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Innovation in the field of polymer nanocomposites leads to diverse applications in drug delivery, biosensors,
bone regeneration, solar cells, super capacitors etc. A step towards sustainable development, biomimetic ap-
proach has been taken into consideration in which vital role is played by the integration of nanofiller in bio-
polymers. In the present scenario the utilization of biopolymers facilitated by the functionalization of nanofiller
by different types of methods which can eradicate agglomeration and enhance thermal, mechanical and elec-
trical properties. This paper reviews the new dimensions in enhancement of properties and their potential ap-
plications made by employing a range of metal and carbon based nanofiller into biodegradable polymers in
detail. The key factors to incorporate nanofiller are to increase the efficiency of biopolymers due to their high

aspect ratio, biocompatibility, low density and high mechanical strength. The observations have been sum-
marized to convey the mechanism and structural changes involved into the biopolymer to the researchers.

1. Introduction

The progression of polymer nanocomposites have blossomed from
last few decades due to its outstanding accreditations in structural,
electrical, mechanical applications. Inclusion of nanofiller within the
polymer host has potential application in biosensors, energy storage
devices, photo catalysts, drug delivery etc [1]. Polymer nanocomposites
have emerged out to be a paradigm that has exceptional physiochem-
ical properties which is pertinent for the field of modern science. At-
tributions of nanostructured materials towards miniaturized and smart
futuristic technology are the class of materials which are in nanoscale
range and disperse into polymer matrix to increase the efficiency that
has high aspect ratio and load transfer ability. Polymer nanocomposites
were invented by Toyota research group which has bestowed new di-
mensions by inclusion of organic and inorganic nanofiller owing to the
numerous applications [2]. The fabrication of polymer nanocomposite
has been facilitated by the use of ultrasonication process for the dis-
persion of nanofiller, however the controlled amount of weight % and
size of the nanomaterial is carefully taken into consideration. The key
challenge is to eradicate the agglomerate formation when nanofiller
comes into contact with the host polymer. Different methods are
adopted to functionalize the surface of nanofiller so that uniform dis-
persion can be obtained. Today different types of shape i.e. nanotubes,
nanofibers, nanoribbons and nanoparticles have come into account to
get desired properties [3]. Conventional fillers like carbon black, sili-
cates, calcium carbonates and many more reinforcing agents have also
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been used on industrial as well as academic scale are being decreased
[4]. Several polymers have been extensively studied for e.g. conducting
polymers (polyaniline, polypyrrole, polythiophene, polyfuran) which
have excellent applications in sensors, fuel and solar cells, EMI
shielding and supercapacitors attributed to its high optical and con-
ductive properties [5]. Thermoplastic(polystyrene, polyethylene ter-
ephthalate, polycarbonate) and thermosetting polymers (epoxy, poly-
urethane) based nanocomposites have applications in light emitting
diodes [6], dye sensitized solar cells [7], aerospace[8], supercapacitors
[9]1, photo catalyst, energy storage devices and biomedical field[10].
The existing population, global change in climate and industrial
pursuit manifests the scientific attention towards the augmentation of
biopolymers based nanocomposites. Recent attention has been trig-
gered towards the utilization of different thermoplastic biopolymers
and their nanocomposites for the perspective of environmental im-
plications to design novel applications. Biopolymers demand in-
corporation of nanofiller due to its high production cost and have in-
adequate characteristics, integration of nanofiller readily enhance the
mechanical strength, electrical conductivity, anti-corrosion, thermal
properties etc [11,12]. Mostly biopolymers are biodegradable, there-
fore it has not destructive impact on the environment because they are
derived from renewable resources. They have effective applications in
coatings, the interfacial interactions via functional groups between the
polymer matrix and nanofiller governs the formation of network with
enhanced homogeneity in dispersion and the biodegradability compo-
nent makes it essential prodigy material. Natural and synthetic
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Fig. 1. Depicts the broad classification of Biopolymers [33] (reprint with permission from Rouf and Kokini, 2016).

biopolymers originated from living organisms, polynucleotides, poly-
saccharides and biomass production which can be a substitute for many
other thermoplastics used by incorporating a small amount of nanofiller
for e.g. polyethylene, polystyrene etc [13,14].

Fig. 1 depicts the broad classification of biopolymers which include
biodegradable and non-degradable thermoplastics. The elaboration in
polysaccharides having different functional groups facilitates great
dispersion when reinforcing agents are incorporated which have di-
verse applications. A survey of literature reported the different metal
and carbon based nanofillers that has attracted tremendous attention by
enhancing properties of the biopolymer matrix. Majority of reviews
have classified mainly carbon based nanocomposites in which gra-
phene, carbon nanotubes are immensely studied, where optimization of
dispersion is of major concern. Lot of methods need to be explored to
get better properties which attribute to the exfoliation of nanofiller into
the polymer matrix and also on the cost effective production methods.

Review articles based on the range of polymer nanocomposites
which revealed the processing methods, properties, crystallization ki-
netics and melt rheology have been published [15,16]. Considering the
above facts, the focus of this paper is to illuminate the broad classifi-
cation of processing and applications of metal and carbon based bio-
polymer nanocomposites. The structural and chemical changes in-
volved in the fabrication and properties of biopolymer nanocomposites
have been discussed. The recent progress, current developments and
also potential applications of biopolymer nanocomposites are men-
tioned in this review.

