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Abstract

minerals as polymer matrix reinforcements. The most popular method for creating organophilic

I n recent decades, a great deal of study has been done on the use of biologically modified clay

clay is the ammonium surfactant-cation exchange reaction. However, the clay minerals and pol-
ymer matrices are not effectively joined by a covalent link created by this type of surface alteration.
To establish compatibility and good dispersion between the hydrophilic clay and hydrophobic poly-
mer, a wide range of silane coupling agents has been used. When compared to raw polymers, the
resulting polymer/organoclay nanocomposites show notable improvements in their mechanical and
physical characteristics. This paper exposures composition, kinds, characteristics, and uses of clay in
the fields of dyeing, pigment dyes, and removal of Wastewater.

Keywords: Clay, Types, Nanocomposite, Application

Introduction

The textile sector is making a significant contri-
bution to environmental safety by creating and sup-
plying safe materials and products. Functional fab-
rics have been around since the late 1980s. The goal
of these fabrics is to incorporate a variety of qualities
and increase their performance. Textile innovation
has surged in recent years, surpassing expectations.
In a short period of time, the textile sector experi-
enced significant advances[1].

Polymer matrix-based nanocomposites have
lately emerged as a potential area of current global
research due to the explosion of nanotechnology.
These novel materials are generating a lot of atten-
tion for a variety of industrial uses, primarily in the
building and construction, transportation, and food
packaging plastics sectors[2]. Compared to clean
polymers, they frequently display exceptional quali-
ties such as distinct mechanical and electrical con-
ductivity, strong gas and liquid barriers, flame re-
tardant, and thermal characteristics[3-5].

Clay Definition

Clay is a cheap substance, referring to an inex-
pensive natural raw material that has been widely
used as a filler for plastics and rubber since it helps
to lower the price of these manufactured polymeric
products. The vast majority of clay minerals fall into
the category of layered silicates, also known as phyl-
losilicates, which are ultimately caused by the pro-
portionate arrangement of silica or alumina sheets.
Clay is made up of silicate-layered sheets with lateral
dimensions of 200-300 nm and 1 nm in thickness[6].
Clay's layered silicate structure consists of 2-D arrays
of silicon-oxygen tetrahedral and magnesium or alu-
minum-oxygen/hydroxyl/octahedral units[7]. Layered
silicates, whether natural or synthetic, are composed
of stacks of alumina-silicate layers with a high aspect
ratio and large surface area. Layered silicates are read-
ily available at affordable costs. Clays layered sili-
cates are now the most common employed in the de-
velopment of polymer nanocomposites[8].
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Types of Clay

In generally, the various kinds of clay minerals
are essentially made up of alternating of tetrahedral
silica sheets "SiO2" and alumina octahedral layers
"AlO6" in ratios of 1:1 if one octahedral sheet is at-
tached to one tetrahedral sheet as Kaolinite, Hal-
loysite, or in ratios of 2:1 this structure created from
two tetrahedral sheets sandwiching an octahedral
sheet such as Montmorillonite and Sepiolite, finally
the proportion of 2:1:1 (chlorite), this latter are not a
One side of this lamella remains linked to each other
via shared oxygen atoms, as seen in Figure 1.
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Figure 1: Natural Types of Clay

Montmorillonite (MMT)

Montmorillonite (MMT) (Figure 22 and Figure
3) is a popular layered silicate employed to create
polymer/layered silicate nanocomposites. It belongs
to the 2:1 phyllosilicate family. MMT has a high sur-
face area (800 m?/g) and aspect ratio (100-200), lead-
ing to effective reinforcing potential. In general, gal-
lery surfaces are treated with cationic surfactants to
ensure compatibility with the polymer matrix. For
nonpolar rubbers like ethylene-propylene (EP), eth-
ylene-propylene-diene rubber (EPD), butadiene rub-
ber (BR), isoprene, isoprene rubber (IR), styrene-bu-
tadiene rubber (SBR), and natural rubber (NR), a
nonpolar ammonium cation, such as hydrogenated
tallow, is preferred. Polar rubbers, such as Butadi-
ene-acrylonitrile (NBR) and devulcanized bromobu-
tyle (BIIR), benefit from a more polar hydroxyethyl
substituent[8].
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Figure 2: Structure of Na-MMT
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Figure 3: Montmorillonite (MMT) SEM

Zeolite

One common material used to cleanse
wastewater is natural zeolite see Figure 4. The chem-
ical formula for the dehydrated zeolite is
[Al12Si12045] 127[9]. It exhibits a very peculiar behav-
ior because to its several unique features (such as po-
rosity, surface area, permeability,andCEC). Its ele-
vated specific surface areas range from 200 to 860
m? g '[10-12]. Its treated natural zeolite has a particle
size ranging from 1 to 12 mm. Its specific surface var-
ies greatly and can be significantly increased by alter-
ations. Its density is roughly twice that of water. For
instance, nitric acid treatment of clay can be used to
enhance its surface since it reduces the amount of alu-
minum in its structure, making it less crystalline and
increasing the specific surface area[13]. When exam-
ining its electric charge, it can be seen that during the
proton exchange process, both the overall electric
charge and the quantity of cations in the zeolite skele-
ton remain rather stable in aqueous solution. Approx-
imately 563 cmol-kg! is its CEC. Zeolite, on the other
hand, has a high absorption capacity since the electric
field in the crystal varies and a different number of
ions are exchanged during this process. lon movement
is facilitated by the zeolite's unique channels and
pores, which also increase the ions' ability to ad-
sorb[14-16].

Figure 4: Zeiolite SEM ( left) and TEM (right)

There are two types of zeolites that are used: syn-
thetic and natural. It is important to note that natural
zeolites have non-uniform crystal sizes due to the
presence of various impurities, but synthesized zeo-
lites are incredibly pure and have uniformly sized
crystals. Zeolites also form differently: while they
can be synthesized in a lab in a matter of hours or
days, natural zeolites can take days or years to form.
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Additionally, zeolites have a very uniform crystal
size, and their pore size can be controlled by design-
ing them in accordance with specified require-
ments[17]. Synthetic zeolites can be produced and
used as both artificial and natural elements. However,
this does not mean that any element is cost-effective
to synthesize. The most commonly utilized processes
include hydrothermal[18], alkali-leaching[19], and
sol-gel[20]. Each approach is used to obtain the appro-
priate zeolite type. Clearly, it is vital to consider each
method's limitations and advantages. Limitations of
nanoclays include non-reverse adsorption and steric
blocking for secondary elements. Adsorption of large
molecules is challenging due to their porosity[21].The
scientists found that zeolite may adsorb up to 99% Ni
(1), a typical pigment component, in basic or neutral
mediums[22]. The scientists combined zeolite b and
TiO, to absorb up to 99% Cd (1) in any pH solution
see Figure 5[23]
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Figure 5: Zeolite adsorption of dye

