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Abstract
Due to their light weight, high specific strength, and low cost, polymer composite (PC) materials are used in a variety of 
industrial and home applications. An appropriate nanofiller can be used to improve the different performances of polymer 
composites. The present study gives an insight into the use of nanofillers in polymer composites, and their influence on 
the performance of polymer composites is summarized. The broad classification of processing routes of nanofiller and 
nanofiller-based polymer composites is also presented. As we are moving towards a greener society, the biodegradability of 
the polymer composites and their suitability along with the life cycle stages of PCs are also highlighted. Although nanofill-
ers significantly improve the overall performance of biocomposites, excessive use of nanofillers is not recommended. The 
nanotoxicity associated with excessive use of nanofillers is addressed, and the emerging applications of nanofiller-based 
biocomposites are also discussed.
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1  Introduction

Synthetic fiber–based reinforced composites have been used 
in various industries like automobile, aerospace, construc-
tion work, and medical field. This is mainly because of their 
unique properties and their multifunctionality. But these 
composites are non-biodegradable and are harmful to the 
environment, so to overcome this concern, biopolymers were 
used instead of synthetic fiber to reinforce the composite. 
Using biopolymer made the composite partially biodegrad-
able. But a problem arises when the biopolymers are used 
in composites. The biopolymers which are used are hydro-
philic, while the matrix material is usually hydrophobic; 
this leads to weak interfacial adhesion between these two 
components which further leads to poor properties of the 

composite. To overcome this problem, nanofillers are used 
in the composite. These nanofillers improve the interfacial 
adhesion between these components and are also shown to 
improve the properties of the composites. It has been seen 
that using nanofillers improves the mechanical properties, 
thermal properties, electrical properties, water absorbing 
ability, etc. of the composite. Using nanofillers in the com-
posite helps in promoting the usage of biopolymers to rein-
force the composite instead of synthetic fibers. This leads to 
the usage of non-toxic material in the interior of automobile 
bodies which will lead to a reduction in the emission of toxic 
gases from the synthetic components of the interior of the 
vehicle when the body is heated up. It usually occurs when 
the vehicle is left standing in the sunlight for long hours. It 
will also increase the strength of the components of the auto-
mobile and also reduce their weight as plant fiber is lighter 
than synthetic fiber leading to better fuel economy and also 
reducing the pollution caused by the vehicle.

A lot of research has been conducted in the last decade 
on various fields related to polymer nanocomposites, and 
similarly, a lot of research is going on regarding improv-
ing the properties of biocomposites by adding nanofillers 
in it and also finding places where they can be used. Lizun-
dia et al. [1] studied the lignin-based nanocomposites and 
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nanohybrids. Authors evaluated the polymer composite 
made of lignin with polysaccharide-biobased blend (like 
lignin/cellulose, lignin/starch), lignin protein–biobased 
blend (like lignin/plant protein, lignin/animal protein), 
lignin and synthetic biopolymers, lignin as fillers in natural 
matrices, and lignin as fillers in biobased synthetic matrices. 
Authors found that in polymer composite made of lignin and 
polysaccharide-biobased blend, it increased the adsorption 
capacity of composite for dyes and organic pollutants; it 
also increased the thermal stability and thermal insulation 
and also provided mechanical reinforcement to the compos-
ite. But when lignin was mixed with synthetic biopolymers, 
the properties were poor. Authors also found that lignin 
can be used to improve the mechanical and thermal proper-
ties of natural rubber matrices. The authors concluded that 
lignin-based polymer nanocomposites can be used for flame 
retardancy, food packaging, plant protection, energy stor-
age applications, and biomedical applications. Liu et al. [2] 
studied the ways to produce lightweight high-performance 
carbon–polymer nanocomposites for electromagnetic inter-
ference shielding. The authors developed three strategies: 
The first was to use carbon foam with polymer backfilling 
which produced carbon–polymer composite with excellent 
mechanical and electromagnetic interference (EMI), the sec-
ond strategy was to use hybrid fillers to use more than one 
type of carbon nanofillers to form the composite, and the 
last strategy was to form a segregated structure with conduc-
tive filler-encapsulated polymer. They found that lightweight 
carbon–polymer composites with suitable pore size and pore 
structure can provide good internal reflections and overall 
absorption, hence providing good electromagnetic shielding.

Idumah and Obele [3] studied the influence of the inter-
facial characteristics of polymer nanocomposites on their 
properties. The authors found out that the main parameter 
influencing the overall performance of the polymer nano-
composites was the level of interaction between the nanore-
inforcement and the polymer matrix. Agglomeration of these 
components leads to a reduction in the size of the interface 
and limits the stress transfer on the material, hence affect-
ing its mechanical properties. Amari et al. [4] highlighted a 
review article about the preparation and utilization of clay 
nanocomposites for pollutant removal. Authors found out 
that the clay polymer nanocomposites have better-adsorbing 
capabilities for water/wastewater treatment. It can absorb 
bacteria, metals, phenols, tannic acid, pesticides, dyes, etc. 
It also provides the advantage of being cheap, easy to syn-
thesize, eco-friendly, high capacity, etc. The results shown 
for cleaning water/wastewater were very promising. Various 
researchers have studied the effect of nanofillers on the prop-
erties of polymer composites. Kim et al. [5] have studied 
the fire retarding abilities of nanofillers. Authors have stud-
ied different flame retardants which can be used to control 
the flame diffusion rate or to prevent any further ignition 

of the components. The authors have categorized the flame 
retardants as reactive flame retardants and additive flame 
retardants. In the case of additive flame retardants, they are 
physically mixed with the polymer composite at the time 
of manufacturing; they do not chemically react with the 
polymer composite materials. The reactive flame retard-
ants chemically react with the polymer composite and are 
attached either to the end or side of the polymer chain. The 
flame retardants studied in the paper were single-walled car-
bon nanotube, multiwalled carbon nanotube, graphene, gra-
phitic carbon nitrides, nanoparticulate magnesium hydrox-
ide, MoS2@TiO2 nanohybrids, nanoparticulate zeolitic 
imidazolate framework-8, modified Sb2O3 nanoparticles, and 
MXenes. It was found that to enhance fire-retarding capa-
bilities, the dispersion of nanofillers must be controlled. It 
was also found that the formation of a continuous protective 
layer consisting of a network of nanoparticles is a key flame-
retardant process for nanofillers.

In addition to the above finding, some researches in the 
addition of nanofiller in biocomposites have also been done. 
Lin et al. [6] incorporated two nanofillers which were cellu-
lose whiskers and starch nanocrystals into the aliphatic pol-
yester to produce biodegradable poly(butylene succinate)/
nanocrystals biocomposites. Both of the nanocrystals used 
contains polysaccharide. On the addition of nanocrystals 
into the composite, a percolated network was formed due to 
the nucleation of the nanocrystals which led to improvement 
in the crystallinity and the thermal properties of the compos-
ite. The nanocrystals were also found to improve the young’s 
modulus and elongation at break of the composites. Salaber-
ria et al. [7] studied the properties of biocomposite made 
of starch and containing chitin nanocrystal and nanofiber 
in the form of nanofillers. The nanocomposite was made 
by melt-mixing method. On the addition of nanofillers and 
dispersing them uniformly across the matrix, a strong hydro-
gen bonding interaction take place between the filler and the 
matrix which in turn improves the thermal stability, storage 
modulus, and mechanical properties of the composite. Xie 
et al. [8] did a review article on the usage of different nano-
fillers in biocomposites made of starch. The authors found 
that among different nanofillers, phyllosilicates like MMT 
have been more commonly used with starch because of their 
easy availability, low cost, and high aspect ratio. After this, 
the second most common nanofillers were polysaccharide 
based because of their similarity in structure to starch and 
their natural origin which makes their availability wider. It 
was found that with the addition of nanofiller, the proper-
ties of the starch-based biocomposites are shown to improve 
considerably. Hence, various researchers have studied the 
properties of the polymer nanocomposites. The basic con-
stituents of the polymer composites are shown in Fig. 1.

In addition to the abovementioned details, it has been 
found that the usage of polymer composites and their 
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effect on the environment are governed by three major 
factors which are as follows: biodegradability, nanotoxic-
ity, and sustainability. In order to attain a greener soci-
ety, it is important that the nanocomposites produced are 
also harmless to the environment which can be attained 
by making it biodegradable or by reducing its nanotox-
icity and increasing its sustainability. Usage of natural 
materials such as matrix, reinforcement, and nanofill-
ers for composite has shown to make the nanocomposite 
itself degradable, but it also presents further problems. 
The addition of nanofillers in the composite can relate to 
causing nanotoxicity in various organisms when inhaled 
or ingested into their bodies through different means. 
Similarly, certain nanofillers having antimicrobial prop-
erties may retard the growth of decomposing microbes 
on the surface of composite which may reduce its bio-
degradability. Hence, all these factors must be taken into 
consideration.

The present work focuses on the advancements made 
in the field of polymer nanocomposites. The mechani-
cal properties of the polymer nanocomposites have been 
reviewed. And the potential application of these nano-
composites including automobile components has been 
analyzed while considering their mechanical proper-
ties, flexural properties, tribological properties, impact 
strength, etc. The different factors which affect the usage 
of nanocomposites like biodegradability, sustainability, 
and nanotoxicity and the limitations of using nanofillers 
in polymer composites along with their emerging applica-
tions are also discussed.

