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ABSTRACT

Environmental toxicity and prevailing health sector issues raised there-
after have sensitised research communities to provide some sustainable
solutions. Advanced materials with intelligent behaviour are such fas-
cinating materials to address some environmental and health issues.
Among these nanocomposite hydrogel matrices made of naturally oc-
curring polysaccharides and nanocomponents composed of metal based
nanoparticles, metal oxides, organic, carbon and clay have acquired
prime position owing to their advanced and tunable characteristics as
well as their biogenic origin. Nanocomposites being advanced materials
possess various superior properties such as improved mechanical/ten-
sile properties, porosity, thermal stability, resistance toward chemical
degradation and re-usability. Such properties are mainly incorporated
in the composite matrix due to nano components of reinforcing mate-
rials added. These materials find a diverse range of applications such as
tunable and sustained drug delivery system, bone/tissue engineering
matrices, food packaging film, bioelectronics, management of tissue
wounds, bio-imaging, energy storage, water treatment, biosensors and
industry aligned materials depending upon their core characteristics.
Polysaccharides provide an encapsulating system for nanoparticles
to form a hybrid composite with integrated properties of all compo-
nents. The Present study focuses on the properties and applications of
polysaccharide based nanocomposite with special attention given for
clay based nanocomposites as sustainable materials in different fields.

Keywords: Nanocomposite, Hydrogel, Clay, Drug Delivery Sys-
tems, Advanced Materials
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Introduction

There are various catastrophic changes, such as global
warming, climate change, and increased frequency of
natural disasters, that the earth has been experiencing in
the recent two decades which have resulted in prominent
environmental toxicity in every sector. There is an urgent
need for sustainable and eco-friendly methods and materials
which could facilitate environmental monitoring/sensing
and remediation of environmental pollutants. Conventional
petrochemical-based personal and industrial materials have
imposed diverse negative impacts on the environment,
such as toxic emissions and nonbiodegradable pollutants,
as witnessed by different researchers. Development of
new materials with improved physiochemical properties,
affinity, enrichment capacity, selectivity, and sustainability
is an important topic of research that has sparked the
urgency of advanced materials based on natural origins.
Nanotechnology is said to have the ability to significantly
alter existing methods and materials through developing
new materials, remediation/treatment procedures, and
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monitoring sensors. Environment-friendly advanced
materials derived from natural resources and improved
with nanoparticles are one of the fascinating candidates
for a sustainable future.!

Composites are engineered or naturally occurring solid
materials composed of two or more constituent materials,
each having its own significant characteristic to create a
new substance with superior properties than the original
materials in a specific finished structure. Nanocomposites
are the solid combination of a bulk matrix and nano-
dimensional phase(s) which differ in properties due to
dissimilarities in structure and chemistry.? Nanocomponents
(inorganic or organic fillers) incorporated must exhibit
dimensions in the nanometre range (from 1 nm to
10-9 nm) in at least one phase.® In a composite matrix,
nanocomponents need not necessarily be of controlled size,
but in a nanocomposite, reinforcing material must have
nanoscale dimensions with mandatory distinct inherent
behaviour owing to their size.