Halloysite

Halloysite is a 1:1 clayey that occurs naturally
and is considered a biocompatible substance. Hal-
loysite nanotubes range from 40-70 nm in diameter
and 200-2000 nm in length see Figure 6 [24]. The
authors determined the specific surface area (SSA)
of 47 m?.g~! and the CEC of 9.45 cmol-kg ' see Fig-
ure 7[25]. The interstratified phases are high-charge
halloysite-smectite mixed-layered clays (CEC, 30-
72 cmol/kg clay)[26]. Their exterior surface is nega-
tively loaded and made of SiO», whilst their inner
area is positively loaded and made of Al,Os. Hal-
loysite nanotubes (HNT) have gained popularity due
to its cylindrical shape and unique qualities, such as
high surface area to size ratio, drug release, afforda-
bility, and thermal stability[27-30].
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Figure 6: Chemical structure of halloysite

Figure 7: Halloysite SEM (left) and TEM (right)
images

To explain its aforementioned properties, HNT
relates to the aluminosilicate’s family, having one
octahedric aluminum oxide layer alternating with an-
other tetrahedric silica layer. This mismatch between
the two specified layer types results in a feature.
HNTSs are categorized as aluminosilicates, with alter-
nating octahedric aluminum oxide and tetrahedric
silica layers. The mismatch between the two layer
types creates a hollow tubular structure for the
nanoclay, giving it unique features due to its nanoar-
chitecture[31]. The properties of HNTs are mostly
determined by their geological deposit, as discussed
in the literature[32]. Their biocompatibility makes
them ideal for adsorbing dyes [33, 34]like methylene
blue (MB)[35-41], azo dyes[42-45], triaryl and di-
aryl methane dyes, and xanthine dyes, as well as ad-
sorption of heavy metals[46-55]. A study found that
combining halloysite with ZnO nanoparticles and
photocatalytic degradation effectively removed Or-
ange G from both simulated and real water. Up to
94% of the dye was removed[56].

Saponite

Saponite (Sap) is a trioctahedral clay minerals
from the 2:1-type smectites group. It consists of sili-
cate layers interspersed with gibbsite layers in the
form of silicate-gibbsite-silicate. It has negatively
charged layers which are neutralized by other ions
carrying positive Na* and Mg?* charges. Saponite
has a cation exchange capacity (CEC) of 100 cmol
kg '[57-60]. XRD and SEM/EDX analysis reveal
that the clay mineral has the structural formula'™T
Na ET[Si7AI]°T[Mgs]O20(0OH)4[61]. It has a large
specific surface area (SSA) and an acidic pH. The
specific surface area (SSA) was evaluated using eth-
ylene glycol monomethyl ether (100-115 m?/g). Sap
is more thermally stable, has a smaller particle size
(about. 50 nm), and is easier to delaminate and exfo-
liate in nanoplate units or individual nanolayers in
aqueous solution than other nanoclay minerals like
MMT[62, 63]. Sap's chemical makeup changes
based on the geological process that created it. These
flaws may limit its applicability during adsorption
procedures[64, 65].

Sepiolite
Sepiolite is a natural 2:1-type fibrous nanoclay
mineral with the chemical formula

Si12030Mgs(OH)4(H20)4-8H,0. Type 2:1 consists of
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two tetrahydric silica layers interleaved with octahe-
dric magnesium oxide layers. The morphology is
similar to zeolites, with ribbon-like composites
forming an open channel. The structure (approx. 0.4
nm x 1 nm) can be formed through organic and inor-
ganic cation penetration. The sepiolite surface con-
tains many silanol (Si-OH) groups due to a discon-
tinuous silica sheet on the outer 2:1 layers see Figure
8 and Figure 9 [66, 67].

Octahedral layer

1.06 nm

Figure 8: Sepiolite Type 2:1 two tetrahydric silica
layers, and another octahedric

The sepiolite composition has three modifica-
tion/adsorption zones: SiOH groups along the fiber
axis, oxygen ions in the tetrahedric silica layers, and
cationic exchange gaps. Sepiolite's adsorption capac-
ity is also affected by the substance's load, shape, and
size. Scientists have discovered that low-polarity and
big molecules can't penetrate sepiolite channels and
only account for around 40% of total SSA, despite
being adsorbed on the tetrahedric silica layer[68].
Unlike MMT, organic modifiers can be added to the
sepiolite surface at concentrations ranging from 400
to 500 m?-g~'[69].

1388 15KV X20,668 1em WOD16

Figure 9: . Sepiolite SEM

The pH parameter is crucial since it influences
sepiolite adsorption capability.Due to isomorphous
nanoclay substitutions, their structural charge may
be charged by pH, resulting in hidroxyl dissocia-
tion[70].

Bentonite

Bentonite (BTE) is an aluminosilicate composed
of one octahedric aluminum oxide layer and two tet-
rahedric silicon oxide layers, yielding a 1:2-type
structure with the chemical formula Aj2H2Naz O13Sia.
This clay is widely used as an adsorbent due to its
outstanding cost-effectiveness ratio. It is also readily
available throughout the world. Some writers attrib-
ute bentonites' strong adsorption ability to the

formation of an NH4" group as a result of their high
CEC [71-73].

Laponite

Laponite (Lap) is an inorganic stratified silicate
element that is commonly utilized to enhance the
rheology of many water-based goods. It reacts well
with water-based components, resulting in increased
viscosity when combined[74-76]. Research suggests
that Lap can effectively disperse in water and en-
hance the dispersion of other elements in solution by
preventing solid agglomeration see Figure 10 [77-
79] .

Figure 10: Laponite aqueous dispersion and dye ad-
sorption

Synthetic Lap (Si8(Mgs,sLi0,4024)0'7'Nao,7+) is a
2D clay disc-shaped silicate that is around 1 nm
thick. The diameter is 25 nm. The raw Laponite is
predicted to have an SSA of 11.7 m2.g™*. It has per-
sistent negative charges due to isomorphic substitu-
tion. Depending on the temperature, concentration,
and curing time, it can create a thick gel that dis-
solves in aqueous solution or a translucent fluid[80-
83]. In the textile sector, it can serve as an excellent
pigment addition because it protects them from ex-
ternal elements such as temperature and oxygen
while also improving the pigment's final durability
[84-86].

Hydrotalcite

Hydrotalcite, MgsAi2(CO3)(OH)16.4(H20) see
Figure 11, is classed as a nano-sized mineral due to
one of its lamination dimensions being smaller than
20 nm. Because of its unique structure, it belongs to
the "layered double hydroxides" (LDH) category.
This layer has an SSA of 71 m2.g™! to 104
m2-g~'[87]. Researchers are increasingly interested
in these elements for their diverse applications, in-
cluding catalysts, therapeutics, and adsorption. LDH
composites can adsorb anions via a variety of meth-
ods. The most common kind is caused by direct ad-
sorption in dispersion. Adsorption of a solid is lim-
ited by its crystallinity, as well as the polarity, tem-
perature, anion size, and pH of the surrounding me-
dium[88].
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Figure 11: Hydrotalcite SEM

Clays' Geographic Distribution

Research on soil formation indicates that temper-
ature and meteoric changes play a role in rock ero-
sion. The resulting components in solution move
across the earth's surface and mix to form new min-
erals, such as clay see Figure 12.