2. Fabrication method involved in biopolymer nanocomposites

Many processing methods have been previously discussed for the

synthesis of polymer reinforced nanocomposites which relies on the
type of polymer, its molecular weight, solvent to be used and lastly the
size of nanofiller which is incorporated [17]. Preparation technique can
effectively influence the thermal, electrical and mechanical character-
istics of the produced nanocomposite. Unification of polymer nano-
composite requires good homogeneous dispersion of nanofiller as when
they come in contact with the matrix they have tendency to form ag-
glomerates, stacking of nanoparticles and incomplete exfoliation [18].
Mainly three techniques involved in the preparation of polymer nano-
composites which are discussed as follows.

2.1. In situ polymerization

This type of polymerization technique usually allows dispersion of
nanofiller into the monomer of the polymer matrix used.
Polymerization reaction is facilitated by the incorporation of initiator or
thermal and photo catalyst [19,20]. It gives effective distribution of
nanofiller into matrix compared to other techniques and has easy pro-
cess but the disadvantage is difficulty in intergallary polymerization
and hence limited applications. The diffusion of catalyst is carried out
by the inter layer cation exchange [21,22]. Various polymer nano-
composites have been studied by this method for e.g. conducting
polymers, polystyrene, polyethylene terephthalates, epoxy etc [23,24].

2.2. Melt intercalation

In melt blending method, no processing solvent is required however
dispersion takes place directly in the molten state of thermoplastic
polymer via conventional techniques like injection moulding and ex-
trusion [25,26]. Nanofiller and polymer matrix forms intercalated
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network within polymeric chains to form nanocomposite [27]. Melt
mixing of nanofiller and polymer is facilitated by employing shear
above the melting point of the host polymer. Mostly polyolefins,
polyesters and polylactic acid have been fabricated by this method. This
process is not compatible for most of the biopolymers used e.g. PVA
(Polyvinyl Alcohol), Polyacrylamide, Chitosan etc [28,29].

2.3. Solution intercalation

For preparation of biopolymer nanocomposites, solution casting
technique is the most favorable one which involves simple shear mixing
and magnetic stirring of colloidal suspension of nanofiller into the
polymer matrix followed by evaporation of solvent in which pre-
polymer is added. Suitable solvents can be used e.g. dimethyl for-
mamide, cyclohexanone, acetone, deionized water and ethanol [30,31].
Polymer nanocomposites that have been prepared by this route are
Polylactic acid, Polyvinyl chloride, PVA, Polycaprolactone by in-
corporating a range of nanofiller [32].

3. Biodegradable polymers

Bio based polymers have attracted gigantic consideration as po-
tential substitute of conventional polymers due to its biodegradability
and enhanced performance after reinforcement. Fig. 1 shows the broad
classification of biopolymers including synthetic and natural polymers.
Some of the biopolymers have been discussed in detail.

Polylactic Acid (PLA), is a polymer of lactic acid which is rich in
carboxylic functional groups, biocompatible and ecofriendly having
good mechanical and optical properties. The disadvantage with PLA is
that it has high cost of production and weak performance compared to
other polymers. Therefore, it requires reinforcing agents in order to
ameliorate its mechanical, thermal and crystallization kinetics. PLA
based nanocomposites have phenomenal applications in food packa-
ging, tissue engineering, scaffolds, biomedical devices etc. PLA nano-
composite is easily processable by employing a range of solvents like
dimethyl formamide, acetone, chloroform etc but it softens at 60 °C
temperature and has low gas barrier and water vapour properties
compared to other petroleum based polymers [34].

Chitosan, a derivative of N-deacetylated chitin, has received re-
markable attention due to its biocompatibility and outstanding anti-
bacterial activities [35,36]. Researchers have been working on to ex-
pand its wide area of applications including biosensors,
supercapacitors, hydrogels, drug delivery and packaging etc. Its use is
limited because it has lower mechanical strength and therefore by in-
corporating desired reinforcing agents, its properties can be improved
because it is biologically renewable.

Cellulose is an industrial biopolymer has broad area of applications
in bio absorption, paper packaging, edible coatings etc [37]. It is a
derivative of hydroxypropyl methyl cellulose which shows hydrophilic
nature. It was reported that it has poor water vapour properties [38],
but its nanofiber can increase its tensile strength and young’s modulus
which has also improved permeability and oxygen barrier properties
[39].

Starch has been extensively studied due to its low cost, easily
availability, renewability and can be employed in food packaging ap-
plications [40]. They have very poor mechanical strength and hence
they can combine with a range of nanofiller to improve thermal stabi-
lity, electrical and mechanical properties. Water resistance can be im-
proved by adding nanomaterials, starch and clay blends have been
extensively studied by the scientists which exhibits high strength in
edible packaging applications [41]. Significant improvement in tensile
strength and young’s modulus have also been reported by Cyras et al
[421.

Alginate, a natural polysaccharidewhich has good fiber properties
and can be used in pharmaceuticals, textile manufacturing etc. It is
composed of (1,4 linked (3-D mannuronic acids and a-L guluronic acid
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units, derived from cell wall of brown algae and has unique gel forming
properties [43]. It is non-toxic and can also be used as biodegradable
films. Poly(vinyl alcohol), a water soluble, non-toxic biopolymer has
been used in coatings, packaging and has high barrier properties. Due
to the presence of hydroxylic group at the edges it can have good in-
teraction with the nanofiller and can be used in bone regeneration,
energy storage devices and hydrogels etc [44].

Poly (hydroxy alkanoates) are the class of biopolymers that are
renewable and biocompatible having elastomeric characteristics can be
fabricated by using solution casting method and which can be used in
biosensor and charge dissipating applications [45,46].

