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Abstract: Nanoclays are layered aluminosilicate nanostructures. Depending upon the chemical
composition and microscopic structure, various nanoclay types have been discovered such as mont-
morillonite, bentonite, kaolinite, halloysite nanoclay, etc. Nanoclays have been organically modified to
develop compatibility with polymers. Polymer/nanoclay nanocomposites have prompted significant
breakthroughs in the field of nanocomposite technology. Green nanocomposites form an important
class of nanomaterials using naturally derived degradable materials as matrix/nanofiller. This review
essentially deliberates the fundamentals and effect of nanoclay reinforcements in the green polymer
matrices. Naturally derived polymers such as cellulose, starch, natural rubber, poly(lactic acid), etc.
have been employed in these nanocomposites. Green polymer/nanoclay nanocomposites have been
fabricated using various feasible fabrication approaches such as the solution route, melt processing,
in situ polymerization, and others. The significance of the structure-property relationships in these
nanomaterials, essential to attain the desired features, has been presented. Green polymer/nanoclay
nanocomposites are light weight, inexpensiveness, ecofriendly, have a low cost, and enhanced in-
dispensable physical properties. Consequently, the green polymer/nanoclay nanocomposites have
found applications towards sustainability uses, packaging, membranes, and biomedical (tissue engi-
neering, drug delivery, wound healing) sectors. However, thorough research efforts are desirable to
extend the utility of the green polymer/nanoclay nanocomposites in future technological sectors.

Keywords: nanocomposite; green; polymer; nanoclay; sustainability; packaging; biomedical

1. Introduction

Nanoclays are important layered aluminosilicates [1–3]. The platelet size usually
ranges from 10 nm to 100 nm. Nanoclays occur naturally; however, can be formed through
synthetic routes. In nanoclays, the individual nanolayers are made up of SiO4

4− tetrahedra
or [AlO3(OH)3]6 octahedra. The aluminosilicate-layered nanosheets are often stacked
together via van der Waals forces. The layered nanosheets have entrapped ions between
the platelets. The nanoclay-based nanostructures show notable structural, morphological,
thermal, mechanical, and barrier properties. Owing to their unique nano-scale structure,
the nanoclays have been used as excellent nanofillers in polymeric matrices to form the
nanomaterials [4,5]. To progress the compatibility of the nanoclays (inorganic) with the
polymers (organic), the layered silicates are usually modified via alkyl cations to form the
organoclays [6]. The polymer/nanoclay nanocomposites own the mechanical robustness,
heat stability, and flame resistance characteristics. Consequently, these nanocomposites
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have been applied in wide-ranging industrial applications including the aerospace, automo-
tive, construction, packaging, electronics, etc. Ecofriendly and biodegradable polymers and
nanoclays combinations have been recognized to develop the green nanocomposites [7].
Thus, the remarkable green polymer/nanoclay nanocomposites have been designed using
the naturally derived polymers [8,9]. Subsequently, the green polymer/nanoclay nanocom-
posites have been explored in numerous sustainable materials and applied sectors [10–12].
Consequently, the polymer/nanoclay nanocomposites have been designed using sev-
eral facile intercalation and exfoliation routes [13]. The nanoclay nanofillers including
montmorillonite, cloisite, laptonite, sepiolite, halloysite nanotube, etc. have been filled in
cellulose [14–16], starch or polysaccharides [17–19], poly(lactic acid) [20–22], silk [23,24],
natural rubber [25–27], and other matrices. The green polymer/nanoclay nanocomposites
have superior physicochemical, biocompatibility, and hydrophilicity properties. The versa-
tile applications of green polymer/nanoclay nanocomposites have been observed in the
fields of drug delivery, tissue engineering, packaging, and strength applications [28,29].

This review states the fundamentals, design, essential features, and potential appli-
cations of green polymer/nanoclay nanocomposites. The advanced developments and
solicitations of the high-performance green polymer/nanoclay nanocomposites have ren-
dered these materials important for future advancements in the related industries. Thus,
this is an all-inclusive, pioneering, and up-to-date overview on green polymer/nanoclay
nanocomposites portraying indispensable aspects from synthesis/essential features to tech-
nical potentials. To the best of our knowledge, green polymer/nanoclay nanocomposites
have not been assessed comprehensively in the literature before with such specific review
outline, recent literature reports, and technical analysis. Therefore, this review article is
undoubtedly a ground-breaking contribution in the field of green nanomaterials aiming
at advanced industrial applications. Subsequently, forthcoming evolutions in the field
of green polymer/nanoclay nanocomposites are not conceivable for researchers before
obtaining prior knowledge of the accumulated literature and investigations regarding
these nanomaterials.

2. Nanoclay

In the nanocomposite field, research has focused on the use of inorganic or organic
nanofillers for polymeric matrices [30]. Nanoclay was discovered as a unique inorganic
nanofiller for the hybrid polymer nanocomposite [31]. Out of a large class of hydrous
aluminum phyllosilicate minerals, commonly used nanoclays include montmorillonite,
bentonite, kaolinite, mica, and many others [32]. The typical structure of a nanoclay
consist of two-dimensional silica tetrahedral nanosheets attached to the alumina octahedral
nanosheets (Figure 1). In nanoclays, a layered silicate sheet has a thickness of ~0.7 nm,
whereas the double layer has a thickness of ~1 nm. The interlayer spacing between the
nanoclay platelets has quite weak van der Waals interactions [33]. The layered silicates are
hydrophilic in nature, so the interaction of the nanoclay with the polymer chains is generally
difficult [34]. Therefore, to improve the organophillicity of nanoclays, the interlayer spacing
is usually modified through exchangeable ions, organic molecules, or surfactants (Figure 2).
As the nanoclay nanosheet surface is negatively charged due to the inbuilt silicate structure,
the interlayer spacing can easily compensate an exchangeable cation layer (Na+, K+, Mg2+,
and Ca2+, etc.). Accordingly, the charge exchange capacity of the layered silicates has been
studied [35]. Due to surface charge on the layered silicate nanosheets, the nanoclays have
shown an electrical conductivity of 25–100 mSm−1 [36,37]. The structure of nanoclay can be
well interpreted on the basis of differences and relative advantageous properties, compared
with aluminum silicate, i.e., derived from aluminum oxide and silicon dioxide (Table 1). In
nanoclays, the substitution of organic cations (aliphatic chain attached to -NH3

+) between
the nanoclay galleries can increase the interlayer spacing for better compatibility with
the polymeric chains [38,39]. Synthetic polymers such as epoxy, polystyrene, polyamide,
polyurethane, etc., have been used as matrices for nanoclay nanofillers [40]. The ensuing
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polymer/nanoclay nanocomposites have high tensile, non-flammability, thermal, electrical,
and barrier properties [41–43].
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Figure 2. Entrapment of ions in layered nanosilicate nanostructure.