In humid equatorial tropical climates, heat and
rainfall expose rocks to high levels of hydrolysis.
Water trickling removes a portion of the released
chemical contents in the form of ions or complex
ions, with the exception of iron, alumina, and silica,
which remain. Iron precipitation to hydroxides re-
sults in on-site concentrations of iron hydroxides
such as hematite, magnetite, and goethite.Alumina
deposits in gibbsite or mixes with silica to generate
kaolinite. Laterites are red soils with high levels of
kaolinite, iron oxides, and gibbsite.

In a tropical-subtropical climate with alter-
nating seasons, rock hydrolysis occurs mostly dur-
ing the wet season, while ion evacuation is minimal
during the dry season. Beidellite, a smectite mineral,
grows under these conditions. This creates unique
clay soils like "vertisoil™ and "fersiallitic".

In temperate climate, Low temperatures and
rainfall limit the alteration of silicate minerals, save
for sensitive minerals such mica sericites, chlorite,
and clay. Minerals such as vermiculite, smectite, and
interstratified chlorite-Al are formed as a result of
fundamental alterations.

In the boreal climate of the North Pole, Or-
ganic compounds can destroy aluminosilicates due to
their acidic nature. As a result, podzol soils emerged,
with ashen backgrounds and high quartz content.

In extreme, Rocks in severe, periglacial, and de-
sert climates are resistant to change due to lack of
water, organic matter, and other factors.Soils in these
places are often thin and made mostly of illite and
chlorite. originating from the pulverization of exist-
ing phyllosilicates.

Figure 12, illustrates the correlation between soil
type and climate. This relationship is used in paleo-
climatology to recreate previous climates using clay
studies.

Dry continental Tropical wet-dry

Tropical wet-dry

Figure 12: A representation of the link between soil
type (clay mineral makeup) and climate.

The Geological Cycle of Clays

Clay minerals represent the recycling history of
the lithosphere see Figure 13. The story begins if sil-
icate minerals (quartz, feldspar, mica, pyroxene, oli-
vine) from the earth's crust (basalt, granite, perido-
tite, shale) arise into contact with water (meteoric or
hydrothermal). Thus, hydrolysis of silicate rocks
helps to "birth” clay minerals. Wind and water cur-
rents that animate the surface then mobilize the lat-
ters. the earth to reach the sedimentary basins, in-
cluding the ocean depths. Detrital clays will combine
with authigenic clays generated locally through dia-
genesis. Clays, both hereditary and neoformed, can
undergo modifications resulting in complicated se-
quences.

Clay deposits in the ocean's depths are buried
over millions of years owing to subsidence and tec-
tonic activity. At vast depths, where temperatures
and pressures are high, the different clays (kaolinite
and smectite) recrystallize during diagenesis to be-
come illite and chlorite. Clay minerals undergo met-
amorphism beyond diagenesis, resulting in mineral
assemblages of high temperature and pressure (mica,
feldspar, etc.), indicating the "death" of clays. Meta-
morphism involves partial melting of materials at the
crust's base, resulting in magmas that eventually rise
to the earth's surface as effusive and plutonic rocks.

Clay sediments' ability to retain water affects wa-
ter movement from the earth's surface to the crust,
resulting from the partial fusing of meta-sediments
and magma in subduction zones[89].

Geological Prospecting Clays

Natural clays are uncemented rocks that occa-
sionally get compacted. They can range in color from
white to red or green and exhibit diverse patterns of
deposit (in clusters, lenses, or layers of different
thicknesses) depending on their genesis and origin.
Geological, geotechnical, and theme maps, along
with other works and regional geological studies, can
direct exploration efforts in each nation toward re-
gions with abundant deposits of clays with varying
geological ages and petro-mineralogical characteris-
tics.

J. Text. Color. Polym. Sci. Vol. 22 (2025)
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EE ¢
Figure 13: Synthetic Scheme of the distribution of
clay minerals on the surface of the continents

Using the case of Morocco to demonstrate the
spatial distribution of clay deposits at the national
level. Morocco has great geographical and structural
diversity due to its location at the northwest tip of
Africa and a short distance south of Europe Figure
14. From Archean to Quaternary, all rock types are
represented, and they all still bear the memory ef-
fects of the tectono-metamorphic processes that their
various orogenesis underwent. Alpine, Hercynian,
Caledonian, and Pan-African[90, 91].
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Figure 14: Geological map of Morocco (Northern
provinces) indicating the spatial distribution of the
main types and clay deposits. (1 Illite; 2 Vermicu-
lite; 3 Marl; 4 Bentonite; 5 Ghassoul; 6 Kaolinite; 7
Halloysite; 8 Talc; 9 Pyrophyllite; 10 Sepiolite and
Attapulgite; 11 Antigorite and Chrysotile)

Structure of Clay

The layers are divided into two types: tetrahedral
sheets with four oxygen atoms around a silicon atom,
and octahedral sheets with eight oxygen atoms sur-
rounding a metal such as aluminum or magnesium.
The tetrahedral (T) and octahedral (0) sheets are
joined together by sharing oxygen atoms. Hydroxyl
form has unshared oxygen atoms. Clay has a one-
layer structure formed by fusing tetrahedral and oc-
tahedral sheets together see Figure 15[92].

e The typical composition of the kaolin group
is Al;SiOs(OH)s, which is one tetrahedral
fused to one octahedral (1:1).

e Phyllosilicates with one octahedral sheet
nested between two tetrahedral sheets
(2:1)[93].

Each platelet can be roughly 1 nm thick, with lat-
eral dimensions ranging from 30 nm to several mi-
crometers or even larger, depending on the silicate,
due to an isomorphic replacement of alumina cation
(AI®*) within the layers. For example, in the case of
2:1 structure, the trivalent Al-cation in the octahedral
layer is partially substituted by the divalent Mg-cat-
ion to produce the Montmorillonite structure, giving
each layer a net negative charge caused by the dis-
tinction in valence. The negative charge is counter-
balanced by the interlayer alkali or alkaline earth
metal cation as sodium and calcium ions. if these
charges are not balanced and these ions do not fit in
interlayer space, the mica will be formed and/or the
layers organize themselves to form clay stalks and
held together by relatively weak bonding forces of
attraction between them as van der walls force, inter-
stitial water and other polar molecules can be placed
inside the galleries.