Poly e-caprolactone is a semi-crystalline, synthetic biodegradable
polymer in which water is used as a processing solvent. It is highly
hydrophilic and easily processable, therefore by addition of nanofiller it
can be used in agricultural and biomedical applications [47]. Another
form of biopolymers are protein based nanocomposites have been de-
rived from animals and plants that have excellent oxygen barrier and
lower vapour properties which can be used in water absorption and
food packaging industries [48].

4. Metal based nanocomposites

The purpose of development of technology to generate metal based
polymer nanocomposite is to overcome the demerits of polymer matrix
to enhance biomedical applications, environmental decontamination,
edible packaging applications and many more which has been already
reported. The approach to synthesize metal nanoparticles are chemical
vapour deposition (CVD), spray pyrolysis, electrodeposition and che-
mical methods, sol gel process, rapid solidification etc [49,50]. Metal
nanoparticles have properties of antibacterial agents, electrical con-
ductivity, optical polarizability and good chemical properties. Metal
based nanocomposites undergo reduction in size and functionalization
of surface which can also be exploited in plasmonic and sensing ap-
plications [51,52]. In last few decades, polymer matrix synthesized by
incorporating nanostructured metal reinforcements opened a way to
develop an era of bio-organic electronics [53]. Table 1 reports the
commonly used metals incorporated in a range of biopolymer matrix
elaborating properties and applications of bionanocomposites.

4.1. Methods to fabricate metal and their nanoparticles

There are various methods used to fabricate metals and their oxides
as mentioned earlier, we are going to discuss few in detail.

4.1.1. Spray pyrolysis

It is a method in which starting material is added into the processing
solvent to get liquid suspension followed by ultrasonication. Carrier gas
is purged into the pre-heated beaker, vaporization takes place at ele-
vated temperature which leads to decomposition of oxide material and
therefore reduction takes place [54]. This deposition technique is very
cost effective and can be used in thin films and coatings.

4.1.2. Sol gel approach and colloidal processing

This chemical method can be carried out very easily involving low
temperature, homogeneity and high quality products can be obtained, it
is one of the cost effective approach but it gives weak bonding and
shows high permeability [55,56]. This method is useful in preparation
of metal oxide nanoparticles which requires monomer in colloidal so-
lution to form gel network. This process is also known as wet chemical
technique followed by hydrolysis and polycondensation reactions.

4.1.3. Chemical and physical vapour deposition technique

Evaporation of components to give vapour phase followed by sa-
turation in an inert atmosphere to facilitate condensation of metal na-
noparticles then thermal treatment is given in inert atmosphere
[57,58]. High energy ball milling leads to uniform dispersion and
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Table 1
Reports the range of metals and their oxides nanocomposites reinforced with different biopolymer matrix.
Polymer Matrix Metal Processing Properties Applications Ref
(Reinforcing filler) Method of Nanocomposites
Polyvinyl Alcohol Silver (Ag)/ Gold Solution or In- Situ Enhancement in antibacterial properties, Hydrogels, Biosensors, Antibacterial agents, [65,66]
(Au) Intercalation mechanical Packaging
strength, biomedical devices, applications.
and fibers for wound dressing.
Zinc Oxide (ZnO) Improvement in thermal stability and Electronic, optical applications, photo [67,68]
photoluminescence property. electricity and biomedical imaging.
Titanium Dioxide High optical transparency, Photocatalytic activity, waste water [69,70]
(TiOy) Self-cleaning property, Coating plastics and treatment.
cosmetics.
Iron Oxides Increase magnetic and electric properties EMI Shielding applications [71,72]
and energy storage devices
Polylactic Acid Silver (Ag)/ Gold Melt and Solution Good mechanical properties, enhance drug Surgical implants and tissue culture, [73,74]
(Au) Intercalation efficacy, vapour sensing. Decontamination of polluted soil.
ZnO UV Blocking properties, Potential nano-sized packaging [75,76]
Increased biocidal activity applications.
TiO, UV absorption, catalytic activity, improved Light emitting diodes, Bone regeneration [77,78]
surface coatings, self-cleaning scaffolds, biofilms in
property food contact surface.
FeCl; Superparamagnetic behavior Efficient applications [79]
in field of cancer treatment.
Chitosan, Cellulose ~ Ag/Au Solution Casting Impart surface reactivity, bacterial detection. ~Evaluation in cytotoxicity, [80,81]
Biomedical devices.
ZnO Antibacterial coating and increased water Membranes and dyes [82,83]
barrier properties.
TiO, UV resistant, antifungal Nanocomposite membranes [84,85]
activity and excellent transparency.
FeCls Efficient method to remove Bio absorbents, Waste water treatment [86,87]1
heavy metals,
Alginate, Gelatin, Ag/Au Solution Surface stabilizer. Pharmaceutical industry and food [88,89]
Starch Intercalation processing.
ZnO High thermal stability, strong antimicrobial Food packaging applications. [90]
property.
TiOy High catalytic efficiency, photochemical Drug delivery systems, biosensors.

stability

homogeneous mixing in obtaining metal nanoparticles [59]. These
process involves sputtering and evaporation.

4.1.4. Electro polymerization

Another way to produce metal matrix based polymer nanocompo-
site in which monomer precursor in presence of presynthesized metal
nanoparticles which leads to formation of polymer network embedded
with nanoparticles. It also improves uniform dispersion throughout the
surface.