Table 1. Comparative properties of nanoclays and alumina silicate particles.

Properties Nanoclay Alumina Silicate

Structure Platelets or layered Particles

Cation exchange capability High due to layered structure No cation exchange ability

Plastic behavior Upon wetting No plasticity

Swelling behavior High on wetting No swelling

Permeability Low High

Catalytic abilities High Low

Dimensional stability Low High

Dielectric/thermal insulation Low High

Resistance to thermal impacts Low High

Chemical stability Low High

Heat resistant Low 1300 ◦C

Application in metal plating No Yes

3. Polymer/Nanoclay Nanocomposite

The nanoclay nanofillers have been reinforced in the polymeric matrices through
various physical and chemical approaches [45]. However, developing fine interactions
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between the matrix and clay nanosheets have been found challenging to achieve a compati-
ble polymer/nanoclay nanostructure [46]. In this regard, the interlayer spacing between
the nanoclay platelets was improved through the intercalation of surfactant/functional
molecules. Consequently, cationic or anionic nanoclay modification processes have been
used [13,47]. Figure 3 demonstrates the intercalation of polymer chains between the nan-
oclay galleries and subsequent dispersibility to form the tactoids, intercalated, or exfoliated
structures. For comparison purposes, a polypropylene matrix has been studied with differ-
ent types of nanoclays to see the intercalation or exfoliation effects (Table 2). Depending
upon the nanoclay type, intercalation or exfoliation was facilitated by the melt-blended
polypropylene nanocomposites.
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Figure 3. Formation of polymer/layered silicate nanostructure via intercalation and exfoliation.

Various facile methods have been adopted to form the polymer/nanoclay nanocom-
posites [48]. The most commonly adopted techniques involve the solution mixing (nanoclay
and polymer dispersion in solvent), melt mixing (polymer/nanoclay direct melting and
mixing at high temperature), and in situ polymerization (in situ monomer and nanoclay
interaction) [49,50]. In these approaches, homogeneous nanoclay dispersion in the polymer
matrices has been investigated.

Table 2. Polypropylene/nanoclay nanocomposite prepared by melt blending method.

Polymer Nanoclay Polymer/Nanoclay
Structure Ref

Polypropylene Montmorillonite Exfoliated and
intercalated [51,52]

Polypropylene Kaolinite Intercalated [53,54]

Polypropylene Cloisite Exfoliated [55,56]

Polypropylene Vinyl clay Exfoliated [57]

Polypropylene Sepiolite Exfoliated or
intercalated [58,59]
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Table 3 depicts a brief recent survey on some high-performance synthetic poly-
mer/nanoclay nanocomposites. The polymeric matrices such as polystyrene [60–62],
polyethylene [63–66], polypropylene [67–69], polyamide [70–72], poly(methyl methacry-
late) [73–76], polyaniline [77,78], polypyrrole [79], etc., have been reinforced with nanoclays
such as montmorillonite, bentonite, halloysite nanoclay, kaolinite, cloisite, and several
other minerals. The inclusion of nanoclays in polymeric matrices was found to enhance
the heat stability, flame defiance, mechanical properties (tensile strength, tensile modulus,
toughness, etc.), barrier properties, and self-healing features of the nanocomposites. Wide
ranging applications of the polymer/nanoclay nanocomposites have been observed from
automotives/construction to electronics to biomedical areas [80–82].

Table 3. Recent survey on synthetic polymer/clay nanocomposite.

Matrix Nanoclay Properties Ref

Polystyrene Montmorillonite;
Bentonite

• Thermal stability
• Non-flammability
• Mechanical properties
• Barrier properties
• Morphology variation
• Barrier properties
• Low water permeability
• Low gas permeability

[60–62]

Polyethylene (low and
high density) Montmorillonite [63–66]

Polypropylene Montmorillonite [67–69]

Polyamide Montmorillonite [70–72]

Poly(methyl methacrylate) Montmorillonite;
halloysite nanoclay [73–76]

Polyaniline Montmorillonite;
kaolinite; bentonite [77,78]

Polypyrrole Montmorillonite [79]

4. Green Polymer/Nanoclay Nanocomposite

Green polymers (natural or synthetic) such as cellulose, starch, polycarbonate, poly(lactic
acid), etc., have gained research interest for the development of ecological nanocompos-
ites [83]. Green synthesis procedures have also been adopted to form ecopolymers and
green nanocomposites [84,85]. Green polymers and nanomaterials have been applied in
coatings [86], membranes [87], adhesives [88], drug delivery [89], and other biomedical
applications [90,91]. In these nanocomposites, green nanofillers have been utilized with
polymers to attain the desired biodegradability. Chitosan is usually employed as both a
green matrix and a nanofiller [92,93]. Similarly, lignin has been used as a green nanofiller
as well as a matrix [94,95]. Green nanofillers have been reinforced in numerous natural
and synthetic polymers such as poly(lactic acid), poly(ethylene oxide), poly(vinyl alcohol),
poly(lactic acid), and many others [96,97]. Nanoclays have been identified as important
green nanofillers for polymeric matrices [98,99]. Among nanoclays, montmorillonite is a
well-known ecological nanofiller [100–102]. Nanoclays, along with the degradable natu-
ral/synthetic polymers, have been effectively used to develop the green systems [103,104].
In green polymeric nanocomposites, carbon nanofillers such as graphene, graphene ox-
ide, and carbon nanotube have also been reinforced [105–107]. The degradable green
polymer/nanoclay nanocomposites have fine biodegradability, and antimicrobial effects,
and thermal, mechanical, and electrical characteristics. A few general relative proper-
ties and applications of green polymeric nanocomposites with different nanoclays are
given in Table 4.
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Table 4. Property/application of various nanoclay types with green polymers.

Montmorillonite Cloisite Halloysite Nanotube Application of Nanoclays with Green Polymers

Thermal stability Heat resistance Thermal stability
Montmorillonite and halloysite nanoclay in
cellulose and starch matrices for electrical,

magnetic, and optical devices

Mechanical strength Mechanical stability Strength properties
Montmorillonite and halloysite nanoclay based

green nanomaterials for drug
delivery/tissue engineering

Gas permeability Dimensional stability Flame retardance Cellulose and starch with montmorillonite
for antimicrobials

Barrier properties Rheological properties Anticorrosion coatings Cloisite in natural rubber for civil structures

Wastewater treatment Thickener in lubrication oils Wastewater treatment Montmorillonite and halloysite nanoclay in
cellulose and starch for packaging