Commonly natural, synthetic and combinations of
natural and synthetic polymers are used to form
nanocomposite matrices. The natural polymers used in
composite formulations are normally polysaccharides,
natural hydrocolloids, starches, exudate gums, pectins,
and proteins.>* Common nanofillers/additives used for
nanocomposite fabrication include metal ions, metal oxides,
solid layered clays, synthetic polymer nanofibers, cellulose
nanofibers, and carbon nanotubes.*®> Among inorganic
nanofillers, layered silicates have been utilised prominently
in the packaging industry due to their abundance in
nature, low cost, and ability to enhancefinished product
properties under a relatively simple processing setup.®
Nanocomposite is considered as a matrix or combination,
which is composed of different materials with improved
properties such as good tensile/mechanical and thermal’,
electrical, electrochemical, and optical behaviour, which
are significantly different from the individual components.
Structurally, nanocomposites are composed of two
parts: a continuous phase and a discontinuous phase, or
reinforcing phase. Continuous phases are the main building
blocks of nanocomposites derived from metal, polymer,
or a ceramic matrix. Discontinuous phases/nano-fillers
are nanosized materials which are dispersed within a
continuous phase. Polymeric matrix nanocomposites are
mainly composed of natural polysaccharides and exudate
gums and are the most elaborated materials in the current
scenario with respect to their green origin and tunable
characteristics, which have been further augmented by
the incorporation of nanocomponents of choice as well
as eco-friendly preparation methods.® Natural polymer-
based nanocomposites have special characteristics aligned
with sustainability, such as biodegradability, non-toxicity,
durability, stability, and functionalisable reaction sites.”®
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Nanocomposite hydrogels are defined as water-swollen
Graphicahabsttact polymer matrix and nanoparticles,
both organic and inorganic, metals, metal oxides, and clay as
reinforcing materials into a biopolymeric base matrix, which
includes polysaccharides such as starch, chitin, alginate,
lipids, and proteins.’? Reinforcing materials incorporated in
the gel matrix are primarily in nanoscale dimensions and
possess special characteristics attributed to their size, which
in turn modulate the behaviour of polymeric matrices.®
There are primarily covalent or physical interactions which
bound the gel matrix and reinforcing materials together.
The development of nano-biocomposites, or the dispersion
of nano-sized filler into a biopolymer matrix, is one of the
most promising strategies for improving uncontrolled
swelling, poor mechanical barriers and thermal properties
of biodegradable natural materials.!*

Properties Of Nanocomposites

Nanocomposites have acquired a distinct place in material
sciences due to their characteristic properties, such
as mechanical/tensile strength, stability, optical, electrical,
and thermal properties, etc., which decide their end use.

Mechanical /Tensile Strength

The mechanical and tensile behaviour of any material
is a very crucial property which decides the end use
of engineered materials. This is a crucial property of
composite material that assists in outdoor applications
such as structural frameworks for automobiles, machinery,
construction materials, and the formation of ropes, wires,
textiles and industrial materials.” Experiments have revealed
that polymer/layered silicate nanocomposite-based films
possess improved mechanical, barrier, thermal, and
moisture adsorption properties, thus making them suitable
for packaging applications.

Porosity

Porosity decides how well the products will last long and
how many empty voids are present in it. Porosity is a crucial
characteristic for materials used in pharmaceutics, ceramics,
metallurgy, materials manufacturing, petrophysics, and
hydrology. Porosity is the main property involved in the
formation of biomedical products such as biomedical
implants and wound dressings for early recovery since it
facilitates continuous oxygen supply and removal of fluid
from healing wounds.”® Various fillers, especially clays,
when incorporated into the polymeric coatings, improve
their barrier properties by reducing their permeability and
increasing the length of the diffusion pathways for oxygen
and water species.?

Elasticity

Elasticity is the ability of a material to resist a distorting
influence and to return to its original size and shape when
thatinfluence or force is removed. Like porosity, elasticity
also has a very crucial role, especially in biomedical implants.
Clay-based nanofillers act as good surface cohesive agents,
thus facilitating the joining of one part of the material
to another part, and clay-based nanocomposites have
improved elasticity as compared to the base composite
matrix.®

Thermal and Chemical Stability

Thermal stability is a crucial property of material since
it decides the applicability of material and resists the
effect of temperature fluctuation. When materials
are heated, their size and volume increase in small
increments, a phenomenon known as thermal expansion.
Fine advanced ceramic materials have low coefficients
of thermal expansion — less than half those of stainless
steels. Polysaccharide-based nanocomposites are used
in the formation of various products, such as packing
products, and sustain temperature variation due to the
nano component. It has been observed that clay modulates
thermal decomposition curves of the polymeric matrix, and
the residue content during thermal decomposition varies
with the clay loading. Clay-embedded nanocomposites with
75 wt.% to 40 wt.% clay loading, respectively, had shown
residue up to 6.7 wt.% to 23.2 wt.% after decomposition
in two matrices.” It has been documented that during
decomposition of clay-based biopolymeric nanocomposite,
partial dehydroxylation of clay was observed at the second
and third decomposition stages.® Such materials are
applicable for industrial applications where temperature
fluctuation is continuous.