The interlayer space of every kind of expansible
clay is determined by the size and sort of charge
compensating cation and polar molecules on interior
surfaces within the crystal clay structure itself; the
presence of them on the basal plane renders the clay
hydrophilic in nature. Expansion of the space be-
tween two consecutive layers, known as interlayer
space, imparts significant cation exchange capacity
(CEC) relative to non-expansible phyllosilicates and
the majority of secondary minerals see Figure 16
[94].

Montmorilloaite Halloysite

Figure 16: Clay structures (nano-fibers, plate-like
filler, and nano-tubes)
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Cation Exchange Capacity (CEC) is determined
to be an approximation of the number of readily ex-
changeable cations in the clay that neutralize nega-
tive charge see Figure 17. Otherwise, it designed the
clay's capacity to store cations such as A®*, Ca?*,
Mg?*, Mn?*, Zn2*, Cu?*, Fe?*, Na *, K *, and H*%,
which was previously stated as milliequivalents per
100 g (meqg/100 g). The CEC value varies from clay
to clay[95]. A comparison of CEC values for various
clay types is provided in Table 1

Do
o

S

Figure 17: Clay Particle Surrounded by Different
Cations

Nomenclature and Classification

The most important property of clays is their lay-
ered structure. Clays are inorganic compounds
formed from stacked layers. lono-covalent bonds
connect atoms in stacked layers in a perpendicular
direction, using weaker pressures. Layers can be sep-
arated with minimal energy, but breaking them re-
quires far more energy. Clays are a sub-family of the
layered oxides (oroxyhydroxides). They are not all
silicates; several are free of any silicon atoms. Clays
used to create polymer nanocomposites are primarily
silicates[93].

Clays are classified based on the layer's electrical
charge, as demonstrated in Table 2. Positively and

Table 1: Ranges of cation exchange capacities for clay

negatively charged layers are balanced by an equal
number of opposite charges in the interlayer region.
Clays with negative and positive charges are referred
to as cationic and anionic, respectively.

Silylation of Clay Minerals

Lately, silane grafting, also known as silylation,
has shown to be a successful method of altering the
surfaces of clay minerals. However, by simply graft-
ing hydrophibic silane groups onto the clay minerals,
the interaction between hydrophobic molecules and
clay might be significantly improved. The resulting
silylation compounds show potential for use in ma-
terial science, particularly in polymer/clay nanocom-
posites see Figure 18 [96].

In general, silane coupling agents interact with
clay minerals through a series of processes as seen in
Figure 19. At first, the silane monomers react in the
presence of water (hydrolysis) to form reactive, hy-
drophilic, acidic silanol groups Si-OH, followed by
partial condensation in which oligomers are formed;
during the condensation, silane molecules react with
one another to form dimers, which then condense to
form siloxane oligomers. After that, the oligomers or
monomers silanol are physically adsorbed to the hy-
droxyl groups of clay minerals via hydrogen bonding
on the clay surfaces. Finally, during the dehydration
condensation reaction, a strong covalent link -Si-O-
Si- is generated between silanols and clay hydroxyl
groups during the drying phase[97, 98].

Furthermore, the covalent link stabilizes organic
moieties in silane-grafted products, preventing them
from leaking into surrounding fluids. Additionally,
the R' organofunctional group can react with the pol-
ymer matrix, creating a network of covalent connec-
tions between silane, clay mineral, and polymer. As
a result, the polymer/clay nanocomposite demon-
strates a significant improvement in various proper-
ties, including mechanical, rheological, and other
handling qualities [107-110].

Type of Clay Structure Type ?mEec(:q/lOOg) ((j;;pacmg Chemical Formula Ref

Kaolinite 1:1 (TO) 3-15 7.14 [Si4]Al4O10(OH)s.nH20 (n=0 or 4) [99]

Halloysite 1:1(TO) 5-50 7 [Siz]A12010(OH)s.nH20(n=0 or 4) [100]
llite 2:1 (TOT) 10-40 10 Mx[Sis.sAi1.2] AisFeo.2sMgo.75020(OH)4 [101]
Chlorite 2:1:1(TOT) 10-40 14 (AI(OH)2:5)4[Sis.8A11.2] Aiz.4Mgo.6O20(OH)4 [94]

Montmorillonite 2:1 (TOT) 60-150 12.4 Mx(Ais-xMgx)SisO20(OH)4 [102]
Vermiculite 2:1 (TOT) 100-150 9.3-14 Mx[SizAl]AisFeosMgo.5020(OH)4 [103]
Hectorite 2:1(TOT) 120 12.4-17 Mx(MgsxLix)SisO20(OH)a [104]
Saponite 2:1(TOT) 86.6 12.4-17 MxMgs(Sis-xAlx)Sis020(0H)a [105]
Sepiolite 2:1(TOT) 11-12 12 Mg4SisO15(OH)2.6(H20) [106]

Table 2: Clays are classified based on their electrical charge.

J. Text. Color. Polym. Sci. Vol. 22 (2025)
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Type of Layers

Type of clay

Main features

neutral layers

pyrophyllite, talc, kaolinite

Neutral clays, layers connected by vander
Waals interactions and/or hydrogen bonding.

negatively charged layers

phyllosilicates:e.g. bentonites(main
component: montmorillonite)

Cationic clays compensate for negative layer

charge with interlayer cations.

Positively charged hydrotalcite (HT). layered double hy- | Anionic clays compensate for positive layer
layers droxides (HT-like family) charge using anions in the interlayer space.
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Figure 18: Some Commercial silanes coupling agents with different organofunctional groups
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Organo-clays

Clays have been known to benefit from surface
treatment for many of the past several decades. As a
result, the inorganic cations (such as Na* and K*) that
were initially present on the clay surfaces are re-
placed when an amine salt or quaternary ammonium
salt is added to a clay-water suspension see Figure
20. The amino groups are anchored on the clay sur-
face as a result of this exchangeable adsorption, and
the hydrocarbon tail is positioned in the gallery
space, pushing the water molecules that have

CI)R
Hydrolysis : R'—SlnfOR + 3 HO
OR
OH (?H
I
Self-condensation : R'~Sl|—OH + R'—Si—OH
OH OH
o 9
R—Si—O-Si—R'
Y .. T ’
R—Si—O—Si—R'
© ©
OH
Adsorption : o HO-Si—R’
e H OH
L. |
a >
>
H
g o OH O
= HO~-SI—~ 08I
R' OH
Chemically grafting : OH
O H
b O-Si—R'
OH
0 H OH OH
H O~Si-0~-SI—-R'
R OH

R

previously been adsorbed. The clay is referred to as
organicophilic since it can now coexist with organic
molecules[111].

Organo-clay structures and modelling

On the gallery surfaces of smectite clays, the sub-
stitution of organic onium ions for inorganic ex-
change cations not only broadens the clay galleries
but also aligns the polarity of the clay surface with
that of the polymer.

