polybutylene succinate, natural

oils, polysaccharide derivatives, poly amino acid, polybutylene adipate) has renew-

able source and the properties are enhanced using additives or nanofillers [17]. But

more research and funding are needed to add a biodegradability testing facility.

Clear definition, validation, consistency, and standardization of testing method of
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biodegradability should be developed to avoid confusion of different type of matrix,

additive, test of a different laboratory. Testing of biodegradability on the final prod-

uct is needed as the effect of nanofillers or nano additives can be either increase

biodegradation rate or it can have a toxic effect on the environment [17].

Hazardous gases [i.e., asphyxiate gases (carbon monoxide, hydrogen cyanide),

nitrogen dioxide, nitrogen oxide, hypoxia, hydrocarbon, organic species] released

from fire retardant PNC during thermal degradation are also a concern for the envi-

ronment and human health [7]. The fire hazards of those PNC need to be assessed.

19.5 Conclusion

Ultimately, the goal is to reduce the time frame for growth of the PNC market with

high volume cost-effective high-performance products with lower investment risk,

consumers’ health, and environmental safety. No doubt, PNC offers lots of promis-

ing features, but significant challenges hamper the industrialization of the invented

technology, ceasing the growth of the market for those potential applications. Poor

learning, underfunded research, lack of guidance, lack of awareness of technology,

scattered knowledge of processing technology, lack of proper design tools are limit-

ing the widespread utilization of PNC. More fundamental studies from new proces-

sing strategies; an enhanced collaboration of information, knowledge, technology

between industry, research institute, academia; adoption of intelligent digital infra-

structure; with development of tools and technologies to collect and analyze rele-

vant data are some of the proposed paths to obtain better understanding and growth

of the market.
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20.1 Introduction

At present, nanotechnology is the most promising and versatile technology in the field of

science and engineering. It refers to the discipline, method, and device that are used to

control, restructure, and construct matter at the nanoscale for diverse purposes. This tech-

nology allows the creation of new materials by designing and developing new as well as

desirable properties and structures, resulting in improved performance, lower maintenance

costs, and increased functionality. Nanomaterials can be characterized as the materials

containing filament, aggregate, or particle having a dimension of fewer than 100 nan-

ometers (nm). The tiny particles are formed by nanoscale material modification and pro-

cessing, which result in a great increase in the ratio of surface area in respect to volume.

The outcome has enhanced the electrical, optical, functional, and mechanical properties

of particles ensuing potential efficiency [1]. Development of nanoparticles, nanodisper-

sion, nanowire, nanotube, nanolaminate, buckyball, quantum dot, nanocomposite, and

other new structures and systems are the recent advancement of nanotechnology [2].

Nanocomposites are composite materials having a dimension in nanometer ranges

existing in single or multiple phases and have unique properties. They are made up

of two or more distinct elements or phases having distinct physicochemical character-

istics, depending on the preparation techniques. In higher concentrations, nanocompo-

sites contain a matrix, also known as nanofiller that helps to reinforce the mechanical

properties [3]. Various types of reinforcement and matrix materials are used to formu-

late nanocomposites. Based on the varieties of matrix materials used, nanocomposites

may be categorized into the polymer, ceramic, and metal matrix nanocomposites [4].

Polymer nanocomposites are the distinct types of nanocomposites in which naturally

occurring or chemically synthesized biodegradable or nonbiodegradable polymers are

used as matrices along with mineral, metallic, or organic nanofillers or reinforcement

materials [5].
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Polymer nanocomposites have been acclaimed for their diverse health and envi-

ronmental benefits. Polymer nanocomposites have been reported for a lot of advan-

tageous applications in human health, including treating, diagnosing, and

preventing diseases. It deals with the diagnosis and therapy of cancer, traumatic

injury, inflammatory pain, and so others. A variety of applications of nanocompo-

sites are observed in the pharmaceutical industry for drug development as well [6].

Besides, several environmental remedial effects of nanocomposites are demon-

strated, involving water and air cleaning, toxic metal removal (such as arsenic, hea-

vy metal cations), and organic and inorganic waste material treatments [7]. Along

with these numerous advantages and wide range of applications, there have been

reports that scientists and industrial researchers are exploiting the scheme which

could have negative health and environmental implications [8]. For example, asbes-

tos fiber exposure causes inflammation in the respiratory tract, which leads to fibro-

sis and carcinogenesis [9]. In this chapter, for better understanding, the

environmental and health impacts of polymer nanocomposites are addressed

through detrimental and beneficial perspectives.

20.2 Polymer nanocomposites: an overview

20.2.1 Definition and composition of polymer nanocomposites

Polymeric nanocomposites are the greatest revolutionary replacement for tradition-

ally filled polymers or polymer blends. Polymeric nanocomposites contain distinct

components with 100 nm in as a minimum of one dimension. A polymer composite

usually consists of a matrix along with filler. In polyamide, commonly used as rein-

forcement materials are thermoplastic polymers such as glass and carbon fibers.

