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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 (CHj)
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 CgHs 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

Polymer

Structure
ki Branched Cross
Chain linked

Figure 1.1 Classification of polymers based on molecular structure.
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Figure 1.2 Structure of polymers: (A) linear, (B) branched, (C) cross-linked (open source).

Polymers
Elastomers Thermosets
Thermoplastics e.g. Rubber, e.g. Super Glue,
e.g., Plastics Bouncing Balls, Tires, Epoxy
Gloves Resins
Linear or branched Cross-linked High degree of eross-linking

Figure 1.3 Types of polymers.

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.
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Figure 1.4 Manufacturing processes of polymers and raw materials used.

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
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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

v'Hand lay-up
Open Mold Processes ] ¥ Spray-up

¥'Vacuum Bagging
v’ Automated tape-laying

¥'Compression molding
> Closed Mold Processes J ¥ Transfer molding
¥ Injection Molding
>[ Filament Winding |
)‘ Pultrusion Processes ]

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

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
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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
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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 (Cas(OH)(PO,)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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Figure 1.11 Exceptional properties of nanofillers.

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
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Figure 1.12 Fabrication of PNC by a solution method. PNC, polymer nanocomposite.

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].
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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
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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
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Figure 1.18 Fabrication of PNC by spinning [30]. PNC, polymer nanocomposite.

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.
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Figure 1.19 In situ fabrication of PNC [33,34]. PNC, polymer nanocomposite.

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].
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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
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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 ¥(r) at the interface where r is
the layer’s distance from the particle surface. ¥s represent the positively charged
layer, and ¥ 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.
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Figure 1.22 (A) A model for PNC. (B) Distribution of electrical charge of the diffused
double layer [35]. PNC, polymer nanocomposite.



Fundamentals of polymer nanocomposites 21

UV-Visible

»pectroscop

FTIR

Spectroscope

Atomic Force
Microscopy

Transmission
Electron
Microscopy

NMR
Spectroscope

Characterization of
PNC

Scanning
Electron
Microscopy

Raman
Spectroscope

Electron X-Atay
: . hotoelectron
Microscopy >
pectroscopy

Figure 1.23 Characterization techniques of PNC. PNC, polymer nanocomposite.

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
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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
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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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/5. One dimensional. D<100 nm

Three dimensional. D1, D2, and D3 < 100 nm

Two dimensional, D1 and D2 < 100 nm

Figure 2.1 Classification of Nanofillers[36].

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 pm. 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 ..
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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’
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Figure 2.2 SEM micrograph of nanocomposites based on 2.5 wt.% black phosphorus
nanoparticles [40].



Rheology and crystallization of polymer nanocomposites 33

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, T-w
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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Figure 2.3 Schematic of the chemical treatments of the kaolinite nanoparticles [42].

(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
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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
5wt.% (Fig. 2.4). Furthermore, compared to pristine PVDF, nanocomposites with
2.5wt.% 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.
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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,
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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 1072 to 10* 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
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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 n*
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 n* 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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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].

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 gm™?) versus that of CNF (150—200 g m™?),
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



42 Advanced Polymer Nanocomposites

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—Fe,0,, Co—Fe,0,, 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
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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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Figure 3.2 Graphical representation showing biomedical applications of graphene-based
PNCs. PNCs, Polymer-based nanocomposites.

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
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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. Martin-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



Table 3.1 A summary of different PNCs reported for drug delivery with their fabrication techniques and characterization methods.

No. | Polymer-based nanocomposites Fabrication Characterization/properties Applications References Ref.
(PNCs) techniques no.
1 Polyvinyl alcohol (PVC)/CuO Immersion fourier-transform infrared Drug delivery Ahmadian [47]
nanocomposite hydrogel Process spectroscopy (FTIR), X-ray, agent et al.
scanning electron microscopy
(SEM)
2 ZnS —cellulose nanocomposite In situ method X-ray powder diffraction Drug delivery, Pathania [48]
(XRD), FTIR, SEM, antibacterial et al.
transmission electron and
microscopy (TEM), EDX, photocatalytic
UV—Vis activity
3 Gelatine-based biodegradable Immersion FTIR, XRD, energy dispersive Drug delivery Bakravi [49]
hydrogel nanocomposite process X-ray spectroscopy, and SEM agent et al.
4 Polymer nanocomposites-coated In situ method FTIR, VSM, TEM, SEM Drug delivery Prabha et al. [50]
magnetic nanoparticles
5 Carbon dots decorated One-pot synthesis FTIR, XRD, TGA, FESEM, Drug delivery, Sarkar et al. [51]
carboxymethyl cellulose- method TEM, and DLS tissue
hydroxyapatite nanocomposite engineering,
and Fe3 + ion
sensing
6 Poly (2-hydroxyethyl In situ FTIR, DSC, TGA, XRD Drug delivery Bounabi [52]
methacrylate)/clay composites free-radical systems of et al.
polymerization paracetamol
7 Chitosan-g-poly(acrylamide)/ZnS Microwave FTIR, XRD, EDX, SEM, TEM, Drug delivery and Gupta et al. [53]
nanocomposite radiations TGA antimicrobial
technique activity
(Continued)



Table 3.1 (Continued)

No. | Polymer-based nanocomposites Fabrication Characterization/properties Applications References Ref.
(PNCs) techniques no.
8 Structural nanocomposite Modified coaxial SEM, TEM, XRD, FTIR Colon-specific Wang et al. [54]
consisted of tamoxifen citrate electrospraying delayed drug
and polyvinylpyrrolidone as process delivery
core and shellac as shell
9 Doxorubicin loaded Incorporation of FTIR, UV—Vis, SEM Potential Javanbakht [55]
carboxymethyl cellulose/ graphene anticancer drug et al.
graphene quantum dot quantum dot delivery system
nanocomposite hydrogel films
10 5-Fluorouracil loaded chitosan/ In situ method FT-IR, XRD, VSM, TGA, and Potential Mohammadi [56]
polyacrylic acid/Fe;0, SEM analysis anticancer drug et al.

magnetic nanocomposite
hydrogel

delivery system
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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. 2HCI] 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