Literature showed that there are two major key points when metal is
reinforced into polymer matrix- metal core nanoparticles covered with
polymer precursor shell and other is metal and their derivatives em-
bedded into the polymer matrix [60]. Metal nanoparticles and their
derivatives are superior chromophores in infrared and visible regions,
hence silver, gold and copper nanoparticles show plasmonic band in the
visible range of electromagnetic spectrum [61,62]. Biopolymers re-
inforced with metal and their oxides can be an excellent composite for
electrical conductivity, electrolytes in electrochemical systems, optical
devices and biosensors [63,64]. Nowadays, In-situ method has been
opted for the preparation of metal based biopolymer composites based
on reduction of metal ions dispersed in polymer matrix or poly-
merization of monomer dispersed in metal nanoparticles. In this way
metal nanoparticles dispersed in biopolymers can be synthesized which
has innovative applications having high magnetic and optical proper-
ties also mentioned in the Table 1.

5. Carbon based nanocomposites

Polymer nanocomposites emerged out as a new ingenious complex
based on layered nanomaterials such as silicates or nanoclay. However,

these material exhibits poor electrical and thermal conductivity. In
order to improve these shortcomings, carbon based nanofillers have
been employed for e.g. carbon black, carbon nanotubes, graphene oxide
and its derivatives. Carbon nanomaterials have proved to be an ex-
cellent candidate having high surface area, non-corrosive property,
light weight and has outstanding mechanical strength and can be used
as a good absorbent but due to its high production cost it limits its
utilization. Among other nanofiller carbon nanotubes (CNTs) have
tendency to form agglomerate within polymer matrix, to eliminate this
its surface is treated with functionalizing agent to get homogeneous
dispersion. lijima discovered CNTs that is graphite sheets rolled into
tube like form proposed for high strength composites, energy storage
devices, biosensors etc [91]. Researchers have reported the ability of
load transfer in nanotubes in the same way as non-continuous fibers
undergo. Fig. 2 displays the different structural forms of carbon based
nanofiller.

Graphene, a sp® hybridized, 2-dimension carbon monolayer ar-
ranged in a honeycomb lattice fashion proposed by Geim and
Novoselov [92]. Graphite followed by exfoliation by ultrasonication
can give low yields. To get optimum yield CVD technique has been used
for large scale production to generate high quality graphene [93].
Graphene incorporated biopolymer nanocomposites have enormous
applications which is beneficial for environment. Several key factors
can influence the properties of fabricated polymer nanocomposite
which depends on the functional groups present, size of nanoparticle,
processing solvent etc. Biopolymers incorporated graphene has pro-
voked its applications in electronic devices, photocatalytic materials,
environmental based sensors etc [94]. In contrary to CNTs, graphene
and its derivatives have exceptional mechanical and electrical proper-
ties which can be attributed to its strong hydrogen bonding interaction
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Fig. 2. Displays the structure of different forms of carbon (a) Carbon Nanotube (b) Graphene (c) Graphene Oxide (d) Reduced Graphene Oxide.

amidst functional groups results in high aspect ratio. Graphene and its
derivatives can be altered by treating it with different reinforcing
agents, such transformation can be done by thermal and chemical re-
duction and also treating its surface by the range of surfactants so that
its reactivity gets increased. Reduction process eliminates oxygen
functionalities and can improve the electronic and mechanical prop-
erties. However, the performance of the reduced nanomaterial depends
on the synergetic effect of functional groups present at the edges and
the groups present into the polymer matrix. Compared to CNTs, gra-
phene based nanomaterials has attracted tremendous attention due to
its high surface area and extremely high tensile strength.

Table 2 illustrates the overview of different carbon based nanofiller
used [95,96].

5.1. Carbon nanotube based biopolymer composite

CNTs are one dimensional carbon materials having aspect ratio
higher than 1000 in nanometer range [97,98]. It has poor dispersion in
aqueous medium which limits its application in biocompatible mate-
rials therefore chemical functionalization of nanotubes are required to

Table 2

eliminate tendency of forming agglomeration. To get full utilization of
biobased polymers, it must be compatible with the matrix, latest trends
showed that polysaccharides, protein, polypeptides etc can be in-
tegrated to get plausible nanocomposite hybrid by incorporating CNTs.
CNTs can be classified as single walled CNTs and multi walled CNTs
comprised on one or two cylindrical form respectively [99,100]. Unlike
conventional polymer nanocomposites, low loading of nanofiller in bio
intended applications can modify its properties by enhancing electrical
and mechanical properties. PLA being a semi-crystalline biopolymer
does not show enhanced crystallinity upon addition of CNT but also
immensely effect the electrical conductivity of the host polymer [101].
Kumar et al reported the PLA based transducers exhibits strong positive
vapour coefficient on addition of 2 and 3% CNT and also showed stable
electric signals [102]. PLA-CNTs nanocomposite decreases the surface
resistivity but increases the mechanical strength evaluated by Chiu and
co-workers [103]. The integration of CNTs in PLA showed reduction in
thermal conductivity and increment in electrical conductivity, it is at-
tributed to the electronic circulation in CNT by tunneling where con-
junction was separated by polymeric film [104]. Nanocomposite of PLA
and CNT amplifies highest change in signal and sensitivity, Fang et al

Illustrates the properties of carbon based nanofiller and its effect on applications of polymers.