Lightweight, high endurance, corrosion resistance, versatility, fast processing, and

low cost are the major advantages of polymers. Ceramics and metals are dense

compared to polymers. They can be used as structural constituents as well as con-

struction resources in vehicles having lightweight, aerospace engineering, defense

department, and electronics due to their low coordination numbers and lightweight

carbon and hydrogen atom backbone. The reinforcement material consists of ele-

ments (e.g., crystal, metallic nanoparticle, and carbon nanotube); sheet (exfoliated

clay and graphene); or fibers (electrospun nanofiber). Clay is a type of nanofiller

widely used to build polymer matrix nanocomposites [5,10]. Different types of

nanofillers and the compounding of nanocomposites are schematically represented

in Fig. 20.1.

Nanocomposites are distinguished from typical composites remarkably by their

high aspect ratio. In certain respects, polymer nanocomposites are superior to typi-

cal composites. Polymer nanocomposites have the following advantages:

1. Preparation requires a small amount of nanofillers.

2. It is much lighter.
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3. As opposed to traditional composites, it improves mechanical, chemical, thermal, elec-

tronic, optical, and magnetic features.

20.2.2 Types of polymer nanocomposites

20.2.2.1 Nanoclay-reinforced composites

Nanoclay-reinforced composites are made up of small inorganic particles that are

less than 2 mm in size and have no defined compositions or crystallinity.

Phyllosilicate is a layer-shaped fraction of hydrous silicate, magnesium silicate, and/or

aluminum silicate found in clay minerals. Apart from this, montmorillonite ((Na,K,Ca)

0.33(Al,Mg)2(Si4O10)(OH)2nH2O or (Na,K,Ca)0.33(Al,Mg)2(Si4O10)(OH)2nH2), hec-

torite (Na0.4,Si4(Mg2.7Li0.3)O10(OH)4), saponite ((Na,K,Ca)0.33,Si3.67Al0.33Mg3O10

(OH)2), illite ((Al4)(Si7.5�6.8Al0.5�1.2)O20,(OH)4K0.5�1.5), and vermiculate have

the highest acceptability in the polymer because of its higher surface area as well as the

reactivity of surface [11].

20.2.2.2 Carbon nanotube-reinforced composites

Nanoscale carbon tubes (CNTs) or near-perfect whiskers (dubbed nanotube) have a

number of exciting developments in multiple industries [12]. The first nanotubes

are composed of multiple concentric shells of graphene sheets with cylindrical

shape and structured coaxially surrounding centrally a hollow core along with inter-

layer separation, similar to nanosized (0.34 nm) graphite. Single-shell nanotubes

(SSNTs) and single-walled nanotubes are composed of single-layered graphene

cylinders having narrow-ranged nanoscale size distribution (1.2 nm). Besides, huge

numbers (10�1000) of SSNTs are aggregated to form larger cords [13,14].

As compared to other graphite fibers, CNTs have specialized properties.

Traditional fibers of carbon have been utilized for reinforcement in aerospace and

Figure 20.1 Schematic representation of nanofillers used in the formulation of

nanocomposites.
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airplane manufacturing, electronic batteries, and so others for years. Nanotubes are

the most attractive, perfect, and ordered carbon fiber, with an atomic-level structure

[15]. Carbon nanotubes have also improved the antimicrobial properties of nanosen-

sors, which may be due to the fracturing microbial cell walls of nanotubes, causing

permanent harm and cell death [16]. Keng et al. developed a carbon nanotube with

a perfluorosulfonated polymer sensor that can easily detect Escherichia coli in food

[17]. Similarly, a Salmonella infection in nutrient solution was discovered using an

antibody-specific carbon nanotube sensor to monitor food safety. Cholesterol oxi-

dase, a multiwalled carbon nanotube containing enzyme was designed by placing

on a carbon electrode to detect cholesterol in high-fat foods [18,19].

20.2.2.3 Carbon nanofiber-reinforced composites

Carbon nanofiber (CNF) composites are vapor-generated carbon fibers that bridge the

gaps of conventional carbon fibers (5�10 mm) as well as carbon nanotubes

(1�10 nm). Nanofibers have a smaller diameter, which means that they have a greater

surface area with surface functionalities. Length of CNF can vary from 100 nm to sev-

eral cm, and with an average aspect ratio of greater than 100. The diameter ranges

from 100 to 200 nm. Truncated cones are the most common CNF structure, but there

are several different morphologies (cone and stacked coins) [20].