2 � Nanofillers: types and their processing 
routes

Nanofillers are receiving a great deal of attention nowa-
days due to their unique properties. When polymer com-
posites are made, it requires adhesion between the two 
components of the composite; otherwise, the properties of 
the composite would be worse than its base constituents. 
Sometimes, the components used in making the polymer 
composites do not have proper adhesion between them; 
so to overcome this, problem nanofillers are used. This 
nanofillers help in modifying the compatibility between 
the two components of the polymer composite and help in 
providing proper adhesion between them. In addition to 
this, the addition of nanofillers is also known to provide 
extra enhancement in certain properties of the polymer 
composites like flame retardancy, mechanical properties, 
thermal properties, and electrical properties. The enhance-
ment in properties of the polymer composite depends on 
the type of nanofiller added into the composite, their com-
patibility with the constituents of the polymer composites, 
and also, how well they were dispersed within the blend. 
When these nanofillers are added to the polymer compos-
ite, the resulting composites are usually called polymer 
nanocomposites. These polymer nanocomposites have a 
wide range of applications because of their unique prop-
erties and better suitability for the job due to the addition 
of the nanofillers. The broad classification of nanofillers 
is shown in Fig. 2.

Fig. 1   Basic constituents of polymer nanocomposites



13662	 Biomass Conversion and Biorefinery (2024) 14:13659–13690

1 3

They are used in fields like automobiles, aerospace, injec-
tion molded products, coatings, adhesives, fire-retardants, 
packaging materials, microelectronic packaging, optical 
integrated circuits, drug delivery, sensors, membranes, med-
ical devices, and consumer goods. The effect of nanofillers 
on polymer composites is highlighted in Fig. 3. Figure 3 
describes the various effects that the nanofillers have on the 
polymer composite. Adding nanofiller in the composite is 
found to improve the properties of the composite. The prop-
erties which are most commonly enhanced are shown in the 
figure. Another effect of addition of nanofiller is nanotoxic-
ity. The various ways of causing nanotoxicity are shown in 
the figure. In cytotoxicity, the cell of the organism is affected 

by the nanomaterials; in genotoxicity, the DNA of the organ-
ism is affected by the nanoparticles; and in oxidative stress, 
the oxygen reactive species in the body increases beyond 
a certain limit which leads to damage to DNA and tissues 
which is very difficult to heal. Nanofillers are also found to 
impart self-healing properties to the composite. These self-
healing properties are activated in two ways either by some 
internal/intrinsic sources or by extrinsic/external sources. 
These sources of activation are shown in the figure.

A lot of research has been going on to study how dif-
ferent nanofillers affect the properties of different polymer 
composites. Vinay et al. [9] studied the mechanical and 
tribological properties of Al2O3 nanofiller in basalt/epoxy 

Fig. 2   Types of nanofillers

Fig. 3   Effect of nanofillers on polymer composites
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composite. The composite laminates were prepared using 
the hand layup technique. Authors found that when using 
Al2O3 as filler in the composite, the tensile strength of the 
composite decreased, and the flexural strength of the com-
posite increased by 31% for 0.4 wt% of nanofiller when com-
pared to unfilled composite. The wear rate for the composite 
with 2.4 wt% nanofiller was found to be 40% less than the 
unfilled composite. The hardness also increased by 23% for 
2.4 wt% of nanofiller. The impact strength also increased by 
36% for 1.2 wt% of the nanofiller added to the composite. 
Thus, the overall mechanical and tribological properties of 
the composite were found to be improved after the addition 
of Al2O3 nanofiller.

The overall mechanism of interaction of nanofillers in 
polymer composites is illustrated in Fig. 4. Figure 4 shows 

that in the absence of nanofillers, the polymers and matrix 
have different properties which make the interfacial adhesion 
between the two components weak. But with the addition 
of different nanofillers into the composite, the fillers act as 
connecting link between the two components, hence improv-
ing the interfacial adhesion between the components and 
improving the properties of the components also.

Cazan et al. [10] have published a review on the effect 
of titanium dioxide filler on the mechanical properties of 
polymer nanocomposites. The authors focused on the effect 
of composition parameters and technological parameters on 
the mechanical strength of polymer nanocomposites. After 
the review, the authors concluded that the major factor 
affecting the mechanical properties of the polymer nano-
composite was the interfacial connection formed between 

Fig. 4   Mechanism of interac-
tion of nanofillers in polymer 
composites
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the filler and the composite. It was also found that the addi-
tion of TiO2 as nanofillers in the polymer composite led to 
improvement in mechanical properties which are the tensile 
modulus, tensile strength, toughness and fracture tough-
ness, fracture energies, flexural modulus, flexural strength, 
elongation at break, fatigue crack propagation resistance, 
abrasion, pull-off strength, and fracture surface properties. 
Alizadeh-Sani et al. [11] studied the characterization of pol-
ymer nanocomposite made when whey protein biopolymer 
was loaded with TiO2 nanoparticles, cellulose nanofibers, 
and rosemary essential oils. The authors found that by mix-
ing both titanium dioxide and rosemary essential oil into 
the whey protein/cellulose nanofiber composite, the result-
ant nanocomposite had good antioxidant and antimicrobial 
properties. It also showed good mechanical properties and 
good morphological features.

Roy et al. [12] studied the effects of the incorporation 
of melanin nanoparticles into the cellulose fiber reinforced 
composite films. Authors found out that after the addition 
of melanin in cellulose-based composite, the transparency 
of the composite went down by 26% and the UV shield-
ing increased by 44%. In addition to it, there was a sig-
nificant rise in the tensile strength, young’s modulus, and 
the elongation at the break of the composite. The thermal 
stability of the composite was not affected by the melanin 
nanoparticles. But it helped in increasing the antioxidant 
activity of the cellulose composite. Furthermore, the water 
vapor barrier property and the surface hydrophobicity of 
the composite were also increased with the addition of the 
nanofillers, hence making the nanocomposite suitable for 
food packaging industries. Ponnamma et al. [13] studied the 
effect of nickel ferrite (NiFe2O4) nanoparticles electrospun 
in poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-
HFP) and their potential application for energy harvesting. 
The authors mixed the nanofiller in three different concentra-
tions of 1, 2, and 3 wt%. It was found that by the addition of 
the NiFe2O4 nanoparticle into the composite, the piezoelec-
tric output voltage of the composite increased by 21%, while 
it is dielectric, constant increased by 15%. It also increased 
the magnetization and the polarization effect of the poly-
mer. Saberi et al. [14] studied the effect of graphene oxide 
(GO)–Cu nanofillers on the mechanical and antimicrobial 
properties of Mg–Zn composites. Authors discovered that 
by adding GO–Cu, the compressive strength and the micro-
hardness of the composite also increased. In addition to this, 
the antibacterial properties of the composite also increased 
after the addition of the nanofillers.

Zambrzycki et al. [15] studied the effect of the addition 
of secondary carbon nanofillers on the conductive polymer 
composite based on epoxy resin and graphite. Graphene 
nanoplatelets were chosen as the nanofillers for the study. 
Authors tested the mechanical, electrical, and thermal 
properties of the nanocomposite and compared it with the 

guidelines for the conductive polymer composites laid 
down by the US Department of Energy (DOE) and found 
that by the addition of 4% of graphene nanoplatelets, the 
electroconductivity of the nanocomposite was 2.6 times 
more than the requirement laid out by DOE; similarly, 
thermal conductivity was 4 times more than the require-
ment of DOE, flexural strength was 1.6 times more than 
the requirement of DOE, and the thermal stability was also 
found to be high. It was found that these improvements 
were because of the high packing density of the fillers 
and also an effect of the high conductivity of graphene 
nanoplatelets. From these research papers, it was found 
that among the nanofillers which were being commonly 
used for the study, they can be categorized as synthetic 
and natural nanofillers.

2.1 � Synthetic nanofillers

These nanofillers are artificially produced by humans and 
are not directly obtainable from nature. They are produced 
using chemical and mechanical methods. These nanofill-
ers have been extensively used in various applications to 
increase the properties of polymer composites. A draw-
back with these materials is that they are biodegradable 
but take a long time, unlike natural fillers. These fillers are 
also known to cause nanotoxicity which leads to various 
problems in the brain, lungs, etc. and is harmful to human 
health [16]. These nanofillers can be further differentiated 
based on their constituents into nanoclays, metal oxides, 
carbon nanofillers, metallic particles, and other materials. 
Some examples of synthetic nanofiller are layered sili-
cates, nanoclay, TiO2, Al2O3, silver nanoparticles, carbon 
nanotubes, graphene, graphite, etc.

Dal Pont et al. [17] used aminosilane-modified synthetic 
lamellar nanofillers in styrene–butadiene rubber–based 
polymer composite and studied the change in properties. 
After the addition of the nanofillers, there were improve-
ment in the mechanical properties of the composite, but 
the gas permeability coefficient of the composite remained 
the same, thus producing a unique component with such 
mechanical and gas permeability properties. It was also 
found that addition of further nanofiller reduced the gas 
permeability by a factor of 2 for every 9 wt% of the nano-
fillers added. Yousfi et al. [18] studied the effect of syn-
thetic talc as nanofiller in polypropylene and polyamide 
6 systems. The author found that on addition of talc in 
polypropylene systems, it improved the elastic modulus 
and the thermal stability of the matrix. While in poly-
amide 6 systems, the addition of talc was found to affect 
the mechanical properties of the composite based on its 
distribution or dispersion on the surface of the matrix.
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2.2 � Natural nanofillers

These nanofillers are made by modifying or processing 
the compounds found naturally from natural sources like 
trees, animals, and algae. They are produced by extracting 
the required component from the source and then treating 
it further to make it useful as nanofillers. These materi-
als unlike synthetic fibers are easily biodegradable; hence, 
they possess less threat to the environment. And unlike 
synthetic nanofillers, they are not known to cause nanotox-
icity. Some typical examples of natural fillers are natural 
fibers (like sisal, cellulose, flax, hemp) and natural clay 
[16].