4.1. Cellulose/Nanoclay Nanocomposite

Cellulose has been obtained by chemical or enzymatic treatment of raw cellulose
sources [108,109]. Cellulose is a natural degradable polymer; however, it has limitations
of water vapor permeability and hydrophilicity [108]. Consequently, nanocomposites of
cellulose with montmorillonite, kaolinite, and other nanoclays have been reported [110].
The cellulose-based nanocomposites have fine dispersion, mechanical robustness, gas
barrier, and flame retardance characteristics [111]. The compatibility between the matrix
and nanofiller in the nanocomposite has been analyzed. Barbi et al. [112] designed the
bacterial cellulose and ceramic nanoclay-based green nanocomposites. The hydrophilic
porous membranes were obtained having fine biomedical potential. Ming et al. [113] de-
signed the green nanocomposite based on the nanofibrillated cellulose and montmorillonite
nanoclay. The synthesis, transparency, and flame retardancy of the nanocomposites were
investigated. Figure 4 shows the synthesis of nanofibrillated cellulose/nanoclay involving
the formation of polymer suspension and nanoclay dispersion. The nanocomposites were
fabricated through mechanical stirring and ultra-sonication approaches. Figure 5 displays
the sample burning of neat nanofibrillated cellulose film and nanocomposite film with
50 wt.% clay nanoplatelet.
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nanofibrillated cellulose was extracted from wood pulp through mechanical and chemical treatments
and mixed with uniformly dispersed nanoclay nanoplatelets in water. The nanofibrillated cellulose
dispersed monolayer clay nanoplatelets suspension was blended with 0.5 wt.% clay nanoplatelet
suspension using mechanical stirring and ultra-sonication methods. Water evaporation induced
self-assembly was used to prepare a highly transparent NFC-monolayer clay nanoplatelet hybrid
film with superb self-extinguishing effect [113]. Reproduced with permission from ACS.
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Figure 5. Time-lapse flammability of (left) pure nanofibrillated cellulose film and (right) transpar-
ent hybrid film with 50 wt.% monolayer clay nanoplatelet, respectively [113]. Reproduced with
permission from ACS.

The neat nanofibrillated cellulose film showed an extensive burning for 8 s, and smol-
dering continues for 32 s. However, the nanocomposite sample was not vigorously burnt
and revealed self-extinguishing behavior. The nanofibrillated cellulose/nanoclay films
have high transparency (≥90) and superb self-extinguishing behavior, due to the effect of
nanoclay nanofiller. Ferfera-Harrar et al. [114] developed green nanocomposites based on
various types of organo-modified montmorillonite such as gelatin-modified montmoril-
lonite or chitosan-modified montmorillonite. Triethyl citrate was used as an eco-plasticizer.
In microscopic studies, the plasticized nanocomposites displayed well intercalated and
exfoliated structure. The 5 wt.% nanoclay content was found to be the optimum to increase
the thermal stability of the nanocomposite. In addition to the thermal and flame resistance
features, the cellulose/nanoclay nanocomposites have been used for electronic applica-
tions [115]. Cellulose paper was filled with nanoclay nanofiller to develop flexible and
green electronics [116]. A cellulose matrix with 34 wt.% nanoclay content had improved
the young’s modulus by 1.5 times compared to the neat cellulose. Moreover, the thermal
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stability of the cellulose/nanoclay nanocomposite paper was improved from 290 (neat
cellulose) to 310 ◦C. The cellulose/nanoclay nanocomposite paper revealed flexible and
easy-to-process electronics, as compared to the conventional rigid circuits.

4.2. Starch/Nanoclay Nanocomposite

Starch belongs to the polysaccharide group having low cost, biodegradability, potential
availability, and attractive physical properties [117]. Starch is commonly found in wheat,
rice, corn, potato, etc. The structure of starch has intense intermolecular hydrogen bonding
between its chains, which may affect its solubility [118]. Starch has important applications
in packaging, drug delivery, and tissue engineering [119]. Green nanocomposites have been
designed using a starch matrix and nanoclay nanofiller via a solvent casting method [120].
Pristine starch usually has poor mechanical properties. In this regard, plasticizers have
been used to improve the physical features of starch. Plasticizers are usually low molecular
weight compounds, which are added to improve the flexibility and processibility of the
starch-based materials [121,122]. Mansour et al. [123] prepared the nanocomposite derived
from non-granular maize starch and sodium montmorillonite nanoclay. The nanocomposite
was plasticized with the glycerol plasticizer. The addition of 10–20 wt.% nanoclay content
and 20 wt.% glycerol plasticizer improved the mechanical properties of the nanocompos-
ite. The effect of the plasticizer was observed in fine processing and dispersion of the
nanocomposites. Pandey et al. [124] fabricated starch/nanoclay nanocomposites. The
glycerol particles were suggested to act as the plasticizer. Starch plasticization improved
the polymer chain mobility and diffusion into the nanoclay galleries. In effect, the thermal
and mechanical properties were enhanced. Almasi and co-workers [125] designed the
green nanocomposites based on the citric acid modified starch matrix and montmorillonite
nanoclay nanofiller. Inclusion of 7 wt.% nanoclay improved the ultimate tensile strength
of the nanocomposite by threefold, compared with the neat citric acid modified starch.
Accordingly, starch-based green nanocomposites have been mostly developed using the
modified nanoclays and plasticizers. The use of additional low molecular weight parti-
cles and functional nanofiller has been considered essential to support the homogeneous
nanocomposite formation with superior physical properties.

Alginate is an anionic polysaccharide found in brown algae, which can be easily
cross-linked through ionic crosslinks between the carboxylic acid moieties and divalent
cations such as Ca2+, Sr2+, Zn2+, or Ba2+ [126,127]. This green polymer has also been filled
with nanoclay nanofillers to form nanocomposites. Consequently, the alginate polymer was
filled with laponite nanoclay to form three-dimensional printing ink [128]. The nanocom-
posite was found to be useful for drug delivery applications. The 3D printed architectures
of alginate/nanoclay nanocomposites have also been designed [129]. The nanocomposite
was found to be useful for the removal of toxic metal ions from water. Furthermore, a
halloysite nanotube [130] (a form of nanoclay) has also been used to form the nanocom-
posite with starch or polysaccharide matrices. The halloysite nanotube is a unique type
of one dimensional nanofiller. The biodegradable polysaccharides have weak stability in
processing, poor barrier properties, and high susceptibility to environmental variations.
The inclusion of a halloysite nanotube in biodegradable polysaccharides has been found to
improve the mechanical properties, and decreased the permeability to water vapor/oxygen,
lowered water solubility and water adsorption capacity, and so renders a potential for food
packaging application. Functionalized halloysite nanotube such as polydopamine-coated
halloysite nanotube can be a good option for improving the mechanical and physical prop-
erties of biopolymer films and composites [126,131]. Makaremi et al. [132] designed pectin
a heteropolysaccharide/halloysite nanotube for food packaging applications. The inclusion
of a halloysite nanotube in a pectin heteropolysaccharide matrix produced antimicrobial
activity in nanocomposite films towards the Gram-positive and Gram-negative bacterial
strains. Hence, the nanocomposites were found to be useful for food packing material.
Bertolino et al. [133] produced a polysaccharide/halloysite nanotube aimed at drug de-
livery applications. For this purpose, the solvent casting, lyophilization, and cryoscopic
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methods have been used. The physiochemical, morphological, and mesoscopic properties
have been investigated targeting drug transport applications.