(I)H
R'— Sli*OH
OH

H®™ or OH" s " 3 ROH

(l)H ?H
- R'—Sli40~Sli#R'
OH OH

xHO ~—

OH

. O~-8S—R'

OH OH
O0~8S—0~-5i
R OH

H R

Polymer

Figure 19: A plausible mechanism of coupling reaction between silane grafted clay mineral and thermoplastic
matrices
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Figure 21: Preparation of organoclay
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This either makes it easier for preformed polymer
or polymer precursors to enter the gallery area (inter-
calation). Different configurations of the onium ions
are possible depending on the charge density of the
onium ion surfactant and clay. The clay layers will
generally be driven farther apart the longer the sur-
factant chain length and the greater the clay's charge
density. This makes sense because the intragallery
surfactant occupies a larger volume as a result of
both of these characteristics. The onium ions may lie
parallel to the clay surface as a monolayer, lateral bi-
layer, pseudo-trimolecular layer, or tilted paraffin
structure, depending on the charge density of the
clay. Large surfactant ions have the ability to adopt
lipid bilayer orientations in the clay galleries at very
high charge densities.

Organo-clay synthesis

By substituting alkyl ammonium or alkyl phos-
phonium (onium) cations for the sodium and calcium
cations found in the inter-layer space or clay galler-
ies, organoclays can be synthesized via a cation ex-
change method. Alkyl ammonium or alkylphospho-
nium cations are inserted into the galleries to modify
the clay layers' surfaces and increase their hydro-
phobisity. This also results in a slight increase in in-
ter-layer spacing, which encourages the subsequent
intercalation of polymer chains into the galleries dur-
ing the preparation of nano composites. Furthermore,
functional groups that engage with polymer chains or
start polymerization can be provided by the al-
kylammonium or alkyl phosphonium cations, which
increases interfacial contacts. The most common
methods for preparing the organo-clays in solutions
are cation exchange reaction or by solid-state reac-
tion [112, 113].

Morphology

Most clay minerals are sandwiches of two struc-
tural units: tetrahedral and octahedral. The simplest
sort of sandwich is made of a single layer of silica
tetrahedral with an aluminum octahedral layer on
top: they are known as 1:1 mineral sand and belong
to the kaolinite family. The other major type of sand-
wich is the 2:1 structure (smectite minerals), which
is made up of an octahedral filler sandwiched be-
tween two tetrahedra. The octahedral positions in
smectite minerals can be inhabited by magnesium,
iron, or tiny metal ions, in addition to aluminum.
Montmorillonite clay minerals are widely used in
nanocomposites due to their tiny size of particles (<
2um) and ease of polymer dispersion. They also have
high aspect ratios (10-2000) and a significant swell-
ing capacity, that's necessary for efficient polymer
intercalation[114].

Compatibilizing Agents
Dispersing clay in a polymer is similar to mixing
oil and water. Oil does not disperse effectively in

water, except in the presence of detergent. A com-
patibilizing agent serves a similar purpose as a deter-
gent. It is a molecule made up of two functions: one
hydrophilic (which prefers polar media such as water
or clay) and one organophilic. In the case of deter-
gents, this allows for the dispersion of oil in water
and clay in polymers. Except for water-soluble poly-
mers, most inorganic additions are incompatible with
the polymer matrix. To improve compatibility, inor-
ganic additives must be biologically changed, such
as by utilizing organic surfactants. Organic surfac-
tants in organically modified additives serve a key
function in decreasing the inorganic host's surface
energy, enhancing wetting properties, and miscibil-
ity with the polymer matrix [115-117].

Natural clays' ability to adsorb organic molecules
is determined by their physical and chemical charac-
teristics. If organic molecules react strongly with hy-
drophilic clays, the clay layers will attract the mole-
cules. Montmorillonite and other layered silicate
clays are naturally hydrophilic, which means they are
incompatible with most polymer compounds. Fur-
thermore, clay alteration makes it more compatible
with an organic matrix by exchanging ions between
the clay's alkali cation and nearly any other cation.
Amino acids were the original compatibilizing
agents utilized in the manufacture of nanocomposites
(polyamide 6-clay hybrids). Since then, a wide vari-
ety of additional compatibilizing agents have been
employed in the creation of nanocomposites. Due to
their ease of exchange with the ions located between
the layers, alkyl ammonium ions are the most widely
used. Because silanes can react with the hydroxyl
groups that may be found at the clay layers' edges
and/or surface, they have been employed[118, 119].

Types of polymer-clay nanocomposites

Polymer-clay nanocomposites have gained popu-
larity owing to the observation which adding layered
silicate materials (e.g. montmorillonite, hectorite,
bentonite) at low loading levels (typically 3-5%) im-
proves mechanical properties, barrier properties, and
fire retardancy of polymers[120].

Polymer-clay interactions, also known as poly-
mer-layered silicates, are the most frequent type of
nanocomposites and were extensively explored in
the 1960s and 1970s. Although Blumstein initially
reported on this technique in 1961, true exploitation
began in the 1990s, when Toyota researchers discov-
ered how to make a nanostructure out of polymer and
organophilic clay. The novel material based on poly-
amide 6 and organophilic montmorillonite shown sig-
nificant advantages in mechanical, barrier, and ther-
mal properties compared to the pristine matrix, even
with a low clay concentration (4wt%)[121].

Since then, polymer-clay composites have been
categorized into three broad categories:

e  Conventional Composite (immiscible or mi-
crocomposites), where the clay functions
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more like a micron-sized filler and isn't
nanodispersed,

e Intercalated nanocomposite, where the lay-
ers of clay stay in register and the clay is
entirely nano-dispersed

e Delaminated nanocomposite or exfoliated
nanocomposite, which also exhibit high
nano-dispersion and the loss of the clay
layer registry should result in the most no-
table modifications to the mechanical and
physical properties[122-124].

It is possible to create an additional category that
distinguishes between intercalated nanodispersion
and fully exfoliated nanocomposites. We refer to
these as highly delaminated nanocomposites[125].
Clay layers are evenly distributed as 1 nm thick, non-
interacting clay layers in totally exfoliated nanocom-
posites. Nonetheless, stacks of roughly two to twenty
layers of clay are evenly distributed throughout the
polymer matrix in highly delaminated nanocompo-
sites. In this kind, stacked layers are still there, but the
ordered structure's XRD peak vanishes see Figure 22
[126, 127].

Polymers Used in the Synthesis of Nanocompo-
sites

Over the past 15 years, a wide variety of poly-
mers have previously been employed to create poly-
mer-clay nanocomposites through the intercalation
and delamination of organophilic clays in various
polymeric media. There are two sections to these
polymers. First, Thermosets are used in nanocompo-
sites made of polyurethanes, unsaturated polyester,
and epoxies. Furthermore, the synthesis of nanocom-
posites has been effectively accomplished with sili-
cone rubbers.