Koshani et al. [19] studied the application of modified 
hair-like cellulose nanocrystals for food packaging appli-
cations. The authors were able to produce photobacteri-
cidal cellulose nanocrystals using Rose Bengal photosen-
sitizer. The photobactericidal nanofiller was found to kill 
some of the most common food bacteria, easily making it 
suitable for usage in food packaging applications.

2.3 � Processing routes of nanofillers

For the production of polymer nanocomposite, it is neces-
sary to first create nanofillers which needs to be used as 
fillers in polymer composite to convert them into polymer 
nanocomposites. Creation of nanofillers can be done using 
different ways, most of which consists of converting bigger 
size fragments of filler materials into smaller nanoparticles 
using different techniques so as to use them as nanofillers. 
The following methods are used to synthesize nanofillers.

2.3.1 � Hydrothermal synthesis

It is one of the most commonly used methods to produce 
nanoparticles. It is a solution reaction-based approach. In 
it, a solution of the precursor and water is heated in a 
stainless-steel autoclave vessel to an elevated temperature 
above 100 °C. Due to the rise in the temperature, the pres-
sure inside the vessel also tends to increase. The combined 
effect of both the high temperature and high pressure leads 
to the production of highly crystalline materials. These 
crystalline components are highly pure as the precursors 
used are supposed to be free from impurities. Further in 
this method, the morphology of the produced material can 
be manipulated by varying the pressure according to the 
vapor pressure of the constituents. This method can also 
be used to produce nanomaterials which are otherwise 

unstable at high temperatures. Using this method, oxides, 
silicates, nanoclays, etc. can be produced [20].

2.3.2 � Sol–gel synthesis

Sol–gel method is a wet chemical method used for pro-
ducing nanoparticles and is more commonly used for 
production of metal oxide nanoparticles. It is one of the 
conventional methods used for production of nanoparti-
cles and is also used commonly in industries. In addition 
to metal oxides, it can also be used to produce ceramics. 
The first step in sol–gel process is mixing the precursor 
with alcohol or water depending on its solubility in the 
solvent. Then, the solution is converted into gel by heating 
and stirring by hydrolysis or alcoholysis depending on the 
solvent used. This removes the solvent from the gel, but 
the gel is still damp or wet, so it is then dried. The method 
used for drying depends on the properties and application 
of the nanoparticles to be produced. It is beneficial in pro-
ducing nanoparticles having a different composition. The 
advantages of using sol–gel synthesis for the production 
of nanoparticles are as follows: Low temperature is used 
for synthesis hence nanoparticles which decompose or 
deteriorate at a high temperature can be produced by this 
method, the nanoparticles produced by this method have 
high purity, it has high production efficiency, it is useful 
in producing optical components, it is useful in producing 
composite oxides, and the final product can be utilized in 
unique forms like fibers, aerogel, and surface coatings. 
The disadvantage of this method is that during drying, 
crack formation may take place which may deteriorate the 
properties of the product [21].

Pomogailo [22] studied about sol–gel synthesis for 
hybrid nanocomposites. The author found sol–gel synthe-
sis to be suitable for mixing organic materials with inor-
ganic materials for the fabrication of hybrid nanocompos-
ites. It is able to incorporate various organic, inorganic 
modifiers, large molecules, and even metallic nanoparti-
cles of varying sizes. It is possible because the materials 
can be easily encapsulated in the starting stages of the 
sol–gel synthesis process.

2.3.3 � Chemical vapor deposition

Chemical vapor deposition is a chemical deposition 
method used to prepare solid materials of high perfor-
mance and high quality. It is conducted mostly in a vac-
uum. It involves a chemical reaction which takes place 
when the particle commonly metallic oxides or halides are 
in vapor form. This chemical reaction takes place between 
the vapor precursor and the gases which leads to the pro-
duction of non-volatile solid particles which is deposited. 
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This method is very versatile and can be used to produce 
coatings, powder, fibers, etc. [23]

2.3.4 � Microwave synthesis

It has been widely used in synthetic organic chemistry for 
production of a wide variety of materials. It is used for pro-
duction of extremely high quality of nanoparticles. It is a 
one-pot synthesis method in which the nanoparticle is pro-
duced by microwave heating of the precursor dissolved in 
a solvent. In it, the precursor is usually dissolved in sol-
vent like methanol and ethanol or in water. In this method, 
nanoparticles of diverse sizes and different morphology can 
be produced by varying various parameters like precursor 
used, concentration of the precursor used, solvent used, or 
the parameters of the instrument like power, pressure, and 
temperature. This method can be used to produce nanopar-
ticles having monometallic or bimetallic nanostructures. 
It is also used to produce carbon-based nanostructure like 
graphene and carbon nanotubes. Advantages of using this 
method are that the source of heating is efficient which leads 
to high reaction rate which further leads to faster synthesis 
of the nanoparticles; by varying the parameters, the size and 
shape of the nanostructure can be controlled; materials can 
be selectively heated based on their reaction to the micro-
wave; and in it, the components are more uniformly heated, 
etc. It also has some disadvantages which are as follows: It 
cannot be currently reproduced at a large scale for industrial 
production of nanoparticles, the application of this method is 
limited as only some materials absorb microwaves, and there 
is also health-related concern as long exposure to microwave 
can be harmful for human health, etc. [24].

Bogdal et al. [25] did a review article about the produc-
tion of polymer nanocomposites under microwave irradia-
tion. Microwave synthesis helps in preventing unnecessary 
heat build-up during certain thermal stages in the production 
of nanofiller by keeping the temperature within the limits, 
thus preventing any thermal damage to the nanofiller. If done 
properly, the microwave synthesis can be used to make fillers 
quite easily, but if not done properly, the product is always 
bad.

2.3.5 � Ball milling process

Ball milling process is a mechanical method which is 
used to process materials into much finer materials using 
mechanical forces. It is widely used in research purposes 
for production of nanocomposites and nanoparticles. The 
balls used for grinding are made of materials with high 
hardness like iron, hardened steel, silicon carbide, or tung-
sten carbide depending on the requirement. In it, local-
ized high-pressure areas are generated by movement of 
small rigid balls in a closed container. The powder of the 

materials which is to be crushed is put in the container and 
the machine is turned on. The collision of the balls inside 
the container leads to production of high shear or compres-
sive stress which leads to further breakdown of the powder 
into much finer powder and nanoparticles. The advantages 
of using this method are that it is cost-effective as much 
complicated machines are not required for this process; 
it has good scalability; as low-cost machines are used, it 
can be used on an industrial scale; it is a straightforward 
process; the size of the nanoparticle can be controlled by 
the speed of the ball rotation; etc. Disadvantages of this 
process are that the shape of the nanoparticles produces by 
this method is irregular and cannot be controlled, contami-
nants from the ball or milling process can contaminate the 
nanoparticles produced, and the crystal nanoparticles pro-
duced by this method can have crystal defects in it which 
may affect their properties [26].

Gorrasi and Sorrentino [27] studied the mechanical 
milling process as a source of producing structural and 
functional bionanocomposites. The authors have found 
that in the case of materials which are susceptible to high 
temperature or are chemically reactive, the materials can 
be crushed by using milling process. It does not require 
any chemicals and can also be used for coating certain 
inorganic substances.

3 � Processing of polymer composites using 
different nanofillers

Polymer composite needs to be properly blended, or it can 
be said that the nanofillers needs to be properly dispersed 
in the polymer matrix of the polymer composite for it to 
function properly and to improve the properties of the 
polymer composite. If the dispersion of the nanofillers in 
the composite is not done properly, then the effect of add-
ing nanofillers in the composite can be adverse, and it may 
instead degrade the properties of the polymer composite. 
These methods are used to produce nanocomposite by 
mixing the composite materials and the nanofillers. The 
nanofillers unlike normal mixtures cannot be simply added 
to the composite by using force as it will lead to improper 
bonding or adhesion between the matrix materials and the 
nanofillers which will further lead to poor properties of 
the nanocomposites. Hence, specialized techniques are 
required to mix the nanofillers into the composite so that 
it gets dispersed properly and provides the desired proper-
ties and results needed. A wide range of processing routes 
is illustrated in Fig. 5.

Now, the various processing techniques by which nano-
fillers are blended into the polymer matrix are highlighted 
below.
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3.1 � Melt intercalation

Melt intercalation is an environment friendly nanocomposite 
preparation method. It can use all types of polymers and is 
also capable of being used for production in industries. It can 
also be used along with industrial processes like extruding 
and molding. In this process, the nanofillers are diffused 
into a molten viscous polymer solution at high temperatures. 
The process of melt intercalation has been divided into four 
steps: First is breaking of the initial agglomerates by the 
polymer, then infiltration of polymer chain into the initial 
agglomerate to weaken them, dispersion of agglomerate by 
rupture or erosion, and then finally distribution of nanofill-
ers into the matrix. The advantage of this method is that it 
is environment friendly and is cost-effective. The disadvan-
tage of this method is that the dispersion of nanofiller at 
higher concentrations is not proper. Gabriel et al. [28] did 
a review article on the effect of melt intercalation to make 
bioplastics and their effect on the tensile strength and elon-
gation at breaking of the composite. They reviewed various 
papers regarding bioplastics made from different plasticizers 
and with or without fillers. The review showed that among 
the plasticizer used, glycerol was the best plasticizer which 
increased the tensile strength and the elongation of the bio-
plastics the most. It was also found that by adding fillers like 
ZnO, chitosan, and clay, the properties of the bioplastics 
were adversely affected.