Types Of Nanocomposites

Nanocomposites have been broadly classified as natural
polymer-based nanocomposites (NPN) and synthetic
polymer-based nanocomposites (SPN). NPN includes
materials fabricated through reinforcement of nanoparticles
and/or nanofibers in a natural polymer matrix. Several
widely used natural biopolymers, including cassava starch®,
chitosan, collagen, cellulose, silk fibroin, alginate!®, and
polysaccharide gums?’, have been utilised in literature for
nanocomposite formation owing to their natural origin
and biocompatibility behaviour. Such polysaccharides
are, although, mechanically labile, and their tensile
behaviour could be improved through the functionalisation
of the matrix, either through graft copolymerisation or
through encapsulation of nanoparticles as reinforcing
materials. SPMs are composed of synthetic polymeric
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materials such as polycaprolactone (PCL), poly (lactic-
co-glycollic) acid (PLGA), polyethylene glycol (PEG), poly
(lactic acid) (PLA), and polyurethane (PU), polystyrene,
PP, polyesters, etc.** A diverse array of nanofillers, such as
nano hydroxyapatite (nHA), nano zirconia (nZr), nano silica
(nSi), silver nanoparticles (AgNPs), nano titanium dioxide
(nTiO2), graphene oxide (GO), and carbon nanotubes (CNT),
are commonly used as reinforcing nanocomponents in
natural and/or synthetic polymer matrices.? Such nanofillers
improve the structural and functional characteristics of the
resultant nanocomposite matrix. Glass fibre reinforced
composites, glass and other synthetic fibre-reinforced
plastics possess high specific strength, although such
materials are limited in use owing to their higher associated
production cost. In one study, the influence of nanoclay
in polyester resin-based composites reinforced with coir
fibres had been evaluated.® The addition of nanoclay to
the coir fibre-reinforced composites exhibited considerable
enhancement of the mechanical properties of the resultant
matrix, which is a cost-effective, eco-friendly substitute
in place of glass fibres.!” CNTs incorporated in a synthetic
polymeric matrix upgrade their mechanical and electronic
properties, which could be further exploited in different
industrial applications such as nanoelectronic devices,
chemical sensors, biosensors, and more. Since CNTs are
electrically conductive, they are therefore suitable for
applications that require the ability to discharge electrostatic
potentials.® Apart from these nanofillers, graphite, metal
chalcogenides, clays and layered silicates (montmorillonite,
hectorite, saponite, fluoromica, fluorohectorite, vermiculite,
magadiite, and kaolinite), metal phosphate [Zr(HPOQa),],
and layered double hydroxides [e.g., MgeAl>(OH)16COs3.
nH,0] have also been utilised as nanofillers for polymer-
layered nanocomposite fabrication.® Among the inorganic
nanoparticles, clays and layered silicates are the most
common nanofillers owing to their natural abundance,
sustainability, and natural intercalation characteristics.
Among the layered silicates, montmorillonite (MMT) is most
intensively studied for its high modulus of clay platelets
and ready availability in large amounts from nature.!3