20.2.2.4 Inorganic particle-reinforced composites

The diameter of such inorganic nanoparticles is less than 100 nm [21]. Different

organic�inorganic particles have been combined to produce nanometer-sized parti-

cles that improve the properties of composite materials [22]. Metals, polymers, and

inorganic particles have been utilized to build polymer or inorganic particle-

reinforced nanocomposites structures such as (1) pure metals (Al, Fe, Au, and Ag);

(2) metal oxides (ZnO, Al2O3, CaCO3, and TiO2); (3) nonmetal oxides (SiO2); and

(4) other (SiC). The nanosized particles are chosen based on the preferred electrical,

optical, mechanical, and thermal behaviors of the nanocomposites. For example, Al

nanoparticles are frequently utilized for their high conductivity, whereas CaCO3

nanoparticles are most commonly used for their cost-efficiency. All at once, SiC

nanoparticles are used for their hardness, higher corrosion resistance, and strength

[22].

20.2.3 Features of polymer nanocomposites

Polymer nanocomposites have recently gained a lot of attention in academics and

industries because of their superior properties over traditional composites. The

properties of various types of polymeric nanocomposites are determined by several

parameters [23,24] in addition to the properties of individual components which

involve:

1. nanocomposite fabrication process

2. types and orientations of filler materials
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3. degree of mixing of two phases

4. type of matrix interface adhesion

5. nanoparticle volume fraction

6. characteristics of nanoparticle

7. characteristics of the interphase formed at the matrix interface

8. size and shape of nanofiller

9. morphology of the system

The nanoparticles must be adequately dispersed and sufficiently distributed in

the matrix materials to achieve desired properties in nanocomposites. Otherwise,

particles would clump together, resulting in the deterioration of the features of

nanocomposites. These aggregates can serve as defects, limiting their strengthening

capability. Thus nanoparticles should be homogeneously distributed in the matrix to

attain desirable properties. In the matrix material, the different forms of nanoparti-

cles could show four types of patterns due to good and/or poor distribution and dis-

persion [25]. Fig. 20.2 has shown the distribution as well as dispersion patterns

schematically.

The properties of nanocomposites can be enhanced by the existence of the

matrix�filler material interface. The foremost characteristics of polymer matrix

nanocomposites are the matrix and filler materials’ interphase boundary as well as

formed interface layers. The interface differs from the matrix and the filler in terms

of properties, composition, and microstructure. The major interphase properties are

Figure 20.2 Nanoparticles distributed and dispersed differently in the composite matrix. A:

Dispersion and B: distribution.
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described by the bound surface, thus nanocomposite characteristics can be modified

by improving the interfacial bonds between the nanofiller and matrix. The nature of

the interactions among the interconnecting phases is determined by the ratio of the

filler and matrix surface energy. The extent of the interface phenomenon that con-

tributes to the properties is defined by the average surface area of the nanocompo-

site [26,27].

20.3 Applications of polymer nanocomposites in human
health

Polymer nanocomposites are used in varieties of platforms which are directly or

indirectly associated with human health, including pharmaceuticals, nutraceuticals,

agriculture, diagnosis, and hospitals. Human well-being has been associated not

only with agriculture and food production but also with the preservation of natural

lives. Reduced costs in the detection of disease and effective disease management

practices are the major benefits of nanotechnology in the health industry. A sum-

mary of the applications of polymer nanocomposites in human health has been dis-

cussed in the following sections.

20.3.1 Polymer nanocomposites in pharmaceuticals

Polymer nanocomposites have been used extensively in drug delivery. In conven-

tional dosage form, the release of drugs from drug carriers can’t be controlled

which leads to short duration of therapeutic outcomes as well as generation of side

effects. These unusual events can be controlled by designing an advanced delivery

carrier that is capable of releasing drugs at a predetermined constant rate. Besides,

this release kinetics can be programed by designing smart delivery approaches,

such as stimuli-responsive drug carriers. Drug release from this carrier is mediated

by internal stimuli, such as body temperature, pH, hypoxia, and biochemical ions or

external stimuli, such as applied ultrasound, magnetic field, and an electric field

[28]. Numerous nanocomposites have been reported to achieve controlled or sus-

tained release of drugs. For example, pH-responsive nanocomposite microspheres

have been formulated by using iron oxide nanoparticles of sorafenib, pH-responsive

additive, and poly(lactic acid-co-glycolic acid) [29].

20.3.2 Polymer nanocomposites in diagnosis and treatment of
diseases

Nanocomposites have been reported to be used in numerous contexts of disease

diagnosis and therapy [30]. Nanobiosensors and imaging have been using from the

last decade for early diagnosis, therapy, and follow-up of life-threatening medical

conditions, such as cancer, tumor, cardiovascular disorders, trauma, wound healing,

orthopedics, ocular problems, and dental diseases. Targeted and site-specific
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therapies have created an evolving progression of disease management. Recently,

the nanothoranostic approach has achieved huge popularity to concurrent techniques

of disease diagnosis and treatment by using nanocomposites [28,31]. The applica-

tions of polymer nanocomposites in the diagnosis and therapy of diseases have

been discussed in the next sections.