3.2 � Solution intercalation

In solution intercalation, the driving force for the reaction 
is the desorption of the solvent. The solution intercalation 
process can be subdivided into smaller steps which are 
as follows: dispersion of nanoparticles into a solution by 
constant mixing, mixing of the nanoparticle solution and 

the polymer solution by proper mixing and stirring, and 
finally, the nanocomposite crystal is precipitated from the 
solution by evaporating the solvent. Most commonly, car-
bon nanotubes and related nanocomposites are prepared 
using this method. Lawchoochaisakul et al. [29] studied 
about the use of cation starch intercalated montmorillonite 
nanocomposites as adsorbent for dye removal and its use 
in water purification. Authors developed nanocomposites 
of cationic starch–intercalated montmorillonite (Mt-CST) 
using solution intercalation technique. The mass ratio of 
Mt-CST to the cationic group were varied to study their 
effect on the adsorption of dye. It was found that with 
increasing mass ratio of T-CST, the adsorbing property of 
the dye also increased. The reason for increased adsorp-
tion was found to be that the CST increased the size of 
interlayer spacing among the Mt particles which led to 
availability of more space for adsorption.

Xavier [30] studied about the corrosion protection 
effect of polydopamine-intercalated CeO2/polyurethane 
nanocomposite coating on steel. The environment that 
was created for corrosion testing utilized a 3.5% solution 
of NaCl. Various compositions of coating like polyure-
thane only (PU), polyurethane–polydopamine coating 
(PU-Pda), polyurethane-CeO2 coating (PU-CeO2), and 
polydopamine-intercalated CeO2/polyurethane (PU-Pda/
CeO2) coatings were analyzed in the study. The author 
found that PU-Pda/CeO2 nanocomposite coating provided 
the best corrosion resistant coating for the steel. After the 
analysis, it was found that the PU-Pda/CeO2 coating pro-
vided corrosion resistance even after being immersed in 
3.5% NaCl solution after 60 days. It was found that Pda/
CeO2 addition in the nanocomposite led to improvement 
in its interfacial adhesion and mechanical properties which 
led to strengthening of the coating; hence, it improved the 
performance of the coating.

Fig. 5   Processing routes for Nanofillers-based polymer composites
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3.3 � In situ polymerization

It is the process of grafting the nanofillers itself on the sur-
face of the polymer matrix. This technique is advantageous 
as it can be used for both thermoset and thermoplastic. Using 
this method leads to well-dispersed nanofillers particle 
across the matrix, and the intercalation of the filler is also 
good. Kalotra and Mehta [31] studied about the synthesis 
of polyaniline/clay montmorillonite nanocomposite and its 
potential application in removal acid green 25 dye for waste-
water treatment. The authors utilized HCl as the catalyst and 
ammonium persulfate as the oxidizing agent for the in situ 
polymerization technique. During the in situ polymerization 
technique, the ratio of oxidant to the monomer was kept at 
1:1 and the process was performed at two different tempera-
tures which were 0 °C and 20 °C. It was found that complete 
removal of the dye from the sample took place in around 
30 min, and on increasing the temperature, the time taken 
decreased. The nanocomposite removed dye faster than just 
montmorillonite.

4 � Nanofillers: influence on properties 
of polymer composites

The polymer composites formed usually have good mechani-
cal properties, thermal properties, electrical properties, etc. 
But sometimes, when a certain matrix and reinforcements 
are combined together to form a polymer composite, some 
of the properties of the obtained polymer composite may not 
be satisfactory or it may have some other problems like poor 
interfacial adhesion, poor wettability, moisture absorbing 
nature, and poor fire retardancy, which may hamper the use 
of the specific polymer composite under the required work-
ing conditions. So, to overcome these problems and make the 
polymer composite fit for use under the required conditions, 
nanofillers are added into it. These nanofillers are used as an 
added filler in addition to the polymer matrix and reinforce-
ment and are dispersed into the polymer composite matrix 
and gets bonded with their constituent component. These 
nanofillers then provide these polymer composites with 
countless benefits like increasing their wettability, providing 
them fire retarding ability, and providing proper adhesion 
between their surfaces, which help them to function under 
certain required conditions more satisfactorily. Addition of 
these nanofillers into the polymer composite gives them a 
new shape, and they are called polymer nanocomposites. It is 
found that by addition of nanofillers in a polymer composite, 
it affects the surface properties of the fiber reinforcement 
like its smoothness, roughness, and wettability of the fiber 
with the polymer resin. Addition of these nanofillers also 
affect the debonding of the fiber reinforcements form the 
matrix and their interfacial adhesion. These changes in the 

properties of the constituents and the interaction between 
them by the addition of nanofillers lead to improvement in 
the overall strength of the polymer nanocomposites when 
compared to the original polymer composite. Though, not 
all nanofillers go along with the any matrix or fiber rein-
forcement of the polymer composite. Hence, when mixing 
the nanofillers into the polymer composite, their interaction 
with the matrix and fibers should be known; otherwise, the 
properties of the composite may deteriorate after the addi-
tion of nanofillers.

4.1 � Mechanical and tribological properties

It is found that the mechanical property of the composite 
tends to improve when the nanofillers are added into it. The 
key parameters evaluated for studying the mechanical prop-
erties of a polymer composite are tensile strength, flexural 
strength, impact strength, tribological properties, and the 
percentage of elongation at break. Some study says that the 
increase in the mechanical properties of the polymer nano-
composites is due to the fact that by addition of nanoparti-
cles, some of the stress applied on the polymer composite 
is transferred to the nanoparticle which helps the compos-
ite to absorb more stress than before. Some study says that 
the hydrogen and the covalent bond present in the matrix 
and the nanoparticles creates bond between them which 
leads to increase in their properties, while some study says 
that the nanoparticles fill the intermolecular gaps present 
between the composite materials which leads to stronger 
intermolecular attraction giving rise to better mechanical 
properties. Vinay et al. [9] studied about the effect of Al2O3 
nanofiller on basalt/epoxy composite and found that the 
addition of nanofiller not only led to improvement in wear 
rate, flexural strength, and impact strength of the composite, 
but it also decreased the tensile strength of the component. 
Uflyand et al. [32] studied about the mechanical and tri-
bological properties of the polymer composite made from 
Al65Cu22Fe13 quasicrystal nanofiller and low-density poly-
ethylene. The authors found that after the addition of the 
nanofiller, the antiwear properties of the nanocomposite 
were found to be 57% more than pure matrix. The addition 
of nanofiller also improved the modulus of elasticity and the 
tensile strength of the nanocomposite.

4.2 � Thermal properties

It has been seen that the addition of certain nanofillers into 
the polymer composite leads to improvement in the thermal 
stability, thermal conductivity, and decomposition tempera-
ture of the polymer composite. The major reason for the 
improvement was found out to be the improved interfacial 
adhesion between the constituents of the composite. Though 
according to different studies, varied reasons are found. 
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Meneghetti and Qutubuddin [33] studied about the synthe-
sis, thermal properties, and applications of polymer–clay 
nanocomposites. The clay used was montmorillonite clay, 
while matrix used was poly(methyl methacrylate). It was 
found that after the addition of clay nanofiller, the glass tran-
sition temperature of the nanocomposite increased by 18 °C. 
In addition to this, there was also an increase in the decom-
position temperature of the nanocomposite. Islam et al. [34] 
studied about the impact of nanoclay on thermal properties 
of nanocomposite made from wood polymer. The authors 
found that the addition of nanofiller leads to improvement in 
storage modulus, glass transition temperature, and dynamic 
modulus of elasticity of the nanocomposite.

4.3 � Flame retardant ability

Nanoclay nanofillers are said to provide a good fire resist-
ance ability to the polymer composite; this is because when 
nanoclay are used, it forms a superficial layer of clay on the 
surface of the composite which leads to reduction in transfer 
of volatile gas and also limits the diffusion of oxygen into the 
composite for further combustion. Higginbotham et al. [35] 
developed a polymer nanocomposite using graphite oxide 
nanofiller and polycarbonate, acrylonitrile butadiene styrene, 
and high-impact polystyrene as matrix. After the addition of 
nanofiller, the flammability of the nanocomposite reduced. 
The main cause of flame retarding ability of the nanocom-
posite is due to formation of continuous, protective layer 
of char which forms over the nanocomposite and provides 
heat-shielding effect to the nanocomposite, making it less 
flammable. Wang et al. [36] studied about the preparation 
and characterization of flame-retardant acrylonitrile butadi-
ene styrene(ABS)/montmorillonite(MMT) nanocomposite. 
Conventional fire retardants like decabromodiphenyl oxide 
(DO) and antimony oxide (AO) were added first only to the 
matrix and then to matrix containing the nanofiller. The 
studies showed that the flame-retardant capacity of the com-
posite improved after the addition of the nanofiller. After the 
addition of nanofiller, the peak heat release rate of the nano-
composite was 33% lower than ABS–DO–AO composite.

4.4 � Magnetic properties

It has been found that some of the nanofillers which are used 
like ferrite and CoFe2O4 have superparamagnetic proper-
ties in them. When these nanoparticles are added to non-
magnetic matrix material, the arrangement of their poles, 
the dispersion of these nanoparticles in the composite mate-
rial, and their collective behavior give rise to the magnetic 
properties and the shielding effect of the polymer composite. 
Novakova et al. [37] studied about the magnetic properties 
of oxidized magnetite nanofiller in polyvinyl alcohol matrix. 
The authors found that the addition of nanofiller leads to 

improvement in the magnetic properties of the composite, 
and the improvement was dependent on the base concentra-
tion of the nanofiller in the matrix of the nanocomposite. 
Sanida et al. [38] studied the effect of Zn ferrite nanopar-
ticles on the properties of polymer nanocomposite. The 
authors used ceramic zinc ferrite as nanofiller, while epoxy 
was used as the matrix. The authors found that the addition 
of nanofiller leads to improvement in the thermomechanical 
and dielectric properties of the nanocomposite. The addition 
of nanofiller also leads to the creation of magnetic properties 
in the non-magnetic matrix component. It was found that 
superparamagnetic behavior was shown by the nanocom-
posite at room temperature.