4.3. Poly(Lactic Acid)/Nanoclay Nanocomposite

Poly(lactic acid) has been employed as an important biodegradable green matrix
for nanoclays [134,135]. Darie et al. [136] prepared poly(lactic acid)/Cloisite nanoclay
nanocomposite through solution intercalation methods. The nanocomposites were tested
and verified for antimicrobial activity versus Gram-positive and Gram-negative bacte-
rial strains. Grigora et al. [137] proposed a poly(lactic acid)/montmorillonite nanoclay
nanocomposites via the solution method. The inclusion of 1–4 wt.% nanoclay enhanced
the hydrophilicity of the nanocomposites due to the intrinsic hydrophilic nature of rein-
forced nanofiller. Bai and co-workers [138] processed the poly(lactic acid)/montmorillonite
nanocomposite through the laser sintering method. Figure 6 illustrates an enhancement in
the flexural modulus using three different laser powers (15, 16, and 17 W).
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The poly(lactic acid)/montmorillonite nanocomposite presented development in the
flexural modulus (41%), relative to the neat poly(lactic acid) [139]. In addition, polycapro-
lactone has been used as a relevant biodegradable matrix for nanoclay nanofillers [140–142].
The polycaprolactone/montmorillonite nanocomposites revealed the antimicrobial and
toxic ion removal properties [143,144].

4.4. Natural Rubber/Nanoclay Nanocomposite

The nanoclay and silica nanoparticles have been successfully reinforced in the natu-
ral rubber matrix to develop green nanocomposites [145,146]. The nanofiller dispersion,
polymer–nanofiller interactions, and morphological and mechanical profiles have been
investigated. The exfoliation of nanoclay nanoplatelets in the natural rubber matrix caused
nano-reinforcement effects [147,148]. Perra et al. [149] formed an organoclay based on
the cetyl trimethyl ammonium bromide-modified montmorillonite. The organoclay was
reinforced in a natural rubber matrix, and dispersion and morphological properties were
studied. The strength and hardness of the natural rubber were found to improve with the
increasing nanoclay contents. Siririttikrai et al. [150] developed natural rubber/nanoclay
nanocomposite-based compounds and vulcanizates. The nanoclay nanoparticle coagula-
tion was observed in the rubber matrix. The viscosity of the nanocomposite, with varying
nanoclay contents, was determined. An increase in viscosity was observed due to the nan-
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oclay aggregation effect. George et al. [151] prepared natural rubber and organomodified
Cloisite nanoclay-derived nanomaterial using the melt blending method. The natural rub-
ber/Cloisite nanocomposite revealed high tensile strength and modulus with the inclusion
of 5 phr nanofiller content. The enhancement in mechanical properties was observed due
to better nanoclays dispersion and exfoliation in the natural rubber matrix. Sookyung
et al. [152] prepared the sodium montmorillonite nanoclay and converted to an organoclay
using octadecylamine as a modifying agent. The resulting organoclay was dispersed in the
natural rubber matrix. The organoclays with greater d-spacing resulted in a higher degree
of dispersion in the natural rubber matrix. Consequently, the mechanical and thermal stabil-
ities of natural rubber/organoclay nanocomposites were enhanced. In almost all the natural
rubber-based systems, organoclays revealed better dispersion, exfoliation, and interactions
with the elastomeric matrix, subsequently increasing the final material properties.

4.5. Silk/Nanoclay Nanocomposite

Silk is a natural protein fiber, which is made up of fibroin [153]. The protein fiber of
silk is naturally derived from insect larvae. Silk protein has been reported to form high
performance nanocomposites with nanoclay nanofillers [154]. Devi et al. [155] developed
biodegradable nanocomposites based on a silk matrix and nanoclay nanofiller. The inclu-
sion of 2 phr nanoclay content considerably enhanced the tensile strength/modulus and
flexural strength/modulus of the silk/nanoclay nanocomposites, relative to the pristine silk
protein. The enhancement in the mechanical properties was observed due to the reinforc-
ing effect of the two-dimensional nanoplatelets and better nanoclay dispersion in the silk
matrix. Doblhofer et al. [156] prepared the spider silk protein and layered silicate sodium
hectorite-based nanomaterials using the all-aqueous process. The inclusion of nanoclay
nanoplatelets offered a fine barrier towards the permeating oxygen molecules and water
vapors, through the formation of tortuous paths in the silk matrix. The biocompatible
spider silk/hectorite nanoclay nanocomposites have been used in packaging applications
due to fine oxygen and water vapor barrier properties. In another attempt, Chen et al. [157]
designed silk peptide/chitosan films filled with two types of nanoclays, i.e., montmoril-
lonite and sepiolite, through solution casting route. The montmorillonite nanoclay revealed
better reinforcing effects to enhance the mechanical properties of the nanocomposite, due
to better nanofiller dispersion. On the other hand, sepiolite nanoclay was less effective in
improving the mechanical properties of the nanocomposite, owing to poor dispersion in
the matrix. Zhang et al. [158] proposed the silk fibroin/laponite nanoclay nanocomposite-
based enzymatically crosslinked hydrogel. The nanocomposite hydrogel was found to be
effective in improving the thermal and chemical stability properties. It has been observed
that the well oriented self-assembled spider silk proteins on the nanoclay surface produced
high barrier properties towards oxygen molecules and water vapors. Moreover, the silk
fibroin/Laponite nanoclay nanocomposite was effectively applied in tissue engineering ap-
plications, especially to repair hyaline cartilage tissues. The silk fibroin/laponite nanoclay
nanocomposite hydrogel was biocompatible and was capable of inducing osteogenic and
chondrogenic differentiation of bone marrow stem cells. Kadumudi et al. [159] reinforced
the silk fibroins with the laponite nanoclay to form flexible and electroactive thin films. The
silk/laponite nanocomposites were water insoluble and thermally and chemically stable.
The nanocomposites were used to form highly flexible and ecofriendly wearable motion
sensitive sensors. It has been observed that the two-dimensional nanoclay nanoplatelets
caused increased folding of the polypeptide chains, so resulted in more ordered and crys-
talline configurations. The green sensors revealed accurate and fast response time during
bending and stretching states. Hence, the silk/nanoclay nanocomposites revealed fine
physical properties and applications related to strength, packaging, tissue engineering, and
flexible sensor fields.
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5. Significance of Green Polymer/Nanoclay Nanocomposite
5.1. Sustainability