Figure 22: Possible polymer layered silicate struc-
tures

Second, thermoplastics are used in nanocompo-
sites in the following ways: Polyamide 6 has been the
earliest and most extensively researched thermo-
plastic used in the manufacture of polymer-clay
nanocomposites. Since then, several techniques have
been employed to create polymer-clay nanocompo-
sites using other thermoplastics, including poly(eth-
ylene oxide), poly(methyl methacrylate), polybuta-
diene-acrylonitile,  polydiacetylene, poly (a-

caprolactone), polystyrene, polyimide, and poly(eth-
ylene terephthalate)[128].

Synthesis of Polymer-Clay Nanocomposites

Not all mixtures of polymers and inorganic addi-
tives will result in nanocomposites; the interfacial
characteristics and compatibility of the polymer ma-
trix and inorganic additives greatly affect the funda-
mental features of the materials. Kawasumi et al have
created nanocomposites using a variety of polymers,
including acrylic, nylon 6, polyimide, epoxy resin,
polystyrene, and polycaprolactone. However, there
are only a few instances in which silicate layers
could be homogeneously dispersed and exfoliated,
such as in polymers containing polar functional
groups like amides and imides[129].

This is because polymers having polar function
groups are compatible with silicate layers of clay,
which include polar hydroxyl groups. Naturally hy-
drophilic, silicate clay layers are held together by a
layer of Na* or K* ions. The typically hydrophilic sil-
icate surface becomes organophilic through ion ex-
change reactions with cationic surfactants, such as
primary, tertiary, and quaternary ammonium ions.
This allows for the intercalation of several engineer-
ing polymers. Alkyl ammonium cations play a key
role in the organosilicates by reducing the inorganic
host's surface energy, enhancing their wetting prop-
erties, and enhancing their miscibility with the poly-
mer[130].

The formation of nanocomposites can be
achieved through four primary methods: Synthesis of
in situ templates, methods of polymerization; sol-
vent-based mixing and melt blending see Figure 23
[131-134].

Polymer or Monomer

o
2 o A
{5 . & .
S e » St

(a) conventional composite

== ==

(b) intercalated nanocomposite
g — 2o
/// J / .:‘—.
. >~
-, R A\
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Clay layers

(c) exfoliated nanocomposit

Figure 23: Schematic diagram showing synthesis of
different types of polymer clay nanocomposites

Pre-Swell or Exfoliate

In this process, PCN are synthesized using a sol-
vent such as water, acetone, N,N-dimethylforma-
mide, toluene, or chloroform. The clay is allowed to
pre-swell, or exfoliate, in a suitable solvent before
being added to a polymer suspended in the same sol-
vent. When the layered silicate is distributed in a pol-
ymer solution, the polymer chains interact and
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displace the solvent within the silica gallery[104].
The intercalated nanocomposite is created, and the
solvent is removed using moderate heating or vacu-
uming. Large volumes of volatile solvent are re-
quired for this method. It has been shown that the rise
in entropy caused by solvent molecule desorption
acts as a driving force for polymer intercalation from
solution. This approach has been used to intercalate
water-soluble polymers like poly(ethylene oxide)
and poly(ethylene vinyl alcohol) between clay lay-
ers. This approach was used to synthesis nanocom-
posites made of cellulose, high-density polyethylene,
polyimide, and other materials. The main advantage
of this approach is that it allows you to create inter-
calated nanocomposites from polymers with little or
no polarity[135-137].

The disadvantages of this process include the
need for appropriate monomer/solvent or polymer
solvent combinations, as well as the high prices of
solvents, disposal, and environmental impact. Ar-
anda and Ruiz-Hitzky reported the first use of this
approach to create polyethylene oxide (PEQ)/MMT
nanocomposites. This process was utilized to make
nanocomposites of nitrile-based copolymer and pol-
yethylene-based polymer, with organically modified
MMT. This approach was used to create polysulfone
(PSF)-organoclay nanocomposites [104, 138].

Nylon§
Cl
e Clay layer
<A ...

O € ~caprolactam NCH
(Nylon6-Clay Hybrid)
Figure 24: Schematic diagram of polymerization to
NCH

In Situ Polymerization

The in situ polymerization approach has been
successfully employed for nylon-6 and epoxy sys-
tems see Figure 24 and Figure 25.The modified or-
ganoclay is pre-swollen with the monomer or a mon-
omer/solvent mixture before being activated with
heat, radiation, or another suitable initiator. In 1993,
Usuki et al. effectively synthesized exfoliated Ny-
lon-6/clay hybrid (NCH) by in situ ring-opening
polymerization of e-caprolactam, with alkylammo-
nium-modified layered silicate distributed before-
hand[139]. Molten e-caprolactam swelled organo-
philic clay that had been ion-exchanged with 12-
aminododecanoic acid.

Messersmith et al. synthesized NCH in the same
way and noticed a significant decrease in gas perme-
ability with clay addition. In situ polymerization was
also used on lactones and lactides to create poly-
mer/clay nanocomposites. In instance, intercalative

polymerization of e-caprolactone between silicate
layers was described in the presence of supercritical
carbon dioxide. This dry method allows for complete
exfoliation of clay platelets in the matrix, which re-
sults in improved thermomechanical characteristics.
Aside from polyamide and aliphatic polyester nano-
composites, the in situ polymerization process is also
employed to create epoxy resins. Pinnavaia and as-
sociates described the polymerization of a liquid
epoxy resin, such as diglycidyl ether of bisphenol A,
in the presence of polyetheramine and organoclay.

Giannelis et al. also employed ammonium salts in
which one alkyl chain has a functional group capable
of reacting and bonding with the epoxy when cross-
linked, such as hydroxy, epoxy, or carboxylic func-
tional groups[140]. This causes the epoxy matrix to
be directly attached to the silicate layers, increasing
adhesion between the two phases and resulting in
good dispersion. Polyolefins are also produced using
the in situ intercalative polymerization technique.
This process involves using an olefin catalyst sys-
tem, such as Ziegler-Natta or metallocene, to inter-
calate silicate layers. Olefin is then polymerized in
the presence of clay. Bergman et al.[141] pioneered
this approach, using a palladium-based compound to
polymerize ethylene.

In situ intercalative polymerization, particularly
with clay modified to encourage polymer grafting or
growth from the clay surface, is the most effective
process for ensuring individual exfoliation of clay
layers in the final nanocomposite materials.