4.5 � Electrical properties

Some of the nanoparticles used as fillers like metal, graphite, 
and metal oxides have good electrical conductivity. These 
fillers when added to the conductive polymer matrix improve 
the electrical properties of the composite themselves. Pon-
namma et al. [13] studied about the properties of the poly-
mer nanocomposite made using magnetic nickel ferrite as 
the nanofiller and poly(vinylidene fluoride-co-hexafluo-
ropropylene) (PVDF-HFP) as the matrix. The addition of 
nanofiller improved the dielectric strength and piezoelectric 
output voltage by 15 and 21 times, respectively. Zilg et al. 
[39] studied about the electrical properties of organophilic 
layered silicate-based nanocomposite. Polypropylene and 
ethylene–vinyl acetate were used as matrix. The addition of 
the nanofiller leads to an improvement in the conductivity 
of the nanocomposite. Ammar et al. [40] studied about the 
influence of graphene oxide on the mechanical, morphologi-
cal, barrier, and electrical properties of polymer membranes. 
The addition of the nanofiller leads to improvement in the 
mechanical properties, surface wettability, and electrical 
conductivity of the nanocomposite.

4.6 � Optical and radiative properties

It has been found that by using thin plates of nanofillers 
in the polymer composite, the refractive index, transmis-
sivity, emissivity, etc. of the composite can be altered. 
According to studies, the changes in emissivity of the 
composite are due to the interfacial phenomenon which 
leads to alteration of molecular vibration modes of the 
components. Similarly, addition of nanofillers leads to 
scattering and absorption of radiation falling on the nano-
filler plates which leads to variation in transmittance of the 
composite. Mohamed and Abdel-Kader [41] studied about 
the effect of annealed ZnS nanofiller on the mechanical 
and optical properties of the polyvinyl alcohol nanocom-
posite. The addition of nanofiller leads to increase in the 
refractive index of the nanocomposite. At temperature of 
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300 and 400 °C, the nanocomposite shows emission in 
UV, violet, and blue regions, but at 500 °C, the emission 
is only in UV and violet regions. The increase in anneal-
ing temperature showed decrease in absorption spectra 
of the nanocomposite while increase in the transmittance 
spectra of the nanocomposite. Tripathi et al. [42] stud-
ied the non-linear optical properties of CdS/polystyrene 
(PS) nanocomposite. The authors found that the addition 
of nanofiller leads to good non-linear optical properties 
of the nanocomposite with non-linear absorption coef-
ficient and non-linear refractive index as approximately 
4.8 × 10−8 cm/W and 3.9 × 10−8 cm2/W, respectively, mak-
ing it suitable for optical sensors and electronic devices.

4.7 � Water resistance

Usually, water molecules used to fill the intermolecular 
spaces available between the constituents of the polymer 
composites but with the addition of nanofillers in the com-
posite the intermolecular spaces are filled by the nanofillers; 
hence, water absorption of the nanocomposite is decreased 
with the addition of nanofillers. Wang et al. [43] studied 
about the preparation of graphene/poly(vinyl alcohol) 
nanocomposite with enhanced mechanical properties and 
water resistance. The authors used graphene as nanosheets 
to layer the matrix. The addition of graphene nanofiller 
leads to improvement in the mechanical properties of the 
nanocomposite. It also decreased the water absorption of 

Fig. 6   Influence of nanofillers on performance of polymer composites
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the composite from 105.2 to 48.8% while also improving 
the barrier property. Sun et al. [44] studied about water-
based polymer/clay nanocomposite to improve its water and 
moisture barrier property. The water barrier and water vapor 
barrier property were most enhanced in the case of modified 
saponite clay/cetyltrimethylammonium bromide (CTAB) 
nanocomposite. The influence of nanofillers on various 
properties is highlighted in Fig. 6. In Fig. 6, the various 
properties which are affected by the addition of nanofillers in 
polymer composite have been shown along with the names 
of the commonly used nanofillers which tend to improve the 
properties that have been shown below the properties which 
are improved by its addition.

In Table 1, a collection of various papers on addition of 
nanofillers in polymer composite made of different constitu-
ents has been described. In addition to this, the various prop-
erties which have been affected by the addition of nanofillers 
have also been mentioned in the table.

5 � Biodegradability, sustainability, 
and nanotoxicity of nanocomposites

Nowadays, nanocomposites are being widely used in various 
fields due to their better properties as compared to compos-
ites. It utilizes nanofillers which help in improving the prop-
erties of the composites a lot. The materials currently used 
in industries are non-biodegradable which lead to production 
of toxins when allowed to be left in the environment for 
long time which harms the environment and the organisms 
themselves. These materials though beneficial because of 
their better properties are also harmful to the environment 
and the lives and health of countless people and animals. 
So, during the choosing of the materials for manufacturing 
nanocomposites, there are three main characteristics of the 
materials which should be looked into which are the follow-
ing: biodegradability, sustainability, and nanotoxicity.

5.1 � Biodegradability

Biodegradability as the name states is the ability of a mate-
rial to degrade when left in the nature for some time without 
the help of any external treatment. It happens with the help 
of microorganism residing in the soil which decomposes the 
material into smaller compounds like carbon dioxide, water, 
and basic elements [69]. When a material degrades, it is said 
to decompose into its constituent materials and return to the 
soil or nature. These biodegradable materials do not pol-
lute the environment while undergoing degradation. Biode-
gradable components for the production of nanocomposites 
can be found from natural sources like plants, animals, and 
microorganisms [70]. Some of the examples of biodegrad-
able components which can be utilized in nanocomposites 

are chitin, cellulose, flax fiber, jute fiber, coconut fiber, etc.; 
these materials are well suited to be utilized in nanocom-
posites and possess good characteristics too [71]. But they 
are not as effective as synthetic materials in providing the 
required characteristic to the nanocomposites and require 
special treatment to enhance their properties to match that 
of synthetic components, and hence, they are not widely 
used. But with rising awareness of people regarding to pollu-
tion, these materials are getting more attention, and in recent 
years, a lot of research has been going on regarding produc-
tion of different bionanocomposites. It has been found that 
few biopolymers like cellulose, gelatin, polylactic acid, poly-
hydroxy butyrate, polycaprolactone, and polybutylene suc-
cinate have excellent properties like thermal stability, anti-
microbial property, and antioxidant property to be utilized in 
food packaging applications [72]. Similarly, some polymer 
nanocomposites made up of polylactide, polycaprolactone, 
polyvinyl alcohol, polyvinyl pyrrolidone, and cellulose have 
been extensively studied for replacing non-biodegradable 
nanocomposites used in electronics. These nanocomposites 
can be used as substrate, dielectric layers, and active layers 
in electronic components. But the biggest concern is the 
lifetime of such components as being biodegradable; these 
components will tend to degrade when suitable conditions 
are provided to them [73]. A broad classification of polymers 
is illustrated in Fig. 7.

Addition of nanofiller in polymer composite does not 
directly affect the biodegradability of the composite in most 
cases. The addition of nanofillers in the composite leads 
to improvement in the properties of the polymer compos-
ite having natural material involved in its fabrication which 
makes it more suitable for use in different industries, hence 
helping in substituting the already used synthetic materials. 
Though nanofillers having antimicrobial properties may hin-
der the biodegradability of the composite to a certain extent, 
it does not affect the degradability of the composite in the 
long run and it is still easier to degrade than the synthetic 
materials. Biocomposites are usually lacking in properties 
which prevents their usage in major industries as synthetic 
materials provide better properties and are more suitable 
for the work, but with the addition of nanofiller, the proper-
ties of the biocomposite get boosted which make them more 
suitable for replacing synthetic materials. This allows more 
biodegradable materials to be used and helps save the envi-
ronment in the process.

Glaskova-Kuzmina et al. [74] researched about the dura-
bility of bionanocomposite. Authors found out that the usage 
of biodegradable polymer as base for the nanocomposite 
leads to reduced mechanical properties of the nanocom-
posite, but this lack in property can be overcome by using 
suitable nanofillers. In the study, the effect of various fac-
tors like humidity and temperature on the degradation of 
nanocomposite was studied. It was found that the addition 
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of certain nanofillers with antimicrobial properties to the 
composite led to improvement in the barrier property of the 
composite which led to reduced degradation of the nano-
composite. Silva et al. [75] conducted a review based on 
the development related to various biodegradable polymers 
which can be utilized for ligament/tendon tissue engineer-
ing. Authors reviewed about polymers like collagen, algi-
nate, silk, and polysaccharides in the field related to tissue 
engineering. It was found that the collagen and polylactic 
acid were the materials which were used for making the 
biodegradable scaffolds. Guo et al. [76] engineered ther-
mally and electrically conductive biodegradable polymer 
using graphene nanoplatelets and poly(butylene adipate-co-
butylene terephthalate) (PBAT) and blended it with poly-
lactic acid (PLA). PBAT was used because it can manage 
high loading of graphene nanoplatelets, while PLA was used 
because of its low affinity to graphene which confined the 
dispersion of graphene in PBAT. Due to this combination, 
40 wt% of graphene loading was possible and it led to high 
thermal conductivity (338 S/m) and electrical conductivity 
(3.15 W/m K) of the formed nanocomposite. The charac-
teristic allows the nanocomposites to be used in electronic 
industries, and also, the materials used allow the nanocom-
posite to be completely biodegradable. Lalwani et al. [77] 
fabricated nanostructure-reinforced polymer nanocompos-
ites for bone tissue engineering using 2D nanostructures 
like single-walled graphene oxide nanoribbons, multiwalled 
graphene oxide nanoribbons, graphene oxide nanoplatelets, 
and molybdenum nanoplatelets. The authors used biocom-
patible polypropylene fumarate as the matrix for fabricating 
the polymer nanocomposite. Guo et al. [78] created flame 
retardant biodegradable polymer nanocomposite which can 
be used for 3D printing. The author used poly(lactic acid) as 
the matrix constituent, while melamine polyphosphate and 
Cloisite 30B nanoclay were used as fillers. Though MPP 
increased the flame catching tendency of the nanocompos-
ite, adding Cloisite reduced the flaming tendency and also 
improved the mechanical properties of the nanocomposite 
and the materials used are all biodegradable. Mistretta et al. 
[79] studied film blowing of biodegradable nanocompos-
ites for use as greenhouse film or mulching film in agri-
culture. The authors used a blend of polybutylene adipate 
terephthalate and poly(lactic acid) as the matrix and used 
organo-modified nanoclay Cloisite 20A and hydrophobically 
coated calcium carbonate as the filler. The nanocomposite 
film showed comparable properties when compared to low-
density polyethylene films currently used.