Clay Matrix Nanocomposite

Clay is an excellent reinforcing material for the synthesis of
nanocomposites. Chemically, clay is a naturally occurring
aluminium silicate composed primarily of fine-grained
minerals. Clay has a crystalline structure consisting of
bi-dimensional layers where a central octahedral layer
of either alumina or magnesia is joined to two external
tetrahedrons of silica in such a way that the oxygen ions
of the octahedral layer also belong to the tetrahedral
layers.' Clay is basically aluminium silicate and possesses
alkali and/or alkaline earth metals. A typical approximate
composition of orthoclase is K;0.Al,03.6Si0,.. Clay is either
found at its origin sites, or it can be carried by rivers and
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deposited elsewhere. When transported by water, the
particles continue to be ground finer and finer by the action
of other rocks. During the transport process, clay particles
got separated according to size. As a result, clay is a major
component of soil all over the world, with a variety of
properties according to the precise conditions that applied
during its formation.*® Clay minerals are hydrous aluminium
phyllosilicate minerals composed of aluminium and silicon
ions bonded into tiny, thin plates by interconnecting oxygen
and hydroxyl ions. These plates are tough but flexible, and
in moist clay, they adhere to each other. The resulting
aggregates give clay the cohesion that makes it plastic. The
dispersion of clay in a polymer matrix is a crucial factor in
producing high-performance nanocomposites. It has been
found that clay nanofillers show good dispersion withinthe
matrix, thus making the resultant matrix as hydrogel.?
The first commercial example of clay-based polymeric
nanocomposites used in automotive applications was clay—
nylon-6 nanocomposites used for making timing belt covers.
Organically modified clays dispersed in a nylon-6—polymer
matrix greatly improved the dimensional stability and the
barrier properties. Mechanical properties of polymer-
clay composite got improved by the incorporation of clay
nanoparticles which act as a barrier to the diffusion of
water and oxygen through the composite film. Due to the
exfoliate ability of clay, polymer—clay compositesina 2:1
proportion of different clays, such as montmorillonite,
laponite and hectorite, result in optimal distribution in
the matrix.®

Improvement in barrier resistance in nanocomposites
plays an important role in beverage applications. When
the layers are delaminated, it increases the effective path
length for molecular diffusion, and the path becomes
highly tortuous to reduce the effect of gas and moisture
transmission through the film.*% Based on the barrier
properties, nanocomposite packaging films made from
polyethylene terephthalate (PET) have been studied as
replacements for conventional polymer films.?%?2 Many
polysaccharide-based nanocomposites possess film-forming
properties that render them suitable for the preparation of
membranes with different characteristics. Such membranes
found practical applications in pharmaceutics, medicine,
agriculture, the food industry and different industrial
processes. Silane-modified nanoclay when crosslinked with
functionalised starch (starch phthalate) notably improved
the compressive modulus and strength of hydrogel up
to twice by the addition of nanoclay. The increase in the
mechanical properties was due to interaction between the
amine groups present on the nanoclay and the hydroxyl and
ester groups present on the modified starch.?®* Chitosan-
intercalated montmorillonite clay nanocomposites
display electroresponsive behaviour and a super-swelling
nanocomposite network structure. This matrix had minimal
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cytotoxicity and improved gel strength and thermal
stability when used at the optimal concentration of 6%,
thereby making them suitable candidates for biomedical
applications.*

Applications Of Nano Composites

Nanocomposites, owing to their advantageous properties,
are extensively used as superior-strength fibres, films,
UV protection gels, drug delivery systems, fire retardant
materials, anti-corrosion barrier coatings, lubricants and
stretch paints and sustainable construction materials.**
Polysaccharide-based nanocomposite hydrogels possess
a mixture of properties such as biodegradability,
biocompatibility, permeability, hydrophilicity, and non-
toxic and non-immunogenic behaviour owing to the natural
polymeric matrix and improved properties attributed to the
nanocomponent included withinthe matrix, which in turn
increases the horizons of polysaccharide nanocomposite
hydrophilic systems.*