Nanoclays have been frequently adopted as ecofriendly nanomaterials in the green
nanocomposites (Figure 7). Nanoclays own extensive sustainable applications in environ-
mental and ecological friendly areas [160]. The use of the nanoclay-based green nanocom-
posite in sustainability applications has promoted the economic conditions of the industries
and countries [49]. Consequently, the industries employing sustainable nanomaterials
play an important part in uplifting the economic conditions of the countries [161]. In con-
struction materials, nanoclays have been introduced to enhance the intrinsic strength and
stability properties [162,163]. In the construction industry, nanoclay-based materials have
been used to substitute the cement and also to develop the high-performance concrete [164].
Thus, nanoclay-based construction technologies have paved ways towards sustainable
engineering applications [165]. The sustainable construction structures have low porosity
and permeability, and high durability, compressive/flexural strength, heat resistance, and
resistance to chemicals attack [166].
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An essential use of nanoclay-derived materials has been observed in the remedi-
ation of environmental contaminants [167–169]. Here, the sustainable nanoclay-based
nanomaterials act as a biodegradation promoter. The organically modified nanoclays and
polymer/nanoclay nanocomposites have improved biocompatibility with living organisms,
as compared to the non-modified nanoclays [170]. Therefore, the nanoclay-derived green
nanomaterials have been beneficially employed in natural systems avoiding any harmful ef-
fects for ecosystem recovery. Accordingly, the use of nanoclays in the agriculture sector has
grown enormously. The organoclay-derived nanomaterials have been found to be promis-
ing as rheological modifiers, gas absorbents, and drug delivery carriers [171–173]. Hence,
the nanoclay-based nanomaterials have been used to produce sustainable, regenerative,
and reusable environmentally compatible materials.
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5.2. Membranes/Packaging

Owing to their low cost and light weight, synthetic polymers have been recurrently
applied in membranes and packaging industries [174–176]. However, the resulting envi-
ronmental pollution is a major drawback of using these non-degradable synthetic poly-
mers [177]. To resolve this issue, naturally derived polymers or biodegradable polymers
have been adopted for packaging applications [178]. The naturally derived polymers
have fine decomposable behavior, and so are ideal for packaging applications [179]. Sev-
eral degradable natural and synthetic polymers have been applied to form ecofriendly
membranes or packaging. The cellulose, starch, poly(lactic acid), poly(vinyl alcohol), etc.,
have been successfully applied in the food industry and electronics industry related to
packaging materials [180–182]. Such membranes or packaging reveal facile decomposition
and recyclability. Garusinghe et al. [183] developed the nanocellulose and montmorillonite
nanoclay-derived membranes. The nanocellulose/montmorillonite nanocomposite mem-
branes were tested for the water vapor permeability (WVP) and enhanced nanocomposite
tortuosity. Figure 8 presents a mechanism for montmorillonite dispersion in the matrix
at a high loading level. The high nanoclay contents decreased the tortuous paths in the
nanocomposites and so improved the barrier properties. On the other hand, high-pressure
homogenization enhanced the homogeneous dispersion and reduced the nanoclay stacking
in nanocellulose/montmorillonite, so increasing the tortuous pathways. However, the
nanoclay nanoplatelets have a tendency to restack/aggregate due to electrostatic or van
der Waals interactions [184,185]. The WVP of pristine nanocellulose/montmorillonite
nanocomposite nanosheets, and the nanocomposite membranes prepared at high-pressure
homogenization and sonication steps were measured (Figure 9). For pristine nanocompos-
ite and membrane prepared with high-pressure homogenization, the WVP was reduced
with the nanoclay loading and reached a minimum value (6.3–13.3 g·µm/m2·day·kPa) at
16.7–23.1 wt.% loading. However, the WVP was increased pointedly with the nanoclay
loading for the nanocomposite prepared via sonication. In the nanocomposites processed by
sonication, enhanced WVP was suggestive of better homogenization of cellulose/nanoclay.
However, for packaging application, the nanocomposites with low WVP were preferred.
Thus, efficient recyclable nanocellulose/montmorillonite nanocomposites-based packaging
materials have been designed.
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Figure 8. Mechanism of MMT stacking and arrangement of stacks in nanocellulose network. (a) MMT
stack formation at high loading level which decrease the tortuous path; (b) MMT stacks broken down
using high-pressure homogenization of nanocellulose/MMT suspension which increase the tortuous
path [183]. MMT = montmorillonite. Reproduced with permission from Elsevier.



Minerals 2022, 12, 1495 13 of 23

Minerals 2022, 12, 1495 13 of 24 
 

 

membranes or packaging. The cellulose, starch, poly(lactic acid), poly(vinyl alcohol), etc., 

have been successfully applied in the food industry and electronics industry related to 

packaging materials [180–182]. Such membranes or packaging reveal facile decomposition 

and recyclability. Garusinghe et al. [183] developed the nanocellulose and montmorillo-

nite nanoclay-derived membranes. The nanocellulose/montmorillonite nanocomposite 

membranes were tested for the water vapor permeability (WVP) and enhanced nanocom-

posite tortuosity. Figure 8 presents a mechanism for montmorillonite dispersion in the 

matrix at a high loading level. The high nanoclay contents decreased the tortuous paths 

in the nanocomposites and so improved the barrier properties. On the other hand, high-

pressure homogenization enhanced the homogeneous dispersion and reduced the 

nanoclay stacking in nanocellulose/montmorillonite, so increasing the tortuous pathways. 

However, the nanoclay nanoplatelets have a tendency to restack/aggregate due to electro-

static or van der Waals interactions [184,185]. The WVP of pristine nanocellulose/mont-

morillonite nanocomposite nanosheets, and the nanocomposite membranes prepared at 

high-pressure homogenization and sonication steps were measured (Figure 9). For pris-

tine nanocomposite and membrane prepared with high-pressure homogenization, the 

WVP was reduced with the nanoclay loading and reached a minimum value (6.3–13.3 

g·μm/m2·day·kPa) at 16.7–23.1 wt.% loading. However, the WVP was increased pointedly 

with the nanoclay loading for the nanocomposite prepared via sonication. In the nano-

composites processed by sonication, enhanced WVP was suggestive of better homogeni-

zation of cellulose/nanoclay. However, for packaging application, the nanocomposites 

with low WVP were preferred. Thus, efficient recyclable nanocellulose/montmorillonite 

nanocomposites-based packaging materials have been designed. 

 

Figure 8. Mechanism of MMT stacking and arrangement of stacks in nanocellulose network. (a) 

MMT stack formation at high loading level which decrease the tortuous path; (b) MMT stacks bro-

ken down using high-pressure homogenization of nanocellulose/MMT suspension which increase 

the tortuous path [183]. MMT = montmorillonite. Reproduced with permission from Elsevier. 