5.2 � Sustainability

Sustainability is a goal which takes into consideration three 
main pillars which are environment, economic, and social 
dimensions [80]. Summarizing the various definitions Ta
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available about sustainability, it can be said that sustain-
ability means using the resources available to the current 
generation in a way that it successfully meets the demand 
of the current generation without affecting the future gen-
eration’s ability to meet their demand [81]. In regard to 
nanocomposite, the focus will be on supporting environ-
mental sustainability. So, to ensure that the nanocomposites 
are sustainable, the materials needed for the production of 
nanocomposites can be procured from renewable sources 
like plant, animal, and microorganism sources. And since 
these sources also give rise to biodegradable components, 
these materials are quite beneficial for environment and the 
people. Similarly, if the material is based on waste material 
of some other process or is recyclable, then it also helps in 
making the nanocomposite sustainable. It also shows that 
biodegradability and sustainability go hand in hand [82]. 
In addition to environmental sustainability, it also helps in 
achieving social sustainability as nowadays, the masses are 
trying to find natural products everywhere, be it the daily 
things which are used or some other tools. Usage of biona-
nocomposites in the industries will be beneficial for com-
panies as it will be purchased more by the environmentally 
aware customers making it a better choice than the other 

synthetic material–based products and it will help in improv-
ing the image of the company in the long run too. The other 
aspect of sustainability which is economic sustainability is 
also achieved by the use of biocomposites as most of the 
materials which are used in the fabrication of the composite 
are natural; they are cheaper when compared to the synthetic 
materials used and are more easily available. The production 
of these materials also does not cause pollution, thus making 
it healthy for the environment also. The waste produced after 
the production of the bionanocomposite will also be mostly 
biodegradable which helps in reducing waste treatment pro-
cesses and can be sold for use as manure in farms or other 
industries, thus economically benefitting the company in the 
long run. Thus, bionanocomposite is able to achieve all three 
aspects of sustainability which are environmental sustain-
ability, social sustainability, and economic sustainability.

Kafy et al. [83] studied about the usage of porous cel-
lulose/graphene oxide nanocomposite as electrode material 
which can be used in supercapacitor. The usage of cellulose 
makes the nanocomposite renewable and sustainable as cel-
lulose is gathered from renewable source which does not 
harm the environment. Authors found that the addition of 
graphene oxide in the cellulose matrix led to improvement 

Fig. 7   Biodegradable and non-
biodegradable polymers
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in current density, galvanostatic charging and discharging 
time, and specific capacitance. This improvement makes the 
nanocomposite usable in supercapacitor. Majeed et al. [84] 
conducted a review about the potential materials made from 
nanoclay/natural fiber–filled nanocomposites which can be 
used in food packaging activities. The authors found that 
there has been a lot of research which focusses on using natu-
ral material–based nanocomposite for food packaging indus-
tries. It is beneficial because using such materials makes 
the composite completely biodegradable, cost-effective, and 
sustainable. But the problem faced is the poor properties 
of these natural components when compared to synthetic 
materials and also their degradability and moisture absorb-
ing property which leads to reduction in their storage life and 
may lead to spoiling of the food item stored in them. Thus, 
due to these reasons, these natural material–based nanocom-
posites are not being widely used in food packaging indus-
tries. Chaturvedi et al. [85] studied about the role of carbon 
nanotube on flexural strength and dielectric properties of 
fly ash/epoxy-based nanocomposite. The fly ash used in the 
nanocomposite is a waste material generated while burning 
of coal. It is released along with flue gases on combustion of 
coals. Utilizing this fly ash is similar to using or recycling a 
waste material which would have been discarded. This fact 
makes the nanocomposite sustainable. The addition of car-
bon nanotube in the composite led to slight increase in water 
absorption capability; it also improved the flexural strength 
and the dielectric constant of the nanocomposite, making it 
suitable for using as economic and ecofriendly construction 
and building material. Okoli and Ofomaja [86] studied about 
the development of sustainable magnetic polyurethane poly-
mer nanocomposite for reduction of water pollution caused 
due to tetracycline antibiotics. Authors generated magnetic 
starch by in situ coprecipitation of Fe2+ and Fe3+ in starch 
and then used one-step reticulation to generate magnetic 
starch polyurethane nanocomposite. The advantages of 
using this polymer nanocomposite are its low cost, sustain-
ability due to ease of availability of starch, the addition of 

magnetic property improved the poor mechanical strength 
of starch-based composite, and the adsorbent can be reused 
without much significant deterioration in its performance 
which makes this nanocomposite suitable for the applica-
tion. Thus, there has been a lot of work done to make the 
nanocomposites sustainable such that they are either derived 
from natural or renewable sources or making them recycla-
ble or using waste materials such that they do not consume 
other resources for their construction. Moghadam et al. [87] 
developed paper coated with carboxymethyl cellulose–based 
nanocomposite containing nanokaolin and nanometakaolin 
synthesized from wastepaper for packaging applications. 
The created coated paper showed good mechanical proper-
ties like good tensile strength and air passage resistance, 
making it suitable for use as packing paper. Saba et al. [88] 
created nano-oil palm empty fruit bunch waste–based filler 
and used it to improve the fire properties of kenaf/epoxy 
composite. Usage of waste of oil palm fruit makes the filler 
sustainable, and chemically modified nano-oil palm empty 
fruit bunch filler also improves the fire retardancy of oth-
erwise highly inflammable kenaf/epoxy composite. Rocha 
et al. [89] created activated carbon-based nanocomposite 
loaded with magnetic iron oxide nanoparticles for treating 
wastewater containing pharmaceutical components. The 
activated carbon was produced by chemical treatment and 
pyrolysis of industrial wastes, and the nanocomposite can 
be regenerated using microwave-assisted techniques, mak-
ing the nanocomposite completely sustainable from all three 
environmental, social, and economic perspectives. The life 
cycle stages of a nanofiller are illustrated in Fig. 8.

5.3 � Nanotoxicity

Nanotoxicity refers to the toxicity generated by nanomateri-
als which are smaller than 100 nm in size. The unique fea-
ture of nanomaterial is their small size which gives them a 
lot of unique ability which is quite different from their bigger 
sized counterparts. But in addition to this unique advantage 

Fig. 8   Life cycle of nanofillers
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provided by the small size of these nanomaterials, it also 
gives rise to certain harmful effect of these materials which 
are also unique to them. These nanomaterials due to their 
small size have greater degree of freedom in a human sys-
tem. Due to this greater freedom, it can travel throughout the 
human body causing various harmful effects [16]. In addi-
tion to this, the human immune system is made in such a way 
that they target larger particles instead of particles which 
are of nanosized; hence, these almost remain undetected in 
our body leading to further complications, and since these 
nanoparticles are not visible to naked eyes, it can enter the 
human body through various ways like inhalation, swal-
lowing, absorption through skin, and through some medi-
cal procedure. The mechanism by which the nanoparticles 
cause toxicity can be categorized into three types: oxidative 
stress, cytotoxicity, and genotoxicity. In oxidative stress, the 
nanoparticles due to their higher surface area to volume ratio 
becomes more chemically reactive and it also increase their 
biological activity. It leads to production of free radicals 
which may cause oxidation in various areas [90]. The second 
mechanism is cytotoxicity in which the nanoparticles dete-
riorate the viability of cell and also reduce the functioning 
of cell membrane leading to inactivity and later death of the 
cell. The third mechanism is genotoxicity; it occurs when the 
nanoparticles damage the DNA of an organism [91]. This 
damage may lead to improper cells and may also lead to 
serious damage to the organism. Cu, Ag, and Fe NPs when 
in excess in human body lead to production of reactive oxy-
gen species which further leads to modification of protein, 
lipids, etc. inside the human body and may lead to damage to 
the kidney, liver, spleen etc. [92–95]. Ag NPs when inhaled 
can reach brain and cause damage. It also causes damage 
to alveolar macrophages. Researchers also found signs of 
nanotoxicity due to Ag NPs in bacteria [96]. Au NPs have 
been found to cause DNA damage due to indirect oxidative 
stress [97]. CuO, ZnO, and iron oxides NPs are known to 
cause damage the human lung epithelial cells [98–102]. ZnO 
is also known to cause oxidative stress and genotoxicity in 
the human liver cells [103].