Pharmaceutical Applications
As Drug Delivery agent

Drug delivery systems include formulations that have
been created for the delivery of pharmacological agents
into desired regions in a reliable manner. Release of
drugs to the target zone is crucial for both more effective
treatment and reducing side effects. This could be achieved
through the synthesis of appropriate drug delivery systems
which could simulate a natural biological environment,
facilitate easy access to the target organ and have minimal
toxicity associated with them. Clay-based nanocomposites
acquire a prime place for controlled drug delivery.'”?°
Hydroxyapatite (HA)/collagen alginate nanocomposite has
been used in bone repair as well as delivery of drugs with
improved behaviour. Nanocomposite has been combined
with a bone formation protein. Furthermore, HA/collagen
scaffolds with inherent porous structures assist in fibroblast
growth factor-2. Such drug-releasing systems provide
better results by inducing the regeneration of cartilage
and bone in in vivo models. Apart from these, HA/CH
nanocomposites have also been used as a drug-delivery
matrix, and precise release of vitamins has been achieved
from the gel matrix.?® Anirudhan et al. have synthesised a
montmorillonite/N-(carboxyacyl) chitosan-coated magnetic
particle (Mt/CACh-MP)-based drug delivery system for in
vitro controlled delivery of paracetamol through the hot
intercalation technique. The newly fabricated matrix had
been characterised by FTIR, SEM and XRD methods. Drug
isotherms demonstrated multilayer adsorption within the
matrix and showed 84% drug loading at pH 6. Targeted
and controlled drug administration can be facilitated by
mt/CACh-MP because of its significant swelling capacity.®
Mohamed Mousa et al. have suggested that clay acts as a

bioactive additive which enhances cellular functions such
as adhesion, proliferation and differentiation reported
during osteogenesis.”® Nagahama et al. have synthesised
injectable gel based on self-assembling PLGA-PEG-PLGA
copolymer (P3k) micelles and clay nano discs (CNDs) for
controlled release of doxorubicin (DOX). From a single
injection of hybrid gel, long-term sustained release of DOX
had been achieved, thus providing sustained antitumor
activity in vivo and decreasing the repeated use of harsh
chemotherapeutics. It had also been observed that these
hybrid gels assist in decreasing the size of the tumour
drastically as compared to the control, where mice were
treated with PBS and free of DOX. Additionally, a gradual
decrease in tumour volume was observed in mice treated
with P3k/CND/DOX hybrid gel without any associated
dermatitis.®

Bone Tissue Engineering Applications

Tissue engineering aims to support tissue regeneration and
growth of healthy cells or create materials that can replace
damaged tissues. Materials developed in this field should
include specific morphological or structural characteristics
for application. In this context, nanocomposites have
shown good mimicking behaviour towards the natural
morphology of the extracellular matrix surrounding cells,
thus making them suitable for the promotion of repair
of tissue structures.?®3%3! Nanocomposites could also be
used for tissue repair and minimise the immunological
responses due to their biocompatibility. There are
various nanocomposites generated from biorenewable
resources used in bone-tissue engineering.?? For bone
defect regeneration, Zhai et al.*®* developed a poly(4-
acryloylmorpholine) laponite-based nanocomposite
hydrogel with bioactive ion release. It exhibited a suitable
environment for cell growth and excellent mechanical
properties. Due to the gradual release of the clay’s intrinsic
Mg?* and Si** ions, nanocomposite hydrogel supported
ALP production by primary rat osteoblasts. Therefore,
following implantation in vivo, new bone formation is
stimulated. Micro-CT analysis and reconstructed 3D images
demonstrated that nanocomposite hydrogel with 5% of clay
stimulated bone growth in the tibia defect in comparison
with the control.?

Biosensors and Actuators

Stimuli-responsive hydrogel-based nanocomposites
embedded with nanoclay particles demonstrate
multifunctional characteristics and thus could be used as
biosensors and soft robotic actuators, which show quick
responses with respect to fractional changes of temperature,
pH, and light, as well as magnetic and electric fields.>* Gao et
al. reported on robust poly(N-isopropylacrylamide-co-N-[3-
(dimethylamino)-propyl]methacrylamide)/MMT hydrogel
bilayers able to respond to both pH and temperature
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changes, resulting in reversible and repeatable curling/
uncurling.®® In another study, Yao et al. were also able to
produce hydrogel strips with repeatable thermo-responsive
behaviours that change their shape in water by switching
the temperature rapidly between 24 and 42°C. Such
biomimetic actuations of bilayer hydrogels may have the
potential for applications as soft robotic actuators, sensors,
and drug-delivery vehicles.> Tan et al. evaluated the
potential of laponite-crosslinked (N,N-diethylacrylamide)-
co-(2-dimethylamino) ethyl methacrylate hydrogels as
temperature switches to change the optical transparency.
As the temperature gradually increased, from 20°C to 40°C,
the transparency of the nanocomposite hydrogels gradually
decreased until slightly opaque, thus showing that colloidal
laponite had the ability to change the visual gradient of
thermo-responsive nanocomposite hydrogel.?” Clay-based
multifunctional nanocomposites have shown excellent
thermal sensitivity, stimuli responsiveness, stretchability,
conductivity and adhesive properties, thus making them
suitable sensing devices in different sectors.383%40