20.3.2.1 Diagnosis and treatment of tumor and cancer

The development of chemotherapeutic drugs, chemotherapy, and radiation therapy

has progressed the diagnosis and treatment of various types of tumors and cancers

remarkably. Due to severe adverse effects and the inability to attain targeted thera-

peutic drug concentration in the region of the tumor and/or cancer, the ultimate out-

come can’t meet the desired responses. Besides, the insufficient cellular

concentration of drugs in the cancerous site may lead to the development of resis-

tance or unresponsiveness of cancer cell to the chemotherapeutic drugs. Along with

these, the accumulation of drugs in healthy tissues causes serious toxicities. Thus

the search for effective delivery systems for chemotherapeutic drugs is an urgent

global need. Nanocomposites designed for site-specific drug delivery to cancer/

tumor region has provided an efficient delivery approach.

These nanocomposites have been formulated along with different types of recep-

tors, proteins, or ligands of neoplastic cells, such as polysaccharides, monoclonal

antibodies, transferrin, peptides, and folic acids [32]. For example, sorafenib-loaded

albumin nanoshell and doxorubicin-loaded polyvinyl alcohol nanocore coated with

transferrin-linked nanoparticles have significantly increased the cellular uptake of

sorafenib and doxorubicin in hepatocellular carcinoma [33].

20.3.2.2 Management of angioplasty

Polymer nanocomposites are extensively used in angioplasty procedure which is

performed in a severe case of cardiovascular diseases such as myocardial infarction

and cardiac artery blockage. A ring stent with a mounted balloon or blood-thinning

medication is being placed into the cardiac artery to expand it. This stent made up

of stainless steel or gold may provide adequate mechanical support to arteries, but

after few days, the need to be removed. To avoid this critical removal procedure,

stents are formulated by using nanocomposites containing biodegradable polymer

which duplicates the operation cost and patient compliances [28].

20.3.2.3 Tissue engineering

Tissue engineering refers to the utilization of a combination of cells to replace bio-

logical tissues by considering biochemical and physicochemical conditions. It is

performed based on (1) 3D scaffold having biocompatibility, (2) suitable bioreactor

conditions, and (3) similarity of biofunctional structure. In simple words, it is the

replacement of extracellular matrix (ECM) surrounded whole tissues, known as

“hierarchically organized nanofibers.” The ECM nanocomposite offers a mechani-

cal base for implanted cells along with facilitating the promotion and regulation of
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cellular adhesion, migration, proliferation, differentiation, and morphogenesis.

Different types of natural polymers (collagen, agarose, alginate, and chitosan) and

synthetic polymers [poly(lactic acid)], poly(glycolic acid), poly(lactic acid-co-gly-

colic acid), poly(anhydride), poly(4-hydroxybutyrate), poly(urethane), and polypho-

sphoester have been used as biocompatible as well as biodegradable scaffolds in

tissue engineering [28,34].

20.3.2.4 Wound healing

Polymer nanocomposites have been reported for utilization in the wound healing

process. Wound healing is the process of repairing the damages of the dermis and

stratum epithelial layer of the injured tissues. Polymer nanocomposites containing

Ag nanoparticles are reported to heal the wound, while other nanocomposites con-

taining gold and chitosan have been used to heal injured tissues. Silver sulfadiazine

and silver nitrate nanoparticles containing nanocomposites have been used as poten-

tial antimicrobial drugs and wound healers. Along with healing wound, these nano-

composites may provide protections against antibiotic-resistant microorganisms.

Currently, methicillin-resistant Staphylococcus aureus (MRSA) is the most found

resistant strain of bacteria. The infection caused by MRSA has been treated success-

fully by using poly(lactic-co-glycolic acid) and polyethyleneimine nanoparticles

[35,36].

20.3.2.5 Polymer nanocomposites in orthopedics

Polymer nanocomposites have been used in the therapy of the diseases of orthope-

dics. Collagen fibers, noncollagenous proteins, proteoglycans, lipids, peptides, and

water comprise bone matrix. The loss of the bone matrix is the major cause of seri-

ous orthopedic diseases, such as osteoporosis and osteoarthritis. Nanocomposite

containing carbonated calcium phosphate apatite nanocrystals is an excellent treat-

ment option that works as filler by reinforcing itself into the bone matrix [28,37].

20.3.2.6 Polymer nanocomposites in dentistry

Nanodentistry is the science of using nanotechnology in dental problems to ensure

good oral health [38]. Recent studies have demonstrated that polymer nanocompo-

sites are successfully used in dental implantation and diagnosis and treatment of

dental neoplasm. Nanocomposites may help to develop the implant by releasing

drugs [39]. Apart from this, nanopores (DNA sequencing), carbon nanotubes, and

quantum dots are used in screening dental cancer [40]. Moreover, metal nanoshell

containing nanocomposites can assimilate radiations with selective wavelengths

leading to heat production and resultant damage of the neoplasm cells [41].