Lu et al. [104] studied about the effect of ZrO2 as a coat-
ing on CdTe quantum dots (QDs). ZrO2 is a biocompatible 
material with excellent ceramic properties. The nanocom-
posite was used for in vitro imaging by coating on HeLa 
cells. The effect of the coating on the quantum dots was 
clear. Authors found out that after coating, the ZrO2-QDs 
had a significant improvement in their fluorescence emis-
sion. It also reduced the nanotoxicity of the composite as 
the cells with nanocomposite coating had higher viability 
than those coated with just QDs. This shows that this nano-
composite can be used for further biomedical application 
as it is biocompatible and has lesser nanotoxicity. Seabra 
et al. [105] studied about the nanotoxicity of graphene and 
graphene oxide nanoparticles. The authors found that in case 

of nanotoxicity caused by graphene, the effect depends on 
various factors which are graphene surface, size, number 
of layers, time of exposure, administration route, synthesis 
method, cell type, and dose. The most common cytotoxic-
ity method of graphene was generation of reactive oxygen 
species. Li et al. [106] studied about the nanotoxicity of 
TiO2 nanoparticles (NPs) on red blood cells. TiO2 is com-
monly used as nanofillers in polymer nanocomposite also. 
It was found that the red blood cells which interacted with 
TiO2 nanoparticles underwent abnormal sedimentation, and 
started to form clumps together, and also underwent break-
down before their lifetime was over. The breakdown was 
affected by the dose of TiO2 nanoparticles in contact with 
the red blood cells. The main reason found for these reac-
tions were firstly the attachment of the TiO2 NP around the 
surface of the red blood cells which alters its surface proper-
ties and causes red blood cells to form a clump. Secondly, 
the TiO2 NP caused breakage in the red blood cell membrane 
which led to leakage of its content and further led to break-
down of the cells. Sarkar et al. [107] did a review article on 
the toxicity caused by metals and metal oxide. They studied 
about the nanotoxicity of Cu, Ag, Au, Fe, copper oxide, zinc 
oxide, titanium oxide, and iron oxide. The harmful effect of 
nanoparticles is shown in Fig. 9.

6 � Emerging applications of polymer 
nanocomposites

Polymer composites have been widely used in various indus-
tries. But it still lacked in certain areas in respect to the 
area of their application. This was overcome by addition 
of nanofiller in the polymer composite which led to forma-
tion of polymer nanocomposite. Polymer nanocomposites 
are widely used in various industries like automobiles, 
aerospace, injection molded products, coatings, adhesives, 
fire-retardants, packaging materials, microelectronic pack-
aging, optical integrated circuits, drug delivery, sensors, 
membranes, medical devices, and consumer goods. Poly-
mer nanocomposites are capable of replacing other mate-
rials because of their better characteristics which include 
light weight, biodegradability, low density, good barrier 
property, better thermal and electrical properties, and high 
strength-to-weight ratio. In addition to this, the characteris-
tics of the polymer nanocomposites can be varied according 
to the characteristics or feature needed for the job by alter-
ing the nanofillers or matrix components used for making 
the polymer nanocomposite and also by altering the ratio 
of nanofiller to matrix component. The wide spectrum of 
applications is shown in Fig. 10.

Hence, a polymer nanocomposite suitable for a job can 
be produced but this is not possible with other materials 
that is why polymer nanocomposites have a wide range of 
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application. A lot of research has been done on the applica-
tion of polymer nanocomposite in various fields.

6.1 � Wastewater treatment

A lot of research has been going on about using polymer 
nanocomposite for wastewater treatment. Punia et al. [108] 
did a review about the recent advancement in application 
of nanocomposites in wastewater treatment. The authors 
found that various types of nanocomposites like carbon-
based nanocomposite, metal-based nanocomposite, ceramic-
based nanocomposite, and magnetic-based nanocomposite 
have been used for wastewater treatment. It was also found 
that recently, ferrite-based nanocomposites have been stud-
ied for wastewater treatment because it can be easily sepa-
rated, regenerated, and reused several times without loss in 
its functioning. Nasir et al. [109] studied about the recent 
advancements in polymer nanocomposite films to be used 
in wastewater treatment. The authors found that these films 
have good characteristics like low cost, energy efficient, 
eco-friendly, operational flexibility, and feasibility which 
make them suitable for usage in wastewater treatment. In 
addition to this, to further increase their surface adsorp-
tion, mechanical and antibacterial properties crosslinking 
agents are dispersed evenly in the polymer nanocomposite 

matrix. Some of the used polymer nanocomposite films were 
polyvinyl alcohol/zinc, polyvinyl alcohol/copper, chitosan/
silver, chitosan/polyaniline/NiOx, and polyether sulfone/
cobalt. Noamani et al. [110] studied about the usage of 
different carbon-based nanocomposites in oily wastewater 
treatment. Carbon-based nanocomposites are used because 
of their advantageous properties like chemical and mechani-
cal stabilities, antifouling, and reinforcement capability. The 
authors found that among the nanocomposites used, one 
containing graphene oxide and graphene was more advan-
tageous than the others because of its good properties and 
low cost. Gouthaman et al. [111] developed polymer nano-
composite for the absorption of acid red 52 dye which is a 
major water pollutant. The polymer nanocomposite used by 
the author was polyaniline–polyvinylpyrrolidone–neodym-
ium/zinc oxide (PAPV-NZO). The maximum dye absorp-
tion capacity of the polymer nanocomposite was found to 
be 159.36 mg/g in 90 min, making it a suitable material for 
wastewater treatment.

6.2 � Biomedical applications

Polymer nanocomposites being biodegradable and having 
enough flexibility to be manipulated according to the job 
have seen a rise in research regarding their application in 

Fig. 9   Harmful effect of nanoparticles
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biomedical fields. Silva et al. [112] have reviewed the use 
of graphene-based polymer nanocomposites in biomedical 
applications. Using graphene in the polymer nanocompos-
ites improves its tissue regenerative capacity and also its 
antibacterial property. Due to these properties, the graphene 
polymer nanocomposites have been used for biosensing/bio-
imaging, gene/drug delivery, cancer therapy, and tissue engi-
neering. Kalia et al. [113] studied about the use of magnetic 
polymer nanocomposite for biomedical application. These 
magnetic nanocomposites are prepared using methods like 
in situ, ex situ, microwave reflux, co-precipitation, melt 
blending, ceramic–glass processing, and plasma polym-
erization techniques. These nanocomposites are used for 
in vivo imaging, as superparamagnetic or negative contrast 
agents, drug carriers, heavy metal adsorbents, and magneti-
cally recoverable photocatalysts for degradation of organic 
pollutants. Kamel et al. [114] prepared facile polymeric 
nanocomposite based on chitosan-gr-P2-aminothiophenol 
for biomedical application. Chitosan was grafted with 2-ami-
nothiophenol (2-ATH), and Ag nanoparticles were used as 
filler. The tests showed that chitosan-gr-p2-ATH has good 

antioxidant and anticancer effect, while chitosan-gr-p2-ATH 
with AgNPs showed potent antiinflammatory properties. 
Kumar et al. [115] studied about polymer composite com-
posed of graphene–silver (GO–Ag) hybrids and their use 
in biomedical applications. The poly(ε-caprolactone) (PCL) 
GO–Ag nanocomposite had good electrical conductivity and 
good antibacterial property, and it reduced the nanotoxicity 
caused by Ag nanoparticles. Hence, it was found to be suit-
able for biomedical applications.

6.3 � Automobile application

Polymer nanocomposites have been widely used in automo-
bile components also. Many researchers have done research 
regarding the potential application of polymer nanocompos-
ite in automobile industries. The real surge in the commer-
cialization of nanocomposite production occurred between 
2004 and 2014. In 2009, a one-piece compression-molded 
rear floor assembly was made by general motor (GM) for 
their Pontiac Solstice using nanoenhanced sheet molding 
compounds (SMCs). This technology is also in use in GM’s 

Fig. 10   Wide spectrum of 
applications
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Chevrolet Corvette Coupe and Corvette ZO6. In addition 
to this, the nylon/clay nanocomposites have seen usage in a 
passenger car cruise control system, fans with flexible blades 
for engine cooling, fuel vapor emission control canisters, 
sealing lids, integral mounting tabs and hooks, and power 
steering reservoirs [116]. The main reason for the usage of 
nanocomposite in the automobile is the need for lightweight 
materials in an automobile to reduce the fuel consumed and 
hence reduce pollution. In addition to this, the improved 
mechanical, electrical, thermal, corrosion, self-cleaning, and 
antiwear properties also make them beneficial to be used in 
automobile components [117].

Wallner et al. [118] researched the application of nano-
composites in an automobile. The authors found that nano-
composites have been used in step assist in 2002 GMC 
Safari and Chevrolet Astro van, 2004 Chevrolet Impala side 
body molding also used nanocomposites, cargo bed of GM 
2005 Hummer H2 used nanocomposite, fuel tank and under 
hood timing gauge cover of Toyota used nanocomposite, and 
engine cover of Mitsubishi also used nanocomposite. Yue 
et al. [119] designed and fabricated nanopolymer composite 
an advanced form of polymer nanocomposite to save fuel 
in automobile tires. The authors homogeneously embedded 
the nanoparticles in the molecular chain of the monomer 
improving the network structure of the nanofiller and thus 
improving the overall strength of the composite and also 
reducing the energy consumption. The new nanopolymer 
composite showed improvement in glass transition tempera-
ture, has exceptionally good mechanical properties about 
six times that of traditional polymer nanocomposite, and it 
has low hysteresis loss, thus making it energy efficient and 
useful for usage in automobile tires.