Food Applications

Keeping in view sensitisation toward the use of eco-friendly
and safer packaging materials for food products, nanocom-
posites are suitable materials for making safer and eco-
nomic food packaging material. Food packaging materials
could be fabricated through microwave, ultrasound, and
electrospinning methods.**? In food packaging applica-
tions, nanocomposites composed of polysaccharides and
proteins such as casein, collagen, gelatin, soy protein,
and wheat gluten are commonly used as the main matrix
elements.”® Biodegradable characteristics of such matri-
ces are applicable mainly for food packaging and surface
coating materials for various medical equipment, tablets,
etc.* Films and coatings for packaging applications with
antimicrobial function have been presented as an effective
method to control microbial contamination in ready-made
food.** The prepared material acts to block the passage
of moisture, gas, and solvent as a selective barrier, as well
as increasing food safety with antimicrobial properties. But
poor mechanical strength of such materials limits their use.
To address such shortcomings, metal oxide nanoparticles,
nanoclay, metal, carbon nanofibers, and nanotubes have
been doped**® with the help of doping, thereby improv-
ing the chemical and physical properties of the resultant
matrix.* Nanocomposites with zein protein are one of the
excellent antibacterial food packaging* matrices in which
nano enhancers are used to increase the mechanical per-
formance of corn zein films. The other biopolymer, whey
protein isolate, which is a byproduct of the cheesemak-
ing industry, is also used for food packaging.*> Although
these protein films show stable mechanical properties,
they have substandard tensile strength along with a high
water vapour transmission profile. Such demerits could
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be addressed via the formation of whey protein—poly-
mer matrices reinforced using nanoclay as nanofillers.>°
The addition of TiO,/SiO, nano enhancers to biopolymer
matrices like proteins not only incorporates antimicrobial
function but also enhances the mechanical strength of
the films. Nanocomposites that have inhibitory effects
on E. coli and Salmonella typhimurium, especially in the
packaging of meat, have been prepared by adding EDTA
to biorenewable films comprising nisin and lysozyme.>*
Novel biodegradable starch/clay nanocomposite films
synthesised through homogeneously dispersing montmo-
rillonite nanoparticles in different starch-based materials
via polymer melt processing techniques have been used
as food packaging matrices. Structural and mechanical
characterisations on the nanocomposite films were also
performed.*3444546

Despite so many advantages associated with nanocom-
posites, there are certain concerns associated with the
use of nanocomposites in food packaging films. Leaching
of nanocomponents through the packaging films must be
thoroughly evaluated to ascertain the safety aspects.>2>3
Another important aspect to consider is the recyclability
of the polymer nanocomposite materials. The evaluation
was carried out through recycling tests, where conven-
tional recycled packaging films without nanomaterials
were subjected to extrusion processing in combination
with increasing concentrations of nanoreinforced plastic
films. Antimicrobial properties of food packaging were
evaluated based on disc diffusion assay of any films of
nanocomposites used in food packaging.>*