Characteristics Carbon Nanotube Graphene Graphene Oxide Reduced Graphene Oxide

Synthesis Chemical Vapour Deposition Chemical Vapour Deposition — Oxidation of graphite followed by =~ Thermal or chemical Reduction of graphene
Graphite Exfoliation Exfoliation oxide

C: O Ratio No Oxygen No Oxygen 2-3 8-246

Young’s Modulus (TPa) 1-1.5 1-2 2-4 2-4

Electron Mobility (cm®>v~*s™1) 10,000 10,000-50,000 Insulator 0.05-200

Thermal Conductivity 3500 4.84-5.30 x 1073 1500 to 5800 0.1-2

(W/mK)
Electrical Conductivity (S/m) 3000-4000 7200 1-5 x 107> 2-7 x 1073
Production Cost High High Low Low

357



B. Sharma et al.

also suggested the applications in smart biocomposite product and can
also be employed in surface coating [105]. CNT incorporated PLA could
controlled photo degradation cycle and can effectively influence the
durability of biopolymer, it can also be elucidated that it highly affects
the Tg (Glass transition Temperature) with an apparent endothermic
peak attributed to relax enthalpy. Shih et al revealed that by addition of
4wt% CNT in PLA, 17.8% increase in storage modulus is observed
which can also be useful in covering outer layer of electronic devices.
They have also stated that 15.1% enhancement in Tg due to high loss
modulus [106]. Park et al studied the improvement in crystallization
through heterogeneous nucleation and decrease in spherulite size of
PLA incorporated CNT nanocomposite. They have also examined iso-
thermal behavior through Avrami equation in which significantly im-
proved thermal stability has been reported [107]. It has been also
mentioned that nano hybrid of CNT and PLA can efficaciously refine
flame retardant and antistatic properties of the biopolymer matrix
[108].

Liu and colleagues analyzed that 78% enhancement in tensile
strength and efficient load transfer can be seen on addition of 0.8% of
functionalized carbon nanotubes [109]. The obtained strength is due to
the interfacial interaction between the nanotube and polymer matrix
which also affects the mobility of polymeric chain. Loh et al in-
vestigated that by increasing CNT concentration, strain sensitivity also
increases of PVA nanocomposite prepared from layer by layer tech-
nique which can be used as corrosive environment sensor [110]. In
literature, by integrating CNT in PVA resistivity of nanocomposite de-
creases and increment in Tg is observed by oxidation of CNT, it also
decrease melting point [111]. Wang et al carried out esterification re-
action of PVA reinforced SWCNT and reported enhancement in tack
properties at high concentration of nanofiller and also represented high
plateau of stress at initial peak [112]. SWCNT-PVA spun nanofibers
have tensile strength of 1.5 GPa and 10 S cm ™ electrical conductivity
at room temperature [113]. SWCNT-PVA electrospun nanofibers
showed 1.8 GPa of tensile strength and 80 GPa young’s modulus on
addition of 60 wt% of SWCNT which was reported by Dalton et al [114].
Cheng and co-workers investigated 5500 S cm ™' high electrical con-
ductivity and 2088 MPa of tensile strength which can be used in high
performance structural applications [115]. Performance of biosensor
has been progressed due to reinforcement of CNT in biopolymers, on
inclusion of CNT in chitosan electro activity and sensitivity is improved
which can be useful in enzymatic biosensors.

Mesquite et al reported that utilization of layer by layer technique in
fabrication of chitosan-carbon nanowhiskers could magnify the inter-
action while incorporating high loading of nanofiller and also men-
tioned the above formation of nanocomposite can be utilized in the
field of packaging and biomedical applications [116]. Shokargozar et al
studied that chitosan and SWNT nanocomposite can be a potential
candidate in neural tissue engineering which can also increase the
proliferation rate of cell. It has also stated that the fabricated nano-
composite is non-toxic and also showed enhancement in tensile strength
[117]. On addition of SWCNT in chitosan influenced the cellular en-
vironment to amend osteoblast functions which can be helpful in or-
thopedic applications [118]. CNT-chitosan nanocomposite can enhance
adsorption capability which can be achieved by 0.01 w% CNT and also
improved the rate of mass transfer as well as mechanical strength of
hydrogel which is reported by Chatterjee et al [119]. Cellulose nano-
crystals can improve microphase separation of segments among poly-
urethane matrix and also increase in young’s modulus and tensile
strength i.e. 344 MPa and 14.86 MPa on incorporation of 30 wt % na-
nofiller [120]. Cao et al also reported the decrease in Tg with increasing
content of nanofiller.

Starch-MWCNT nanocomposite showed 70% and 35% increment in
stiffness and tensile strength at 0.055% loading of nanotubes.
Enhancement in impact properties and uniform dispersion of starch by
achieving strong adhesion is also reported [121]. Polysaccharides on
inclusion of CNTs changes the conformation by increasing sensitivity of
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chemo-resistive sensors and also radical selectivity of functional groups
by specific orientation. Nanocomposite of starch and cellulose nano-
crystals functionalized by CNTs represented better biodegradability in
contrary to aqueous environments. Blend of Polycaprolactone and
MWCNT nanocomposite has given higher input of specific mechanical
energy when melt blending employing was carried out and also dis-
played decrease in residence time in the 25-40% range [122]. Laredo
et alindicated that PCl/PLA blend incorporated CNT showed improve-
ment in mechanical and electrical properties. They have also demon-
strated higher percolation threshold value and well dispersion on CNT
in polymeric blend [123]. It has been observed that the synthesis of
multifunctional biopolymer nanocomposites by using CNT as a re-
inforcing agent is attributed to the homogenization of CNTs in matrix,
at extremely low content of CNT 34.4% increment in tensile strength is
revealed, further it can be used to adhere tissue cells to the substrate
[124].