20.3.2.7 Polymer nanocomposites in eye problems

Currently, ocular disorders, such as diabetic retinopathy, cataract, glaucoma, and

retinal degeneration have become the leading causes of blindness due to the failure
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of attaining therapeutic drug concentration in the eye. Therapy of glaucoma requires

high drug concentrations which can be attained by using nanocomposites. For

example, the therapeutic concentration of antiglaucoma drugs, timolol and brimoni-

dine, is attained by hybrid polyamidoamine dendrimer hydrogel/poly(lactic-co-gly-

colic acid) polymeric nanoparticles. Moreover, excellent corneal bioavailability can

be achieved by incorporating sustained-release nanocomposites into contact lenses

[28].

20.3.3 Polymer nanocomposites in agriculture and nutraceuticals

The controlled release of nanofertilizers, herbicides, and encapsulated pesticides

ensures the avoidance of large lumps or dumps of these chemicals into the soil.

Currently, consumers place a priority on the protection of food quality. The creation

of nanobiosensors in conjunction with intelligent packaging systems is a compas-

sionate and fast method for detecting heavy metals, food pathogens, toxins, and

maintaining food quality [42,43]. Moreover, nanotechnology-based formulation of

nutraceuticals and functional foods has increased nutrient retention and absorption

as well as provide better bioavailability in the body. Apart from the nutrient value

and health benefits, nanotechnology helps scientists to adjust the structure, proper-

ties, and interactions between different components to produce consumer-friendly

new foods with better taste, texture, flavor, freshness, and stability [44].

20.4 Applications of polymer nanocomposites on
environment

A variety of polymer nanocomposites have been developed for remedial application

in environment. These nanocomposites exhibit remedial impacts on wastewater,

surface water, groundwater, contaminated air, sewage sludge, and soil.

Nanocomposites containing metallic nanoparticles of antimicrobial agents can dis-

infect wastewater and surface water along with controlling microbial growth with-

out generating any toxic by-products. Besides, the microbial solution can be reused

after recovering from the matrix by applying an external magnetic field. For exam-

ple, magnetic graphene carbon nanotube iron nanocomposites are capable of show-

ing broad-spectrum activity against Staphylococcus aureus (Gram-negative) and

E. coli (Gram-negative) [45]. Air cleanup is another remedial application of poly-

mer nanocomposites. Recent studies have demonstrated that these nanocomposites

function as adsorption interfaces for the simultaneous removal of benzene, toluene,

ethylbenzene, m-xylene, and SO2 from the air. Fe3O4, Co3O4, and Ni(OH)2 nano-

plates containing Pd nanoparticles as catalysts are used to oxidize carbon monoox-

ide [46]. According to the conventional process, sewage sludge is stabilized by

anaerobic digestion which ends up by the production of biogas. Advance researches

reported that iron nanoparticles at a lower dose (0.5%) are capable of stabilizing

sewage sludge with enhanced production of biogas compared to conventional
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anaerobic digestion. Another nanocomposite, formulated as a biochar�mineral

complex with Fe3O4 has shown efficiency as a soil improvement material, resulting

in improvement of mycorrhizal colonization and nutrient uptake [7].

20.5 Toxicological insight of nanocomposites on human
health

In the last few decades, the application and development of nanocomposites have

been evolved surprisingly. Apart from the health benefits, a number of cytotoxic

pieces of evidence have been reported. The nature of these toxicities on human

body has been discussed in nanotoxicology. The special property of nanocomposites

is that they have a higher surface area per unit volume. As a result, they behave

rather differently than their bulk counterparts [47]. Nanocomposites have a greater

chance of interacting with biological artifacts such as lipids and proteins, as well as

whole cells. Nanocomposites have the potential to cross cell membranes and trigger

inflammatory or immune responses in different organs [48,49]. Nanocomposites get

exposed either deliberately by nanotherapeutics or inadvertently by natural/anthro-

pogenic particles. The problem is an exacerbation of particle reactivity and several

entry points (Fig. 20.3). Brownian movement allows these particles to travel long

distances and are likely to be deposited in lung alveoli [50]. The entry of nanocom-

posites into the human body follows pharmacokinetic absorption, distribution,

metabolism, and excretion processes. During these processes, they may interact

Figure 20.3 Possible avenues to the entry of NCs into the human body and their impacts on

major organs. NCs, nanocomposites.
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with biological systems which result in cytotoxicity, such as allergy, fibrosis, organ

failure, tissue damage, reactive oxygen species (ROS) generation, and DNA damage

[51]. They can spread from the lungs to the bloodstream, central nervous system,

and the cell nuclei, resulting in gastrointestinal irritation, Parkinson’s disease,

Alzheimer’s disease, and DNA damages related disorders such as cancer, tumors,

and hormonal issues. Moreover, another study reported that nanoparticles have a

direct association with toxicities of kidneys, liver, and other vital organs after long-

term exposure [52].

20.5.1 Potential causes of cytotoxicity

The ECM is crucial for cellular biochemical and biomechanical signals that mediate

morphogenesis, differentiation, and homeostasis of tissues [53]. ECM also provides

cellular scaffolding. During pathogenesis and progression of diseases, remodulation

of ECM is occurred [54]. Therefore there is a greater possibility of interaction of

nanocomposites with ECM. Several studies suggested that carbon nanotubes have

interacted with the ECM in multiple mechanistic ways [55]. This type of interaction

results in excess production of ROS followed by the progression of oxidative stress.