Environmental Applications

Urbanisation, industrialisation and indiscriminate use of
petrochemicals and chemical fertilisers are the leading
factors for the accumulation of toxic wastes containing
many poisonous chemicals, including heavy metals, toxic
metalloids, polycyclic hydrocarbons (PCH) and dyes in
every sector of the environment. These pollutants are
released from industries of tanning, textiles, food, paper,
and pharmaceuticals and chemical industries.*® These
pollutants, especially dyes and PCH, are carcinogenic in
nature and pose adverse effects on the environment as
well. Excessive accumulation of heavy metals damages the
body’s central nervous system, skin (causing dermatitis),
and many biological systems. Therefore, their removal
from water is essential for a healthy environment.>5 5758 59
Therefore, biopolymeric-based nanocomposite membranes
with different structures and reinforcements are commonly
exploited for the removal of organic dyes, heavy metals
and pollutants from dirty water.®® Contaminant enrichment
methods commonly used include membrane filtration, ion
exchange, chemical precipitation, absorption, adsorption
and electrochemical separation.>® Among these methods,
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membrane-based methods are widely used because of the
advantages such as low energy consumption, using very
low concentrations, high purification efficiency, simple
operation, high selectivity, compliance with green chemistry
principles, and lower operating costs. The porous and highly
polar structure of biorenewable composites provides an
important advantage for water purification applications.®’
The strong interaction between polar groups and pollutants
withinthe polysaccharide-based nanocomposites is the
basis for good purification. Therefore, column fillers or
membranes made of such biorenewable reinforcement-
based composites are frequently used in water purification
processes.®* Functionalised chitosan/cinnamaldehyde
nanocomposites enriched with Fe;O4 were synthesised as
adsorbents and used to remove toxic Cr(VI) from aqueous
solution. The morphological, structural, and magnetic
properties of composites were investigated. The toxic Cr(VI)
adsorption mechanism was evaluated by batch experiments
as a function of adsorbent dosage, contact time, pH, and
initial hexavalent chromium concentration. At 298 K, the
nanocomposite adsorbent reached adsorption equilibrium.
In another study, clay/polymer hybrid nanocomposite
materials had been used for dye enrichment and removal
owing to their hydrophilic structure, high mechanical
strength, and better thermal stability.’* Hosseinzadeh
and coworkers studied cationic crystal violet (CV) dye
enrichment using hydrogels made of kappa-carrageenan and
poly(vinyl alcohol) integrated with sodium montmorillonite
nanoclay. Nanoclay drastically alters the swelling behaviour
of the functionalised nanocomposite matrix, declining
it from 1200% to 320% due to extensive crosslinking.
The effects of contact time, nanoclay concentration, pH,
temperature, and ion strength on the uptake of crystal
violet dye have also been investigated. The nanocomposites
had a higher adsorption than the clay-free hydrogel in
the same batch setup.®> Malachite green uptake was
studied using carboxymethyl cellulose/montmorillonite
nanocomposites. The maximum monolayer adsorption
capacity was calculated using the Langmuir isotherm model,
and the adsorption process kinetic was better described
by a pseudo-second-order kinetic model. Functionalised
nanocomposites display higher adsorption as compared
to simple hydrogels. The effectiveness of the adsorption
process decreased as ion concentration increased.®** There
are prevalent microbial contaminants in water, such as
Entamoeba histolytica, Shigella sp., and Salmonella typhi,
which are responsible for dangerous waterborne infections
such as diarrhoea, dysentery, and typhoid. The conventional
method of disinfection is chlorination, but nowadays, this
technology has become less effective since the existence of
soluble organic pollutants has resulted in the formation of
secondary toxic contaminants.®’ It has been documented
in literature that clay-based nanocomposites showed the

ability to remove various pollutants (bacteria, metals,
phenol, tannic acid, pesticides, dyes, etc.) from water/
wastewater.’? Montmorillonite-polydimethylsiloxane-
chlorhexidine acetate and clay-polydimethylsiloxane-
chitosan-silver showed the ability to retard the growth
of different bacterial strains. E. coli was also removed
via bentonite clay composite modified with starch-
grafted quaternary ammonium ethers. In another study,
chitosan-based nanocomposites have an antimicrobial
activity. Montmorillonite-chitosan nanocomposites had
shown better removal efficiency of S. aureus and E. coli
as compared to montmorillonite and chitosan matrix.
Furthermore, E. coli was removed via hanocomposites
of rectorite modified with PVA, chitosan, and sodium
dodecyl sulfonate compared to the single components.
High antimicrobial activity was also reached via chitosan-
organoclay and chitosan-montmorillonite modified with
Ag+ nanoparticles.>® There are various clay-based