Curing agent

Monomer

Swelling L Polymerization |_ | Nanocomposite

Organoclay

Figure 25: Different steps of the "in-situ polymeri-
zation" approach

Melt Intercalation

Melt intercalation is the third process for PCN
synthesis see Figure 27 and Figure 27: Different of
the "melt intercalation. Vaia et al. established this
process in 1993[142]; it doesn't need a solvent; in-
stead, a polymer matrix such as thermoplastics is
combined with organoclay. However, sometimes a
curing agent, such as maleated polypropylene oligo-
mers, is necessary[143]. If the clay layer surfaces are
sufficiently attractive to the polymer, the polymer
can permeate between the clay layers, forming either
an intercalated or exfoliated nanocomposite. Melt in-
tercalation has been used to create nanocomposites
from polyamides such as nylon 6 and nylon 66
(PA66)[144] and polyethylene terephthalate (PET).
This method is preferred over others since it is sim-
pler, less expensive, and more environmentally
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friendly. The melt intercalation technology gained
popularity because of its enormous potential for use
in quick processing processes like injection molding
and twin screw extrusion[145].
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Figure 26:Polyethylene nanocomposite synthesis by
in situ polymerization
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Figure 27: Different of the "melt intercalation

Characteristics of Polymer-Clay Nanocomposites

The ability to significantly alter not only the me-
chanical but also some of the physical properties of
the polymer through delamination of a relatively
small amount of clay is the reason for the growing
interest in polymer-clay nanocomposites.

With modified layered silicate contents between
2 and 10 weight percent, nanocomposites can show
notable benefits over pure polymers. Improvements
have been made in: mechanical qualities include ten-
sion, compression, bending, and fracture. Barrier
qualities include permeability and solvent resistance.
optical characteristics and ionic conductivity.

Other intriguing attributes of polymer-layered
silicate nanocomposites include greater heat stability
and the potential to promote flame retardancy at very
low filling levels. These increased qualities are due
to the production of a thermal isolating and low per-
meability char as a result of fire-induced polymer
degradation. The Toyota research group initially
found that exfoliation of layered silicates in nylon 6
significantly improved the thermal, mechanical, and
barrier properties of the polymer.

The nylon 6 layered-silicate nanocomposites
with a silicate mass fraction of 5% showed 40%
gains in tensile strength, 68% in tensile modulus,
60% in flexural strength, and 126% in flexural mod-
ulus. Heat distortion temperature increased from 65
to 152°C. These materials are being used in motor
sector applications. Following this accomplishment,
the nanocomposite technology was applied to addi-
tional polymers, such as polypropylene, polystyrene,
polyimide, epoxy, and unsaturated polyester resins,
with comparable results[146].

Clay mineral (nm) in textiles

Clay Mineral-Polymer (nm) Composite in Tex-
tiles

Modifying fibers, enhancing fabric performance,
and creating smart textiles are some of the significant
textile finishing innovations made recently using
particles (nm) as fillers and finish (nm) formulations.
Advancements in nanotechnology of textile and fiber
finishing are in the following areas see Table 4 [147]:

e Nano finishing of textile textiles and fibrous
materials with a finish formulation includ-
ing particles (nm).

e Fiber (nm) composites are produced using
specified fillers (nm).

e The study of organic compounds that influ-
ence the performance of a chiller (nm).

e Physical and chemical optimal process con-
trol for finishing (nm) of fibrous materials.

Table 3 summarizes some of the main effects of
clay mineral on fibrous polymeric materials (fila-
ment and fabric).The use of inorganic particles (nm)
and their composite was viewed as an alternative an-
timicrobial finishing technology to avoid the toxic or
damaging impacts of traditional finishes.Dastjerdian
and Montazer evaluated particles (nm) of various
materials such as clay mineral and clay-polymer
(nm) composite, metallic and nonmetallic TiO2 (nm)
composite, carbon nanotube, silver-based materials
(nm), and so on[148] .

Flame retardancy was achieved by combining
Mt-PU (nm) composite with polyhedraloligomer-
icsilsesquioxanes (POSS)-PU (nm) composites. Pol-
yester and cotton fabrics were treated with the afore-
mentioned composites, and the coated fabric speci-
mens were evaluated using cone calorimetry and
thermogravimetric methods. Subsequently, the im-
pacts of Mt-PU (nm) composite and POSS-PU (nm)
composite were explored; however, POSS demon-
strated significant flame retardant properties[149].

In special finishing, surface coating of textile
mightg enerally beuse dincluding the flame retard-
ancy and water repellency. Polyurethane (PU) resin
coatings on textile fabrics were recognized to pro-
vide water repellency and reduced air permeabil-
ity.However, PU was thought to be an important
study area for coating the fabric with a claymineral-
based formulation and assessing the subsequent
physiological and chemical consequences.Depend-
ing on the clay mineral structure, fixing agent em-
ployed, and application process, improvements in
flame retardancy and thermal stability could be
achieved. A flame retardant coating incorporating
branched polyethylenimine (BPEI) and sodium
montmorillonite (NaMt) was developed. Four water-
based coating compositions with BPEI (pH 7 and 10)
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and NaMt (0.2 and 1wt.%) were applied to cotton
fabrics[150].

Thermogravimetric study revealed that when
heated to 500°C, coated fabric left up to 13% more
char than uncoated fabric. Compared to an uncoated
fabric, that amount of char was two orders of magni-
tude greater. In the vertical flame test, the coated
cloth displayed a reduction in afterglow time. A
noteworthy discovery was the retention of fiber
shape and weave structure in the postburn residue of
every coated cloth, as demonstrated by SEM analy-
sis. Significantly successful was the coating mixture
based on BPEI pH 7 and NaMt 1% weight content.

Microcombustion calorimeter studies revealed
that coated fabrics have lower heat releasean capac-
ity compared to uncoated materials. The investiga-
tion of clay mineral coated cotton fabric characteris-
tics utilizing water-based compositions and recog-
nized techniques has made substantial progress. Tra-
ditionally, the fiber finishing business relied heavily
on water-based composition[151].

Poly(Ethylene Terephthalate (PET)) Composites

A large number of polymers were used in the
form of fibers or filaments; nevertheless, the subject
of modifying the behavior of polymers in fiber or fil-
ament form employing clay mineral (nm) has re-
ceived little scientific attention to date. Using clay
minerals (nm) to improve flame retardancy in syn-
thetic polymer fibers such as nylon, polypropylene,
polyester, and polystyrene is a challenging research
topic[152].

The production of man-made microfibers via the
electrospinning process has been known since the
1930s. Electrospinning allowed for the production of
micrometer-sized synthetic polymer fibers. Electro-
spinning offers substantial prospects for producing
nanofillers from polymer solutions. Important

electrospun nanofibers made utilizing a specific sol-
vent[153].

Some studies focused on poly(ethylene tereph-
thalate) (PET). The substrate was chemically treated
using ethylenediamine before electrospinning. Three
additives were studied: cellulose acetate, polyeth-
ylene glycol, and polyethylene oxide. The PET fi-
bers-polymer (nm) composite demonstrated ade-
quate physical qualities, including tensile strength
and % at break, compared to other electrospun mate-
rials like nylon, which lose strength during electro-
spinning. The addition of polyethylene glycol or pol-
yethylene oxide in PET solution did not improve fi-
ber strength [154].