5.2. Graphene oxide and its derivative based biopolymer composite

Graphite can be oxidized by following methods for e.g. Brodie’s and
hummer’s method. Modification of hummer’s method leads to shorter
duration and high thermal stability of graphene oxide [125,126]. Dis-
persion of graphene oxide has been carried out by using ultrasonication
technique which helps in achieving uniform distribution of smaller
fragments of sheets into polar solvent. Graphene oxide is insulating in
nature but after its reduction its conductivity gets increased. Many re-
ducing agents have been reported in which hydrazine is very common
but due to its toxicity, it can be harmful for biobased applications.
Graphene Oxide can also be thermally reduced by keeping it at 1000 °C
temperature, low temperature process has also been opted by the re-
searchers. To eradicate this issue, green reducing agents have been
explored to functionalize graphene for e.g. alcohol [127], green tea
polyphenols [128], amino acid [129], serum albumin [130], bacteria
[131], vitamin C [132] etc. Zhu et al described the reduction of gra-
phene oxide by using glucose, fructose etc in aqueous ammonia solution
[133]. The resulting reduced graphene showed good electro catalytic
activity. It has also shortened the reduction duration which attributes
the effect of ammonia. Mechanism of resultant nanocomposite of gra-
phene into polymer matrix is governed by hydrophobicity, nature of
functional groups, polarity etc.

PLA- Graphene nanosheets were prepared by lypholization using
DMF as processing solvent, SEM analysis displayed flat morphology
resulted in good interfacial interaction [134]. Pinto et al studied the
synthesis of PLA-Graphene and used acetone as solvent with 5h of
sonication given for biocompatibility and wettability of the nano-
composites [135]. Mechanical and electrical properties of exfoliated
graphene and PLA nanocomposite fabricated by melt blending at
175-200 °C temperature reported by Kim and Jeong [136]. Exfoliation
of graphene was carried out by using sulfuric acid. SEM micrographs
revealed the homogeneous distribution of exfoliated nanoparticles into
the PLA matrix as a result young’s modulus and thermal degradation
increased on addition of 3wt% of exfoliated graphene. It is reported
that addition of expanded graphite can increase the fire properties of
PLA, the resultant nanocomposite passed the charring formation and
non-dripping test [137].

The crystallization temperature of nanocomposite decreased at high
weight % of GO. PLA based graphene suspension was obtained by
freeze drying process in dimethyl formamide solvent. This bionano-
composite was precipitated into methanol and dried. It improved
thermal stability of the nanocomposite, also the nucleating effect of
expanded graphite and uniform distribution of nanofillers were in-
vestigated using Raman and AFM spectra [138]. Pinto et al studied the
incorporation of graphene nanoplatelets into PLA reduces platelet ac-
tivation in presence of protein plasma [139]. Contact angle analysis
showed presence of GO increases hydrophilicity. Also the polar com-
ponent increases about 59% with addition of GO. Poly (L-lactic acid)
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reinforced with GO fabricated via in-situ polycondensation of lactic acid
monomer through lypholization, it was elucidated that functionaliza-
tion of GO improved thermal stability and mechanical properties of the
resultant nanocomposite. 105% increment in tensile strength is ob-
served on addition of 0.5wt% of GO compared to neat PLA and dis-
played little effect on crystallinity [140].

Thin film of PLA reinforced GO nanocomposite was prepared via
solvent casting system by comparing plasticized and non-plasticized
film, in this permeability decreases towards oxygen and nitrogen.
Enhancement in Tg is observed on addition of 0.4 wt% of nanofiller
[141]. Haibin and co-workers studied cytocompatibilty of PLA-hydroxy
appetite incorporated GO nanocomposite prepared via electrospinning
process. They observed electrospun fibrous membrane displayed highly
rough surface which can be implemented in cell attachment and bone-
regeneration applications. The resultant scaffold exhibits better bio-
compatibility and enhanced mechanical strength which can be an ideal
candidate for tissue engineering [142]. Chemically reduced GO via
glucose and incorporated into PLA matrix indicated much higher
electrical conductivity, on addition of 1.25vol% of RGO electrical
conductivity around 2.2 S/m is achieved due to the chemical and
thermal reduction of GO [143].

Liang et al worked on fabrication of PVA-GO nanocomposite and
reported 76% enhancement in tensile strength and 62% in young’s
modulus by addition of 0.7 wt%. They have used Halpin Tsai model to
predict modulus of nanofiller reinforced composite [144]. Yang and
Tao studied layer aligned PVA-GO nanosheets and examined decrease
in crystallinity on addition of GO [145]. Chemical reduction of GO via
hydrazine has been carried out, analysis showed increment in Tg from
76° to 90 °C which is attributed to restriction in mobility of polymeric
chain. Moreover SEM micrographs revealed the presence of layered
structure of fractured nanocomposite specimen. Covalent functionali-
zation of graphene nanosheets by using amino silane agent in-
corporated into PVA matrix synthesized by sol gel approach, enhance-
ment in thermal and flame retardant properties were evaluated.
However it was reported that addition of 2 wt% of functionalized gra-
phene nanosheets decreases the mass loss rate during the thermal de-
gradation process [146]. Yang and lee investigated the effect of reduced
GO on the electrical conductive properties of PVA nanocomposites and
mentioned the enhancement in conductivity from 6.04 x 10~ S/m to
5.92 S/m on addition of 14 wt% of RGO [147]. RGO reinforced PVA
sponge has been fabricated for supercapacitor applications, at current
density of 0.3A/g the capacitance value was 200 F/g [148]. By in-
creasing current density, specific capacitance value is decreased, it can
be useful in energy storage devices. PVA matrix integrated with RGO
showed outstanding enhancement in electrochemical properties com-
pared to GO, 190 F/g capacitance is evaluated in contrary to 13 F/g of
PVA-GO nanocomposite [149]. Golafshan et al developed a PVA-gra-
phene alginate scaffold by varying different concentration of graphene
sheets and observed improved electrical conductivity which is useful in
developing the peripheral nerve regeneration device. PVA nanohybrid
resulted in reduction in impedance value on addition of 1 wt% of GO
and toughness increased by 4 fold used as a thick nerve conduit.