This overproduction of ROS critically affects the remodulation process of ECM

which leads to serious abnormalities such as tumor progression [56]. Another most

common interaction of nanocomposites occurs with biological phospholipid mem-

brane. The nanocomposites and biological phospholipid membrane interactions may

be physical and/or chemical manners. Membranes and their functions, as well as

the folding of proteins, aggregations, and other transportation processes, are dis-

rupted as a result of physical interactions. Chemical interactions, on the other hand,

produce ROS and cause oxidative damages in cells [57,58]. There are a lot of

research works on carbon soot pollution particles and other nanosized pollutants

that induce oxidative stress by generating ROS (Fig. 20.4).

The risk of toxicity in human health is higher in the case of agriculture and farm-

ing where nanoparticles are used as novel food ingredients and thus come to direct

contact with food products. Table 20.1 lists the detrimental impacts of nanocompo-

sites added to foods.

20.5.2 Factors influencing toxicity of nanocomposites

The interactions of engineered nanocomposites with different living organisms and

the environment have yet to be thoroughly investigated. Nanomaterials can take on

a range of physicochemical forms when they are released into the atmosphere due

to their radically different properties from bulk equivalents. These novel physico-

chemical properties exhibit significant influences on their interaction behaviors

with biological matters as well as their absorption, distribution, accumulation, and

elimination from the body [74]. From the last decade, scientific studies on the

adversative impacts of nanocomposites on human health as well as the environment

have risen by 600%. The majority of these experiments were conducted in vitro,

557Environmental and health impacts of polymer nanocomposites



with cells being dosed with a particular amount of nanomaterial [75]. As shown in

Fig. 20.5, the toxicity of nanoparticles is governed by a number of factors.

20.5.3 Toxicity assessment of nanocomposites: an overview

Nanotoxicological studies are essential to anticipate the uncertain effects of nano-

composite usages. Either cell lines or organs are exposed to a distinct dose of nano-

composites and their responses are monitored over time in a typical toxicity test.

The dose�response relationship obtained from these tests which are used to assess

the optimum dose and acceptable limits for nanoparticles in the form of chemicals.

As compared to traditional chemicals and toxicology tests, nanoparticles have

shapes, surface areas, and surface electrical charges that are entirely different from

their bulk counterparts. These nanomaterials exhibit the efficiency to get dispersed,

sediment, settle down, and alter the physicochemical features of the media in which

they are produced. Traditional in vitro assays can misrepresent findings and

dose�response curves, which is a remarkable conclusion. The peculiar actions of

nanoparticles in the atmosphere and their cellular absorption are not taken into

account in the traditional assays [76]. The assessment of the nanoparticle toxicity is

Figure 20.4 Impacts of nanoparticle on the progression of oxidative stress and concurrent

pathogenesis in the human cell. AD, Alzheimer’s disease; DM, diabetes mellitus; LPO, lipid

peroxidation; NP, nanoparticle; PD, Parkinson’s disease; ROS, reactive oxygen species.
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further complicated by environmental interactions [77]. Understanding the interac-

tions between the nanocomposites and biological matters and the underlying

mechanisms requires advanced investigations. These interactions predominantly

involve biological macromolecules such as proteins, but some research suggests

that they can be tracked in different ways. Wang et al. investigated the physical

interactions of nanoparticles by discovering the influence of their lipid membrane

phase structuring [78]. Phagocytosis, micropinocytosis, or pinocytosis mechanisms

of lipid phospholipid membrane have been reported to be regulated by nanoparticles

inserted into the cell. Investigation of the characteristic features of nanocomposites,

Table 20.1 Toxicity bioassay of some reported nanocomposites as food components and

their impacts on the test model.

Nanocomposites Assay tools Toxicity References

TiO2 NPs Anaerobic gut bacteria Mild toxicity on

bacteria

[59]

Gastric epithelial cells Oxidative stress DNA

damage

[60]

Human peripheral blood kIDO activity and IFN

production

[61]

Nanoclay Alveolar epithelial cell � [62]

ZnO

nanoparticles

Human pulmonary

adenocarcinoma cell

line (LTEP-a-2)

Carcinogenicity [63]

Human

polymorphonuclear

neutrophils

kHuman neutrophil

apoptosis

[64]

Silver

nanoparticles

Colon carcinoma cells Oxidative stress and

cytotoxicity

[65]

Human umbilical vein

endothelial cells

Malfunction of

endothelial cell

[66]

NiO NPs Human pulmonary

epithelial cell lines

mInflammation and

genotoxicity

[67]

FeO NPs Human macrophages kCell viability [68]

Hepatocellular carcinoma

cells

kCell viability [69]

Silica NPs Human bronchoalveolar

carcinoma cells

mROS, LDH, and
malondialdehyde

[70]

Hepatocellular carcinoma

cells (HepG2)

mROS, oxidative stress,
and mitochondrial

damage

[71]

CuO NPs Human lung epithelial

cells

kCell viability [72]

Al2O3 NPs Mixed lymphocyte culture

test

DNA damage [73]

IDO, indole amine-pyrrole 2, 3-dioxygenase; IFN, interferons; LDH, lactate dehydrogenase; ROS, reactive oxygen
species.
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their exposure directions, exposure time, correct dose, as well as the selection of

appropriate study models can be complex, time-consuming, repetitive, and costly.