6.4 � Aerospace applications

Similar to the automobile industries, the aerospace industries 
have also seen a rise in the use of polymer nanocomposites 
for their components. Carbon fiber and other organic-related 
nanocomposites have been widely incorporated into various 
components in the aerospace industry due to their beneficial 
properties like high strength modulus, lightweight, fatigue 
life, high stiffness, and very good corrosion resistance. It 
has been found that graphene nanocomposites can be uti-
lized to provide electrostatic discharge and EMI shielding 
for the components which are sensitive to electromagnetic 
waves, and it will also help in making them light, while 
nanoclay nanocomposites can be utilized in cryogenic stor-
age systems due to their natural properties. In addition to 
this, many advanced polymer nanocomposites are also being 
used in various components because of their lightweight, 
low cost, and good mechanical features. They have also suc-
cessfully replaced aluminum alloys in aerospace industries 
[120]. Carbon nanotube nanocomposites have been known 

to be used in F-35 Lightning II aircraft in its wingtip fair-
ings. Boron fiber composites have also been used in the F-14 
Tomcat fighter jet, while carbon fiber–related composites 
composed around 67% of the F-22 fighter jet. The V-22 
ospreys used graphite–fiberglass composite in its rotor and 
other light-weight composite–based structure [121]. Glass 
fiber/epoxy composites can be used in high-performance and 
high-temperature applications like aerospace engines and 
nacelles [122]. The Boeing Model 787 has around 50% of 
its composition made up of carbon-based nanocomposites. 
Similarly, Airbus A350-XWB is also using composite in 
around 39% of its components [123].

6.5 � Electronic application

Polymer nanocomposites have found their use in various 
electrical applications also because of their improved electri-
cal and thermal conductivities, their shielding effect which 
can be manipulated by altering the nanofillers used, and 
the ratio of nanofiller to the matrix material used. A lot of 
research has been done on the application of polymer nano-
composite in electronic devices.

Sengwa and Dhatarwal [124] researched about the multi-
functional properties of poly(vinyl pyrrolidone)/poly(vinyl 
alcohol) (PVP/PVA) with SnO2 nanoparticles for usage in 
advanced flexible device technologies. The properties of 
the nanocomposite were varied by changing the quantity of 
nanofillers added in it. The addition of SnO2 in the matrix 
improved the thermal, optical, and dielectric properties 
of the nanocomposite film. It also improved the UV–Vis 
absorbance of the film allowing it to be used as UV shield-
ing. Due to its improved dielectric permittivity and electri-
cal conductivity, it is suitable to be used as a tunable type 
nanodielectric which can be used to produce biodegradable 
electronic devices. Dhayal et al. [125] created a novel chi-
tosan–graphene oxide (CS–GO) polymer nanocomposite 
with improved electrical and optical properties. The addi-
tion of nanofiller led to improvement in dielectric constant, 
dissipation factor, and electrical conductivity, making it 
suitable for use in optical sensors and electronic and elec-
trical devices which function at high frequency. Nath et al. 
[126] created a nanocomposite using polylactic acid/polyu-
rethane polymer in 50:50 ratio as matrix and carbon black 
as nanofiller to use it as biodegradable EMI shielding. The 
addition of nanofiller led to an increase in thermal stabil-
ity at an elevated temperature of around 300 °C and also 
showed improved EMI shielding efficiency of − 27 dB in the 
frequency range of 8.2–12.4 GHz, making it suitable to be 
used as biodegradable EMI shielding nanocomposite. Wang 
et al. [127] studied nanocomposites having boron nitride 
nanosheet/polyetherimide and TiO2 nanorod arrays/poly-
etherimide layers. The authors successfully showed that the 
integration of elements with high electrical conductivity in 
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a polymer matrix with high-temperature dielectric strength 
can produce nanocomposite with high energy density with 
low energy loss over a broad temperature range. This makes 
it suitable for use in energy storage equipment which can 
function at high temperatures.

6.6 � Food packaging applications

Polymer nanocomposites which are biodegradable and have 
good antimicrobial and antioxidant properties have also been 
used in food packaging industries. Due to these properties 
of the polymer nanocomposite, it allows the food to remain 
fresh for a longer duration. Various natural polymers like 
cellulose, starch, pectin, chitosan, alginate, agar, carra-
geenan, whey, and gelatin have been used for food packag-
ing applications. In addition to this, several nanofillers have 
also been utilized in food packaging because of their unique 
properties like cellulose nanocrystals, because of their oxy-
gen barrier and mechanical and antimicrobial properties; 
Zein NPs because of their water vapor barrier property; and 
graphene because of its heat resistance and barrier property 
[128].

Haghighi et al. [129] studied the usage of bionanocompos-
ite composed of gelatin/polyvinyl alcohol blend reinforced 
with bacterial cellulose in food packaging. The authors 
found that incorporating bacterial cellulose in gelatin/poly-
vinyl alcohol matrix led to improvement in mechanical, opti-
cal, and water barrier properties of the nanocomposite. The 
maximum improvement was found when the concentration 
of nanofiller was 7.5% by weight. This improvement in prop-
erties makes the polymer nanocomposite suitable for food 
packaging applications. Wen et al. [130] studied the usage 
of antibacterial nanocomposite formed of polyvinyl alcohol 
modified with zinc oxide–doped multiwalled carbon nano-
tube. The addition of zinc oxide–doped multiwalled carbon 
nanotube into the matrix led to an increase in the thermal 
stability, water vapor transmission rate, hydrophobicity, and 
antibacterial property of the composite. A further test shows 
that the nanocomposite can prevent the loss of water from 
vegetables for 4 days; it is also capable of keeping chicken 
safe from microorganisms while kept in a refrigerator for 
36 h, making it suitable for food packaging. Malik [131] 
studied about the properties of thermally exfoliated graphene 
oxide reinforced polycaprolactone-based bactericidal nano-
composite. The addition of the nanofiller into the matrix 
leads to improvement of the mechanical, antibacterial, and 
water absorbing capacities of the nanocomposite, making it 
fit for usage in food packaging applications. Abutalib and 
Rajeh [132] studied the enhanced properties of chitosan/
polyethylene oxide matrix–doped with Ag/TiO2 nanopar-
ticles for usage in food packaging applications. The addi-
tion of the nanoparticles has increased the tensile strength, 
Young’s modulus, elongation at break, conductivity, and 

antibacterial property of the composite, making it suitable 
for food packaging applications.

7 � Limitations of using nanofillers 
for polymer nanocomposites

In the previous section, the different types of nanofiller, 
effects on properties, methods of preparation, applications, 
etc. have been discussed. All these sections stated the vari-
ous benefits of utilizing nanofiller in the polymer composite 
and also showed the various places where the polymer nano-
composite can be utilized. In this section, the various limita-
tions of the usage of nanofiller will be discussed. The most 
common factor which acts as a limitation is the improper 
distribution of the nanofiller in the matrix. The distribution 
of nanofiller along the matrix is difficult to control, and if the 
distribution is not even, it may deteriorate the properties of 
the nanocomposite instead of improving them. Another limi-
tation of using nanofiller is nanotoxicity. The nanofiller due 
to its small size leads to various complications within the 
body of a living organism when it enters the body which may 
damage the organs and eventually lead to death. This is due 
to its extremely small size which makes it behave differently 
than the same element when it is in bulk or bigger. Another 
limitation of using a nanofiller is that due to its small size, it 
requires special methods for its creation and inclusion into 
the matrix. And not all matrix and nanofillers are compatible 
with each other hence particular nanofiller must be used. 
Agglomeration of nanofiller within the matrix is also one of 
the limitations of using nanofiller. Sometimes, agglomera-
tion can also benefit the nanocomposite, but mostly, it harms 
the nanocomposite. Hence, the usage of nanofiller to form 
nanocomposite has both advantages and disadvantages.

8 � Conclusions

In the present study, polymer nanocomposite has been stud-
ied in depth and analyzed in various aspects. The various 
ways to synthesize different polymer nanocomposites, their 
properties, degradability, sustainability, nanotoxicity, and 
applications have been covered. Polymer nanocomposites 
were found to be increasingly used in various industries and 
replacing certain conventional materials like aluminum and 
plastics. Due to their varying properties which can be con-
trolled by regulating the amount of nanofiller and matrix 
component, they can be fine-tuned for the job by varying 
either the concentration of nanofiller in the polymer nano-
composite or changing the materials used which makes them 
more favorable than other materials. But there are some 
problems associated with the usage of polymer nanocom-
posite like nanotoxicity, unique synthesis techniques, and 
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some nanofillers like carbon nanotubes that are expensive. 
Natural materials like cellulose and chitin are cheaper, easily 
available, and biodegradable, making them environmentally 
friendly. Chitosan, nanoclays, and other such components 
have been researched for use as fillers in polymer compos-
ite for usage as low cost and eco-friendly wastewater treat-
ment solutions. Natural materials such as cellulose, chitosan, 
and others are seen to have certain antimicrobial properties 
which lead to its usage as nanofillers in biomedical applica-
tions. Similarly, silver nanoparticles also have good anti-
microbial properties which also make it useful in biomedi-
cal applications alongside other natural materials. Various 
unique natural materials like pectin, chitosan, alginate, agar, 
carrageenan, whey, and gelatin have been used for food 
packaging applications. Similarly, conductive nanomaterials 
like graphene and graphite have been used in creating poly-
mer nanocomposites for electrical industries. Various auto-
mobile companies are also using certain nanocomposites 
made of boron fiber, glass fiber, and carbon fiber to replace 
the plastic components in their automobile components. In 
the future, more studies should be focused on finding a way 
to make natural materials strong enough to be able to be used 
in place of synthetic materials in polymer nanocomposites.
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