Chitosan based graphene nanofibers were synthesized by electro-
spinning method to improve the electrical conductivity of suspension.
On increasing loading of GO, reduction in porosity and permeability of
nanofibrous mats which can be utilized in healing process of wound. In-
vivo evaluations rate are much higher and efficient in rats. Kamal and
Yasin studied the bionanocomposite of chitosan and GO for dye uptake.
Brunauer Emmett Teller (BET) test revealed that incorporation of GO
nanofiller increased the surface are and absorptive properties of the
nanocomposite [150]. This green approach showed high absorption
efficacy and can replace petroleum based membranes. It is reported that
GO reinforced chitosan nanocomposite showed good resistance against
acidic medium [151]. Yang and coworkers fabricated chitosan based
graphene nanocomposite by self-assembly approach in aqueous media.
They examined well dispersion of GO into chitosan precursor,
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increment of 122% in tensile strength and 64% of young’s modulus on
addition of 1 wt% of GO. The Tg of nanocomposite increased gradually
by the addition of GO component. Glucose biosensor based chitosan GO
nanocomposite was produced performed good electrocatalytic activity,
it also showed good amperometric response at a range of 2-10 mM and
high sensitivity which makes it a desired candidate for electrochemical
detection of glucose [152].

In literature, ultraviolet blocking performance has been reported by
employing GO-chitosan based nanocomposite fabricated via pad dry
cure method, it was remarkably enhanced by using chitosan as a dis-
persant [153]. The ultraviolet transmittance spectra revealed that GO
acts as a effective nanofiller to shield UV rays towards cotton fabric.
Shamshiri et al demonstrated chitosan -GO nanocomposite nanofibrous
scaffold exhibited higher drug loading i.e. 98% and controlled release
of doxorubicin. The produced nanofibrous scaffold can be useful in
treatment of lung cancer [154]. A chitosan reinforced graphene oxide
nanocomposite decorated by ZnO can be useful in developing novel
antibacterial agents against E. coli and S. aureus bacteria. It can also be
utilized as disinfection agents to inhibit the bacterial growth and high
antibacterial activity [155]. Azaranga et al observed graphene oxide
sheet in gelatin medium is used to inhibit the growth of ZnO nano-
particles on gold [156]. Here, graphene oxide is reduced and the fab-
ricated nanohybrid was used as a photocatalyst to remove methylene
blue dye, the efficieny of photocatalyst has been increased by addition
of reduced GO. Graphene Oxide nanosheets dispersed in Poly (acrylic
acid) and gelatin based hydrogel composite was synthesized which can
be used in tissue engineering applications [157]. The results showed
that 71% tensile strength and 26% elongation at break are increased by
addition of 0.3 wt% GO nanosheets.

Bigi and colleagues analyzed effect of gelatin into collagen re-
inforced with GO, by adding only 1% of GO into polymer composite
more than 50% increment in young’s modulus and > 60% in fracture
stress was observed [158]. Existence of GO into gelatin films rectified
the material stability to buffer solution from 2 days to 2 weeks. The
fabrication of silk fibroin incorporated GO nanofiller displayed 145 GPa
of tensile modulus which is comparable to stainless steel thin films, by
enhancing electrical conductivity, thermal stability and controlled
permeability it can be beneficial for bio-nanosensing devices, ion se-
paration, electromagnetic shielding coating etc [159]. Li et al reported
GO based hydroxyapatite- hyaluronic acid coating using electrophoretic
deposition [160]. The results displayed the incorporation of GO in-
creased the deposition rate and inhibit creation of cracks in the nano-
composite coatings. This approach is an efficient method which can be
useful in anti-corrosion property on Tin substrate. Bionanocomposite of
starch and GO showed enhanced photochemical property and improved
thermal and electrical characteristics. Conversion of GO into RGO in-
creases the thermal diffusivity and lower down the electrical resistance
of the nanocomposite. Santos and their group developed a chitosan-
starch and keratin grafted graphene oxide nanocomposite. The nano-
hybrid of chitosan and starch exhibited 929% enhancement in storage
modulus on addition of 0.5% of GO but on addition of GO in keratin
showed decrement in rigidity of the nanocomposite [161]. Poly-
caprolactone and GO nanocomposite has been prepared through es-
terification reaction that is chemically reduced, the resulted nano-
composite displayed uniform homogeneity and enhanced electrical
conductivity by 14 orders in contrary to neat polymer matrix. In-vitro
testing showed better biocompatibility and it can be strongly useful in
electrically stimulated growth of cells as conducting substrate [162].
Nanofibrous scaffold of GO and Polycaprolactone nanocomposite in-
dicated appreciable cell affinity of GO. The cells exhibited neuron like
morphology and mature appearance [163]. It can be an alternative
material for biocompatible scaffold in tissue engineering applications.