Statistical methods and high-throughput screening techniques are the modern

advances to cope with this situation. This can reduce the periods as well as work-

loads to develop a connection between material and biological activity by quickly

screening and prioritizing nanoparticles for toxicology studies [79]. The cytotoxic-

ity of many metal nanoparticles can be predicted easily by using a quantitative

nanostructure�activity relationship [80,81]. Another important consideration is the

requirement of detailed characterizations of the nanocomposites which may assist

scientists in designing toxicology assays, correctly interpreting the findings, and

ensuring that data can be reproductive.

Since the safety of hydrogel nanocomposite systems in biomedical applications

is unknown, researchers looked into their biocompatibility and bioactivity.

Protection issues with hydrogel nanocomposites arise as they are used in engineer-

ing and drug delivery. Traditional chemical compounds are regularly screened for

toxicity before being released to the public, but nanomaterials lack such screening.

Thus prescreening of nanomaterials will help greatly to assess their probable

adverse effects on humans and the environment [82]. Despite these facts, numerous

hydrogel nanocomposites have been evaluated for use in biomedical applications,

such as biological tolerance and biocompatibility have yet to be established. This

testing can be performed in vivo with animal models such as rats or in vitro using

cell culture lines. The most common method for characterizing newly formed bio-

materials is in vitro biocompatibility testing. Many of them are designed to induce

and forecast biocompatibility to body tissues [83]. Preliminary screening tests can

include cytocompatibility and hemocompatibility studies but are not limited to

them.

Figure 20.5 Factors influencing the overall toxicity of nanoparticles.
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The cytocompatibility research uses a cytotoxicity test which involves morpho-

logical assessments of cell lines to see if cells died or modified in any way as a

result of interactions with biomaterials [84]. In order to determine hemocompatibil-

ity, the blood clotting cascade has been tested on biomaterials or devices that came

into contact with blood. The most widely used cell lines are continuous cell lines,

such as fibroblast or embryo cells, since they are typically inexpensive and simple

to obtain. There are three types of cytocompatibility tests that should be performed:

(1) direct contact testing involves evaluation of the impact of released matters when

it interacts with cells; (2) indirect testing entails evaluating the effect of leachable

substances in media that was in contact with the cells but did not touch them; and

(3) elution or extract testing method for assessing the effect of the leachable sub-

stances. To determine the biocompatibility of blood-containing materials, a hemo-

compatibility test is needed.

Hemocompatibility testing is involved in five different areas, such as coagula-

tion, thrombosis, platelet interactions, hematology, and immunology [85]. Platelets

get activated when biomaterials interact with damaged tissue letting fibrin to get

cross-linking to form platelet�fibrin thrombus, demonstrating a lack of hemocom-

patibility of the nanomaterials [86]. Nanocomposites should be tested for cytotoxic-

ity and hemocompatibility due to various biomedical applications of the hydrogel.

Based on these results, hydrogel nanocomposites are generally recognized as bio-

compatible and capable of being used in biomedical applications. When they are

recognized as biocompatible, they are considered typically as least risky. In vitro

and in vivo experiments have been conducted on a variety of hydrogels to deter-

mine their cytotoxicity and hemocompatibility. Because of their high biocompatibil-

ity, they are now used in many applications regarding pharmaceuticals as well as

nutraceuticals.

Due to imparting interest in the green synthesis of nanoparticles by using natural

matters, the ultimate aim of biomedical scientists is to develop “green nanomater-

ial” formulation methods for ensuing minimal health and environmental risks [87].

Essential aspects of nanocomposites involve revolutionizing many segments,

including aerospace, communication, transportation, pharmaceuticals, nutraceuti-

cals, cosmetics, agriculture, and environmental protection [87]. As a consequence

of the betterment of the quality of future life, environmental as well as health risk

assessments should be made mandatory to ensure safety as well as optimal usages

of nanocomposites [88].

20.6 Toxicological insight of polymer nanocomposites on
environment

In the 21st century, global environmental issues and energy concerns have become

major problems which require the search for long-term and promising solutions.

The introduction of nanocomposites in both laboratory research and industrial appli-

cations has become potential tools among the existing strategies to resolve
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Table 20.2 Environmental impacts of nanomaterials.