 

Figure 9. WVP of nanocellulose/MMT nanocomposites. The pristine nanocomposite sheets; nano-

composite sheets with high pressure homogenization step, and sonication step [183]. WVP = water 

vapor permeability; MMT = montmorillonite. Reproduced with permission from Elsevier. 

Figure 9. WVP of nanocellulose/MMT nanocomposites. The pristine nanocomposite sheets;
nanocomposite sheets with high pressure homogenization step, and sonication step [183].
WVP = water vapor permeability; MMT = montmorillonite. Reproduced with permission from Elsevier.

Aulin and co-workers [186] reported the nanocellulose nanofiber and vermiculite nan-
oclay nanoplatelet-based nanocomposite for packaging membranes. High-pressure homog-
enization was used to form the nanocellulose nanofiber/vermiculite nanoclay nanomateri-
als. The nanocomposite membranes revealed high strength and modulus of 257 MPa and
17.3 GPa, respectively. Scanning electron microscopy analysis showed the consistent spread-
ing of nacre like nanoplatelet layers in the nanocellulose matrix. The oxygen permeability of
nanocellulose nanofiber/vermiculite nanoclay nanocomposite (0.07 cm3µm·m−2d−1kPa−1

at 50% relative humidity) membrane was found to be better than the commercial cellu-
lose packaging material. The packaging material was proposed for the electronics and
barrier coatings for the large laminations. Farmahini-Farahan et al. [187] also designed
the cellulose/nanoclay-based packaging materials. Sodium montmorillonite was used
as nanofiller in the nanocomposite membranes. Due to the superior barrier effect of
the nanoclay, the low water vapor transmission rate was observed, i.e., 43 g/m2/day.
Souza et al. [188] prepared the thermoplastic starch carvacrol and essential oil-modified
montmorillonite-based packaging. Due to the crystallinity of the nanofiller and fine inter-
actions between the organomodified nanoclay and starch matrix, a strong antimicrobial
effect was observed against E. coli bacteria. Thus, the research on naturally derived poly-
mer and nanoclay-based packaging films depicted a potential towards moisture, gases,
microbials, etc. and can be utilized in the electronics, food/beverages, and other advanced
packaging industries.

5.3. Biomedical Relevance

Nanoclays have been used in numerous biomedical applications due to their high
surface-to-volume ratio and biocompatibility effects [189]. Moreover, nanoclays may de-
velop interactions with living systems due to heterogeneous charge distribution [190].
Tissue engineering is a speedily mounting field in regenerative medicine [191]. Recently,
the three dimensional scaffolds based on nanomaterials have gained research interest in the
field of tissue engineering [192]. Such three-dimensional scaffolds have been found to be
effective for tissue reformation [193]. Natural polymer-derived nanostructured materials
have gained substantial consideration due to feasible cell attachment and proliferation in
the biological environment. Nouro et al. [194] fabricated the poly(ε-caprolactone)/nanoclay
nanocomposite nanofiber through an electrospinning technique. The presence of dis-
persed nanoclay nanoparticles generated homogeneous nanofiber structure. The nanoclay
nanoparticles facilitated the cell adhesion and bioactivity of the nanofibers to fibroblasts
cells for tissue regeneration. Moreover, the poly(ε-caprolactone)/nanoclay nanocomposite
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nanofiber possess fine wettability and degradability properties. In this way, the nanoclay-
based nanocomposites acted as active candidates for tissue engineering.

In the drug delivery application, the polymeric scaffolds impregnated with drugs
have been studied [195]. In polymer-based scaffolds, the role of solubility, permeability,
systemic circulation, and pharmacological response (upon certain concentration) of the
drugs have been investigated [196,197]. Ferrández-Rives and co-workers [198] formed
electrospun mats of poly(vinyl alcohol) hydrogel for drug delivery. The efficiency of nan-
oclay encapsulation in poly(vinyl alcohol) nanocomposite hydrogel has been studied. The
absorption of bovine serum albumin on the nanocomposite hydrogel was considered. The
inclusion of nanoclay enhanced the drug entrapment and release behavior in the nanocom-
posite. Hsu et al. [199] prepared the polycaprolactone, poly-DL-lactic acid, and Laponite
(disk-shape) nano-clay based nanocomposite for drug delivery. The drug administration
was performed for the treatment of type-2 diabetes to control the body weight and blood
glucose level. The drug was used in the gastrointestinal tract to limit food absorption.
Accordingly, the biocompatible polymer/nanoclay nanocomposites have good potential
for drug delivery applications.

Wound healing application has also demanded the use of nanoclay-based nanomaterials
due to the lowering of pain, infection and scarring effects [200–202]. Bibi et al. [203] designed
the biodegradable poly(vinyl alcohol)/nanoclay nanocomposite to deliver the Penicillin
drug to wounds. The nanomaterial had fine antimicrobial effectiveness. Asthana et al. [204]
also prepared the poly(vinyl alcohol)/nanoclay nanocomposite through the solution
method. The nanocomposite had low microbial growth and high microbiological sta-
bility. The material was applied using Aloe vera gel to the wounded skin areas. In addition
to montmorillonite, the kaolinite nanoclay has also been used with the poly(vinyl alcohol)
matrix to enhance the chemical stability and to lower the infection rate in wound healing
applications [205].

For a better judgement purpose, essential green polymer/nanoclay systems for tech-
nical applications (sustainability, packaging, drug delivery, tissue engineering, wound
healing, and antibacterial purposes) are portrayed in Table 5. The data listed show that
comprehensive efforts are still desirable to further expand the implication of green poly-
mer/nanoclay systems in various fields.

Table 5. Specifications of green nanocomposite systems for technical fields.

Polymer Nanofiller Processing Property/Application Ref

Wood Montmorillonite Solution/melt method Sustainable construction materials [206]

Cellulose, starch,
poly(lactic acid) Montmorillonite Solution/melt method Packaging [180–182]

Nanocellulose Montmorillonite
16.7–23.1 wt.% Solution method Low water vapor permeability

6.3–13.3 g·µm/m2·day·kPa; packaging [183]

Nanocellulose nanofiber Vermiculite nanoclay Solution method
Oxygen permeability

0.07 cm3µm·m−2d−1kPa−1 at 50% relative
humidity; packaging

[186]

Cellulose Montmorillonite Solution method Low water vapor transmission rate
43 g/m2/day; packaging [187]

Starch Montmorillonite Solution method Antimicrobial effect against E. coli
bacterial strain [188]

Poly(ε-caprolactone) Montmorillonite Electrospinning Tissue engineering;
better cell adhesion and bioactivity [194]

Poly-(DL-lactic acid) Laponite Solution method Drug delivery;
Type-2 diabetes curation [199]

Poly(vinyl alcohol) Montmorillonite Solution method Wound healing;
penicillin drug to wounds [203]