Nanocomposites are utilised as adsorbents in literature for
the enrichment of dangerous toxic organic pollutants due
to the existence of polymeric hydrophobic parts on the
nanocomposite surfaces.> There is another advantage of
using clay-based nanocomposites since these matrices could
be compressed in the form of fine powder or tablets using
the thin-coated layer methods. These methods provide an
enhancement of the adsorbent reusability after adsorption
of toxic contaminants.% Clay-polymer nanocomposites can
also be used for the adsorption of toxic gases like ammonia
and metallic gases such as mercury, thereby broadening
their horizon in sensing of leakage issues in industrial
or domestic setups. For example, chitosan-bentonite
composite was used as an adsorbent for the elimination
of Hg.?Also, a composite, synthesised from acid-activated
bentonite and natural palygorskite via a polymerisation
reaction between N,N’-methylenebisacrylamide and acrylic
acid, was used for the adsorption of ammonia, etc.

Industrial Applications

Nanocomposites find applications in industrial sectors
extensively in terms of designing advanced materials with
superior properties, which is the most demanding area in
the current era of continuous technological innovations, as
well as the changingof society toward accessible materials
with superior characteristics. Technological applications of
gas separation have been increasingly developed to solve
various global issues and challenges in recent years®®.
industrial setups, these materials are being used for the
separation of nitrogen from the air, separation of water
and CO, from natural gases, separation of hydrogen gas (for
example, separation of H,/hydrocarbon in petrochemical
applications and separation of H,/N in nitrogenous plants),
and separation of organic vapours from air or nitrogen
streams. Membrane-based gas separation techniques are
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the most commonly used methods [49]. However, when
conventional membrane materials are used, one of the most
important barriers may be the increase of the selectivity
and decrease of the permeability and vice versa. The
development of hybrid or nanocomposite membranes to
overcome this problem has been one of the most promising
research directions in recent years. Because nanocomposite
membranes have some advantages, such as control over
porosity, good mechanical stability, and ease of processing,
they are attractive as an alternative material compared
to conventional separation methods.®” In technological
industrial gas separation, cellulose is the most widely used
renewable resource as a matrix material in nanocomposite
membrane structures. Organic-inorganic nanocomposites
are generally being prepared using zeolite, silica, alumina,
carbon molecular sieves, etc. as additional reinforcements
in the polymer matrix because these materials increase
the selectivity and permeability of nanocomposite hybrid
membranes. Various types of electrical properties are also
enhanced.%

Conclusion

Nanocomposites and nanoparticle-embedded polymeric
systems are advanced materials of choice in the current
scenario. These functionalised materials could also be
utilised as renewable, sustainable structural frameworks,
biomedical devices, adsorbents and sensors depending
upon their core characteristics and broad horizon of
functionalisation. There are various studies conducted
on functionalisation, improvisation of properties and
applications of nanocomposites by different researchers
globally. Such materials have shown the ability to detect
pollutants, gases or other components in industrial setups,
thereby assisting in ecotoxicity monitoring, which is the
biggest concern nowadays. When compared to ordinary
hydrogels, polysaccharide-based nanocomposite hydrogels
have shown superior and new characteristics, such as better
electrical, thermal, magnetic, and conductive capabilities,
and are more sensitive toward external stimuli, thereby
being employed in a variety of applications, including hygiene
goods, biosensors, food packaging, agriculture, wound
dressing, tissue engineering, drug delivery, and the removal
of organic pollutants, dyes, and heavy metal ions. Apart from
it, there is a need for evaluation of ecotoxicity associated
with the release/leaching of the nanocomponents in the
environment as well as their monitoring and alleviation
methods to be devised. There are many more possibilities
to explore and utilise polysaccharide-based nanocomposites
for advanced applications such as energy assimilation,
storage and communication, apart from more precise
drug therapies.
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