Nanocomposites Environmental

elements

Effect or impact References

Silver NPs Chlamydomonas

reinhardtii

Photosynthesis inhibition [93]

Daphnia pulex Mortality [94]

Danio rerio Modification of gene

expression

[95]

Ceriodaphnia dubia Mortality [96]

TiO2 NPs D. rerio Modification of gene

expression

[95]

Desmodesmus

subspicatus

Growth inhibition [97]

Daphnia magna Mortality [98]

Oncorhynchus

mykiss

Modification of gene

expression

[95]

ZnO NPs Pseudokirchneriella

subcapitata

Growth inhibition [97]

D. magna Mortality [99]

Zebrafish embryos Development Hatching [100]

CeO2 NPs P. subcapitata Inhibition of growth

Mortality

[101]

D. magna Reproduction problems [94]

CuO NPs D. magna Mortality [99]

Zebrafish embryos Development Hatching [95]

C. dubia Mortality [96]

SiO2 NPs D. magna Mortality [102]

Fullerene (C60

NPs)

D. magna Alteration of heart rate and

behavior

[103,104]

Zebrafish embryos Brain and hatching mortality

Edema and cardiac

problems

Development delay

Modification of gene

expression

[105,106]

Single-walled

carbon NTs

D. magna Mortality [107]

O. mykiss Alteration of gill and

behavior

[108]

Multiwalled

carbon NTs

Zebrafish embryos Hatching delay [109]

Quantum dots Zebrafish embryos Mortality [110]

C. dubia Mortality and lipid

peroxidation

[111]

Zn NPs Ryegrass Reduction of germination

rate

[112]

Al NPs Ryegrass, lettuce,

corn, cucumber

Inhibition of root length [112]

Al2O3 NPs Rape and corn Inhibition of root length [112]

Radish and lettuce Inhibition of root length [112]

NPs, nanoparticles.
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environmental and energy issues [89,90]. The excessive application of nanocompo-

sites in every aspect of science has created negative impacts on the environment.

Formulation of nanocomposites requires the usage of organic solvents which are

exposed to the environment as toxic gaseous products. Atmospheric and occupa-

tional discharges of nanocomposites are difficult to quantify precisely. The nano-

particles in the atmosphere don’t exist as bare particles. The surfaces of

nanoparticles have the characteristics of high reactivity, thus they can interact with

other matters easily. The acquisition of a coronavirus protein by a nanoparticle sur-

face has been discovered, revealing the mechanism for cell uptake, aggregation,

and clearance [91].

When nanoparticles become more widely used, a significant number of them are

released into the atmosphere, where they are most likely to end up in terrestrial and

aquatic environments. Nanoparticles may release into the environment in one of

three ways, such as naturally, inadvertently, or intentionally. Forest fires, volcanic

eruptions, sea spray, winds, dust storms, and soil erosion all produce natural nano-

particles. Similarly, unintended nanoparticles are produced by smelting of metal,

mining, welding, smoking, industrial waste generated by ignition of fossil fuel, and

vehicle fumes. Natural and unintentional nanoparticles have a well-known environ-

mental impact. Particle size, particle shape, size distribution, surface property,

chemical composition, surface charge, crystal nature, agglomeration form, and

porosity of nanocomposites are all physicochemical characteristics that influence

their eco-toxicity [92]. The optical properties of nanoparticles cause some common

issues such as atmospheric visibility and building soiling. Diesel particles contain a

lot of black carbon, which absorbs a lot of light and leads to global warming.

Engineered nanoparticles are nanocomposites designed for multiple applications.

The nanoparticles may get exposed to the environment in many ways, depending

on how they are used. Engineered nanocomposite’s eco-toxicity, especially its

effect on the aquatic environment, has been extensively researched (Table 20.2).

20.7 Concluding remarks and future directions

In summary, it can be concluded that the understanding of how nanocomposites

interact physically or chemically with biological matters as well as environments is

mandatory due to their direct association with human health and the environment.

Various researches on the safety of nanocomposites have been conducted, with cer-

tain nanoparticles being found to have toxicity and adverse effects on humans and

the environment. The most important criterion for distinguishing between toxic and

nontoxic nanocomposites tends to be the perception and mechanism of oxidative

stress and resulting physiological damages. The major toxicology tools used to

assess toxicity are focused in animal studies with high concentrations or dose

regimes. For years, these techniques have remained unchanged. In light of new

knowledge and development, proven toxicological assays must be restored, and

methods such as metabolomics, functional genomics, proteomics, and high-throughput

563Environmental and health impacts of polymer nanocomposites



screening, and other advanced tools should be progressively integrated into these stud-

ies. The scientific community is under growing pressure to explain the protection of

nanocomposites used in pharmaceuticals and nutraceuticals due to rising health con-

sciousness and awareness. By integrating these advanced methods, many false positives

will be eliminated, and the assessment of nanocomposites toxicity will be augmented

and validated. Therefore the global introduction of such nanomaterials demands more

researches, evaluation, risk assessment, as well as human health and environmental

protection.
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