Poly(vinyl alcohol) Montmorillonite Solution method Wound healing;
high microbiological stability [204]
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6. Encounters, Future and Summary

Nanoclays have been recognized as widely utilized nanofillers for advanced polymeric
nanocomposites. In green polymer/nanoclay nanocomposites, degradable polymers and
nanoclays (eco nanofiller) have been utilized. The property enhancement has been observed
even at a very low nanofiller loading level. Polymer/nanoclay nanocomposites have been
prepared through facile processing methods such as solution and melt mixing techniques
to accomplish high-performance materials. During nanocomposite processing and final
uses, several challenges have been observed and need to be resolved [207,208]. First of all,
only a few natural polymers have been reinforced with this green nanofiller. Nanoclay
nanoplatelet dispersion, intercalation, and exfoliation strategies need to be improved to
attain the homogeneously dispersed nanomaterials [209]. Especially the conversion of
nanoclay to nanoclay-based salts and the subsequent formation of the organomodified
nanoclay need to be scrutinized. Through effective organophilic ion treatments, the pristine
hydrophobic nanoclays have been modified to form the alkyl chain intercalated hydrophilic
nanoclay. Organophilic and hydrophilic nanoclays have been found to be compatible with
the polymers. The matrix-nanofiller interactions have facilitated the microscopic properties
of the green nanocomposites [210]. Moreover, the resulting chemical, mechanical, electrical,
non-flammability, and barrier properties have been enhanced [211]. By overcoming the
challenges, applications of green polymer/nanoclay nanocomposites can be extended to
eco-friendly automobiles, aerospace, construction, electronics, and environmental rele-
vance [212–216]. However, up till now the green polymer/nanoclay nanocomposites have
found uses in sustainable materials, eco packaging and membranes, and biomedical areas
such as tissue engineering, drug delivery, wound healing, etc. The conventional poly-
meric materials used in the above-mentioned industries may cause huge environmental
issues [217]. The future of sustainable nanoclay nanomaterials rely on the biodegradability
of these materials [218]. By adopting sustainability strategies, polymers have been devel-
oped from the renewable resources. The green polymers obtained from the renewable
sources may lessen the greenhouse emissions. These days, new techniques have been
focused to substitute old-fashioned commercial plastics with natural degradable polymers.
Researchers need to emphasize the green nanocomposites having better biocompatibility,
biodegradability, and sustainability properties.

Briefly, this article offers foundations for the selected green nanofiller, i.e., nanoclay,
degradable polymers from natural sources, and their multipurpose applications. The
main purpose of this review is to highlight the applications of green polymer/nanoclay
nanomaterials. Green polymer/nanoclay nanocomposites have been examined in the
various reported categories. The present article aims to assist scientists and researchers to
formulate ways to be more ecofriendly to the environment through adopting the innovative
green nanomaterials.
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and Gentamicin Addition on the Properties of Electrospun Polycaprolactone Fibers. Materials 2021, 14, 6905. [CrossRef]

145. Bokobza, L. Natural rubber nanocomposites: A review. Nanomaterials 2018, 9, 12. [CrossRef] [PubMed]
146. Araujo-Morera, J.; Verdejo, R.; López-Manchado, M.A.; Santana, M.H. Sustainable mobility: The route of tires through the circular

economy model. Waste Manag. 2021, 126, 309–322. [CrossRef] [PubMed]
147. Kang, S.S.; Choi, K.; Nam, J.-D.; Choi, H.J. Magnetorheological elastomers: Fabrication, characteristics, and applications. Materials

2020, 13, 4597. [CrossRef]
148. Keereerak, A.; Sukkhata, N.; Lehman, N.; Nakaramontri, Y.; Sengloyluan, K.; Johns, J.; Kalkornsurapranee, E. Development and

Characterization of Unmodified and Modified Natural Rubber Composites Filled with Modified Clay. Polymers 2022, 14, 3515.
[CrossRef] [PubMed]

149. Perera, S.J.; Egodage, S.M.; Walpalage, S. Enhancement of mechanical properties of natural rubber–clay nanocomposites through
incorporation of silanated organoclay into natural rubber latex. e-Polymers 2020, 20, 144–153. [CrossRef]

150. Siririttikrai, N.; Thanawan, S.; Suchiva, K.; Amornsakchai, T. Comparative study of natural rubber/clay nanocomposites prepared
from fresh or concentrated latex. Polym. Test. 2017, 63, 244–250. [CrossRef]

151. George, S.C.; Rajan, R.; Aprem, A.S.; Thomas, S.; Kim, S.S. The fabrication and properties of natural rubber-clay nanocomposites.
Polym. Test. 2016, 51, 165–173. [CrossRef]

152. Sookyung, U.; Nakason, C.; Venneman, N.; Thaijaroend, W. Influence concentration of modifying agent on properties of natural
rubber/organoclay nanocomposites. Polym. Test. 2016, 54, 223–232. [CrossRef]

153. Kapoor, S.; Kundu, S.C. Silk protein-based hydrogels: Promising advanced materials for biomedical applications. Acta Biomater.
2016, 31, 17–32. [CrossRef]

154. Purwar, R. Bionanocomposites Based on Silk Proteins and Nanoclay: Nanotechnology in Textiles; Jenny Stanford Publishing: Singapore,
2020; pp. 179–204.

155. Devi, R.R.; Mandal, M.; Maji, T.K. Physical properties of simul (red-silk cotton) wood (Bombax ceiba L.) chemically modified with
styrene acrylonitrile co-polymer and nanoclay. Holzforschung 2012, 66, 365–371. [CrossRef]

156. Doblhofer, E.; Schmid, J.; Rieß, M.; Daab, M.; Suntinger, M.; Habel, C.; Bargel, H.; Hugenschmidt, C.; Rosenfeldt, S.; Breu, J.
Structural insights into water-based spider silk protein–nanoclay composites with excellent gas and water vapor barrier properties.
ACS Appl. Mater. Interf. 2016, 8, 25535–25543. [CrossRef]

157. Chen, P.; Xie, F.; McNally, T. Understanding the effects of montmorillonite and sepiolite on the properties of solution-cast chitosan
and chitosan/silk peptide composite films. Polym. Int. 2021, 70, 527–535. [CrossRef]

158. Zhang, W.; Zhang, Y.; Zhang, A.; Ling, C.; Sheng, R.; Li, X.; Yao, Q.; Chen, J. Enzymatically crosslinked silk-nanosilicate reinforced
hydrogel with dual-lineage bioactivity for osteochondral tissue engineering. Mater. Sci. Eng. C 2021, 127, 112215. [CrossRef]

159. Kadumudi, F.B.; Jahanshahi, M.; Mehrali, M.; Zsurzsan, T.G.; Taebnia, N.; Hasany, M.; Mohanty, S.; Knott, A.; Godau, B.; Akbari,
M.; et al. A Protein-Based, Water-Insoluble, and Bendable Polymer with Ionic Conductivity: A Roadmap for Flexible and Green
Electronics. Adv. Sci. 2019, 6, 1801241. [CrossRef]

160. Jawaid, M.; Chee, S.S.; Asim, M.; Saba, N.; Kalia, S. Sustainable kenaf/bamboo fibers/clay hybrid nanocomposites: Properties,
environmental aspects and applications. J. Clean. Product. 2022, 330, 129938. [CrossRef]

161. Spencer, P.; Spares, R.; Sweeney, J.; Coates, P. Modelling the large strain solid phase deformation behaviour of polymer nanoclay
composites. Mech. Time-Depen. Mater. 2008, 12, 313–327. [CrossRef]

162. Shakrani, S.A.; Ayob, A.; Rahim, M.A.A. A review of nanoclay applications in the pervious concrete pavement. AIP Conf. Proc.
2017, 1885, 020049.