6. Silicates based nanocomposite

Layered silicates based polymer nanocomposites are first utilized by
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the researchers at Toyota in Japan, they have used silicates as a na-
nofiller which can effectively improve mechanical barrier and flame
retardant properties [164]. Silicates are one dimensional and natural
occurring nanomaterials which are not biodegradable. In last few years
polymer clay or polymer layered silicate nanocomposites. The appli-
cations of polymer clay nanocomposites in the field of automobile in-
dustry, packaging, fuel tanks, electronic and coating industry, coatings
etc which is attributed to the efficient mechanical and thermal prop-
erties. The research on polymer nanocomposites were discovered to
fabricate nanocomposite by using organophilic clay and polyamide 6
(PA 6). Vaia et al reported that layered silicates melt mixed with
polymers which is in molten state has environmental friendly approach
for preparation of nanocomposites by eliminating the use of any solvent
[165]. The inclusion of clay as a filler into polymer nanocomposites
results in high surface area, large aspect ratio, and microscopic dis-
persion of filler into the matrix.

The important factors before fabrication of polymer clay nano-
composite are choice of clay and its pretreatment followed by polymer
selection. Gonzalez and coworkers examined that addition of 30%
Styrene ethylene/butadiene styrene grafted maleic anhydride, tough-
ness gets enhanced and particle size of rubber decreases on addition of
maleic anhydride content. Mechanical properties and heat distortion
temperature improved but reduction in flammability is observed on
comparison to PA6 [166]. Clay is basically a type of layered magne-
sium, hydrous and aluminum silicates [167]. When clay nanoplatelets
dispersed into polymeric matrix, it has aspect ratio around 1000
without breaking. Practically, it has been reported that when mixing is
carried out, due to high shear rate it results in 30-300 aspect ratio.

Montmorillonite has large surface area, a hydrous aluminosilicate
clay sandwiched in between silicon tetrahedron layers. The thickness of
sheet is approximately 1 nm, aspect ratio is 10-1000 and the range of
surface area is 750m?/g. Dispersion of layered silicate nanosheets leads
to interfacial interaction between the filler and the polymeric material
which facilitates stress transfer which results in reduction of weakness
of polymer composites. Stacked layers of silicates reinforced polymer
nanocomposites generally leads to the gap of van der waal forces of
attraction in between the layers. Silicate layers that are modified or-
ganically termed as organosilicates or nanoclay. Fig. 3 explains the
distinct types of polymer clay nanocomposites. In-situ intercalation has
been first employed for polyamide-clay nanocomposite then it has been
used for other thermoplastics. Exfoliated technique was used for epoxy
based clay nanocomposite but the major issue here was removal of
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solvent. Melt intercalation approach is used mostly for thermoplastic
polymer clay nanocomposites in which polymer matrix is mechanically
mixed via extrusion or injection moulding conventional techniques at
elevated temperature.

The most commonly used approach is melt intercalation. Research
by Toyota group observed that nanoclay based nylon 6 nanocomposite
can be used in automotive applications for preparation of covers for
timing belt. Ube manufactured components of fuel systems and fuel
lines which is used for automotive purposes [168]. Hussain and cow-
orkers analyzed the curing mechanism of epoxy reinforced silicate na-
nocomposite by employing dielectric monitoring technique which can
be useful in aerospace applications [169]. The resultant nanocomposite
and the technique used can improve parts efficiency, its quality, and
mechanical strength, process development. Polymer clay nanocompo-
sites have shown efficient flame retardant properties but the things
keep in mind is that it should not release nanosized particles in the
atmosphere which can be inhaled by the human and can affect human
health. Entirely innovative organo clay should be developed which are
biodegradable and has high performance applications in the field of
aerospace and automotive.

7. Future challenges and perspectives

In this review, synthesis, properties and applications of biopolymer
based on metals and carbonaceous nanofiller composites have been
mentioned. A brief of nanoclay based nanocomposites have been also
studied in which emission of hazardous materials should be taken care
off. Novel fabrication of biodegradable nanocomposite leads to perform
smart applications by tailoring its properties. Biomimetic technique has
been employed to design bioadsorbents incorporated nanofiller for re-
moval of heavy metals, different types of industrial dye, drug en-
capsulation, scaffolds, biosensors, supercapacitors etc by enhancing its
structural characteristics. Recent research highlighted the potential use
of bionanocomposite by opting eco-friendly approach. Among all bio-
based polymers, PLA and PVA based nanocomposite has been studied
extensively which attributes to easy processablity and ecofriendly
route. Furthermore, applications in area of proteins and other biopo-
lymers need to be explored. Much attention is needed towards disper-
sion of nanoparticles into the polymer matrix. The enhancement in
properties is a result of interfacial interactions due to the presence of
hydroxyl, carboxyl, and amino functional groups present within the
polymer matrix and the nanofiller. Biopolymer nanocomposites has

Polymer

Exfoliated
Composite

Fig. 3. Types and mechanism of layered silicates reinforced polymer nanocomposites.
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been vastly implemented to address the environmental challenges.
Nanofillers have tendency to form agglomeration in the polymeric
matrix, to overcome this issue chemical modification is required which
can integrate distinct functional group moieties which facilitates its
homogeneous dispersion so that the resultant nanocomposite can ac-
quire optimal performance. Nanosized metals and their oxides inclusion
in biodegradable polymers can open new fortuities in future, lot of
travail can be done to explore its properties fully to develop innovative
applications. One of the major concern is the reduction of graphene
oxide to regain its electrical and mechanical properties, the usage of
reducing agent is the greatest challenge. Hence, an eco-friendly and
non-toxic approach need to be contemplated. Functionalization of
graphene oxide is requisite in order to enhance its electrical, mechan-
ical, thermal properties. Mass production of graphene oxide in large
amount has not been achieved yet, hence production of graphene oxide
in abundant quantity at relatively low cost should be the prime con-
sideration of the researchers. The main focus in the current strategy
should be employing bionanocomposites having no impact on health
and environmental implications.
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