163. Shakrani, S.A.; Ayob, A.; Rahim, M.A.A. Applications of waste material in the pervious concrete pavement: A review. AIP Conf.
Proc. 2017, 1885, 020048.

164. Elango, K.; Gopi, R.; Saravanakumar, R.; Rajeshkumar, V.; Vivek, D.; Raman, S.V. Properties of pervious concrete—A state of the
art review. Mater. Today Proc. 2021, 45, 2422–2425. [CrossRef]

165. Mansi, A.; Sor, N.H.; Hilal, N.; Qaidi, S.M. The impact of nano clay on normal and high-performance concrete characteristics: A
review. IOP Conf. Ser. Earth Environ. Sci. 2022, 961, 012085. [CrossRef]

166. Ramadhansyah, P.; Mohd Ibrahim, M.Y.; Hainin, M.R.; Warid, M.N.M.; Ibrahim, M.H. Porous concrete pavement containing
nano-silica: Pre-review. Adv. Mater. Res. 2014, 911, 454–458. [CrossRef]

http://doi.org/10.1016/j.jwpe.2019.100981
http://doi.org/10.1177/15280837221128314
http://doi.org/10.1080/09205063.2019.1680928
http://doi.org/10.3390/ma14226905
http://doi.org/10.3390/nano9010012
http://www.ncbi.nlm.nih.gov/pubmed/30583554
http://doi.org/10.1016/j.wasman.2021.03.025
http://www.ncbi.nlm.nih.gov/pubmed/33794443
http://doi.org/10.3390/ma13204597
http://doi.org/10.3390/polym14173515
http://www.ncbi.nlm.nih.gov/pubmed/36080590
http://doi.org/10.1515/epoly-2020-0017
http://doi.org/10.1016/j.polymertesting.2017.08.015
http://doi.org/10.1016/j.polymertesting.2016.03.010
http://doi.org/10.1016/j.polymertesting.2016.07.009
http://doi.org/10.1016/j.actbio.2015.11.034
http://doi.org/10.1515/hf.2011.164
http://doi.org/10.1021/acsami.6b08287
http://doi.org/10.1002/pi.6103
http://doi.org/10.1016/j.msec.2021.112215
http://doi.org/10.1002/advs.201801241
http://doi.org/10.1016/j.jclepro.2021.129938
http://doi.org/10.1007/s11043-008-9064-7
http://doi.org/10.1016/j.matpr.2020.10.839
http://doi.org/10.1088/1755-1315/961/1/012085
http://doi.org/10.4028/www.scientific.net/AMR.911.454


Minerals 2022, 12, 1495 22 of 23

167. Biswas, B.; Warr, L.N.; Hilder, E.F.; Goswami, N.; Rahman, M.M.; Churchman, J.G.; Vasilev, K.; Pan, G.; Naidu, R. Biocompatible
functionalisation of nanoclays for improved environmental remediation. Chem. Soc. Rev. 2019, 48, 3740–3770. [CrossRef]

168. Soleimani, M.; Amini, N. Remediation of Environmental Pollutants Using Nanoclays: Nanoscience and Plant–Soil Systems; Springer:
Berlin/Heidelberg, Germany, 2017; pp. 279–289.

169. Lu, T.; Gou, H.; Rao, H.; Zhao, G. Recent progress in nanoclay-based Pickering emulsion and applications. J. Environ. Chem. Eng.
2021, 9, 105941. [CrossRef]

170. Li, W.; Qamar, S.A.; Qamar, M.; Basharat, A.; Bilal, M.; Iqbal, H.M. Carrageenan-based nano-hybrid materials for the mitigation of
hazardous environmental pollutants. Int. J. Biol. Macromol. 2021, 190, 700–712. [CrossRef] [PubMed]

171. Kataki, M.S.; Kakoti, B.B.; Deka, K.; Rajkumari, A. Nanotechnology Applications in Natural Nanoclays Production and Applica-
tion for Better Sustainability. Sustain. Nanotechnol. Strateg. Prod. Appl. 2022, 159–171. [CrossRef]

172. Iravani, R.; An, C.; Adamian, Y.; Mohammadi, M. A Review on the Use of Nanoclay Adsorbents in Environmental Pollution
Control. Water Air Soil Pollut. 2022, 233, 109. [CrossRef]

173. Floody, M.C.; Theng, B.; Reyes, P.; Mora, M. Natural nanoclays: Applications and future trends—A Chilean perspective. Clay
Miner. 2009, 44, 161–176. [CrossRef]

174. Vasilev, I.Y.; Ananev, V.; Sultanova, Y.M.; Kolpakova, V. The Influence of the Composition of Polyethylene, Starch, and Monoglyc-
eride Biodegradable Compositions on Their Physicomechanical Properties and Structure. Polym. Sci. Ser. D 2022, 15, 122–127.
[CrossRef]

175. Pan, Y.; Farmahini-Farahani, M.; OHearn, P.; Xiao, H.; Ocampo, H. An overview of bio-based polymers for packaging materials.
J. Bioresour. Bioprod. 2016, 1, 106–113.

176. Emblem, A. Plastics Properties for Packaging Materials: Packaging Technology; Elsevier: Amsterdam, The Netherlands, 2012;
pp. 287–309.

177. Akter, T.; Hossain, M.S. Application of plant fibers in environmental friendly composites for developed properties: A review.
Clean. Mater. 2021, 2, 100032. [CrossRef]

178. Singh, R.; Sharma, R.; Shaqib, M.; Sarkar, A.; Chauhan, K.D. Biodegradable Polymers as Packaging Materials: Biopolymers and Their
Industrial Applications; Elsevier: Amsterdam, The Netherlands, 2021; pp. 245–259.

179. Wróblewska-Krepsztul, J.; Rydzkowski, T.; Borowski, G.; Szczypiński, M.; Klepka, T.; Thakur, V.K. Recent progress in biodegrad-
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