Electrospinning technology can manufacture
nanofibers from a variety of polymer systems, in-
cluding high performance, liquid crystalline, poly-
mer blend, and biopolymers[155]. Horrocks et al.'s
research of flame retardant textiles discovered that
including clay minerals in polymers improved flame
retardancy by reducing peak heat release rate [156].

Clay Mineral (nm)-Polypropylene Composite

Manias et al.[157] evaluated the preparation of a
composite of Mt and polypropylene (nm). Two types
of component materials are identified as effective for
creating Mt/propylene nanocomposites:

e Functionalized polypropylene and organo-
Mt

e Unmodified (=neat) polypropylene and
half-fluoridated organic silic.

The essential circumstances, as well as the prop-
erties of polypropylene filaments and tapes incorpo-
rating functionalized clay mineral dispersion, were
investigated to determine flame retardancy [158].
Clay mineral (nm)-polypropylene composite was
created by melting polypropylene in a twinscrew ex-
truder.

Table 3: Clay mineral impacts on filament fibers and fabrics

Composite

Method

Performance effects

Clay mineral (nm) polypropylene

Melt compounding | Increased filament modulus
propylene in twin-|Increased char formation
screw extruder

Insignificant effect on flame retardancy

Clay mineral (nm) polypropylene Com-

grafted polypropylene

patibilizer used was maleic anhydride | Melt spinning

Filament produced showed improved ten-
sile strength and thermal stability
Enhanced dynamic mechanical properties
Creep resistance

Mt-polyurethane (nm) (Mt-PU (nm)) Pol-
yhedral oligomeric silsequioxanes-polyu-
rethane (nm) (POSS-PU)

Coated on polyester | Relative to Mt-PU, POSS-PU (nm) coat-
and cotton fabric

ing showed improved flame retardancy

NaMt-branched polyethyleneimine fabric

Coated on cotton |relative to uncoated fabric

When heated to 5000 C, the amount of
char produced was 2 orders of magnitude

Reduced afterglow time
Reduced total heat release
Reduced heat release capacity
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Then, polypropylene filament containing clay
mineral (nm) was created and tested. The addition of
scattered clay mineral enhanced filament modulus.
Filament samples demonstrated appropriate textile
characteristics for knitting into fabric. Fabric and
film samples were tested for burning behavior using
limiting oxygen index and cone calorimetry at an ex-
ternal heat flux of 35 kW/m2. Although the addition
of clay material had no significant effect on flame
retardancy, it did promote char formation. The im-
pact of clay mineral (nm) on the physical character-
istics of polypropylene was assessed [159].

Melt spinning was used to create composite fila-
ments made of clay mineral (nm) and polypropylene.
Maleic anhydride-grafted polypropylene was used as
the compatibilizer. Clay mineral (nm) loadings up to
1 wt.% with compatibilizer up to 3 wt.% were

Table 4: Various Application of Clay

studied. Clay mineral (nm)-polypropylene compo-
site filaments outperformed virgin polypropylene in
terms of tensile, thermal, and dynamic mechanical
properties, as well as creep resistance, at loadings of
0.25-0.5 wt.% and a compatibilizer/clay mineral ra-
tio of 2:1.

Cellulose Composite

Clay mineral was used to make cellulose compo-
sites. Clay mineral-cellulose (nm) composite tech-
nology was developed using cellulose from grass,
kenaf, cotton fiber, and cotton plant material. The
thermal stability of the clay mineral-cellulose (hm)
composite has been increased, making it appropriate
for end products like nonwovens, papers, and fila-
ment fibers [160].

composite Method Fabric Type Propeties Ref
Nanoclay Coating Polyester — Cotton — Improve tensile strength — tear — [161]
polyester/cot- abrasion resistance
ton(50/50)
Nanoclay Pad — dry - cure Cotton /nylon Improve waterproof — fireproof- [162]
(Montmorillonite) color, light fistness and Uv of dyed
fabric
Nanoclay(kaolinite) Coating Wool Improve fire retardant [163]
Polylactide/clay (montmo- Melt blending Polylactide Improve fire retardant [164]
rillonite) (MMT) nanocom-
posite
Nano Clay/Nano TiO2/Pol- | impregnation- Polyester Improve self-cleaning, thermal sta- | [165]
ysiloxane Composites dry-cure bility and hydrophilic properties
NanoClay - denim fabric (blue obtaining washed denim - Desirable | [166]
(Montmorillonite) jean) 100 % cotton handle, air permeability, wrinkle re-
sistance, and abrasion resistance
properties
Nanoclay (Bentonite) pad - dry - cure Polyester Improve UV protection - physical [167]
technique and and mechanical properties such as
IR dyeing ma- tensile strength - elongation% -
chine thickness and moisture regain
Polyurethane/Clay and Pol- Coating Polyester — Cotton Improve flame retardant [149]
yurethane/POSS Nanocom-
posites
polyamide-6/clay hybrid Melt-spinning Polyamide 6 Improve flame retardant [168]
nanocomposite
phosphate/clay mineral Coating Cotton Improve flame retardant [169]
Clay(kaolinite)-TiO2 nano- incorporating Cotton Improve flame retardant [170]
hybrid
Nanosilica and nanoclay Coating cotton super-hydrophobic fabric [171]
Cellulose/nanoclay compo- | pad - dry - cure cotton high water vapor resistance [172]
site films
Nanoclay/ soy flour com- | pad - dry - cure Jute Improve flame retardant — physical | [173]
posite properites
Polypropylene/ nanoclay pad - dry - cure polypropylene Improve flame retardant [174]
composite
neat epoxy carpet compo- coating Carpet Improve flame retardant [175]
site, clay-coated carpet
composite, and clay-in-
fused carpet composite
NanoClay coating Cotton Improve flame retardant [176]
(Montmorillonite)
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Clay Nanotube-Based Antibacterial Composites

Bone and Tissue Engineering

In recent years, functional materials incorporat-
ing halloysite-loaded antibacterial particles or medi-
cines have been created for medical applications,
coatings, and polymeric films. Nanofibers produced
through electrospinning have been widely explored
for tissue engineering and other uses. Drug-loaded
fibers are both biocompatible and bactericidal, with
delayed drug release due to polymer degradation.
Halloysite-polymer composite fibers constructed
from polylactic acid, polycaprolactone, poly(capro-
lactone)/gelatin, and poly(lactic-co-glycolic acid)
were tested for antibacterial protection see Figure28.
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Figure28: Electrospinning drug-loaded halloysite
clay nanotubes doped into poly(caprolactone)/gela-
tin microfiber[177]

Electrospun poly(lactic-co-glycolic acid) nano-
fibers were treated with halloysite to create a medi-
cation delivery system that releases tetracycline hy-
drochloride slowly. The drug loading efficiency
reached 42.65%. Halloysite loading reduces fiber di-
ameter due to the introduction of positively charged
tetracycline hydrochloride into the electrospinning
liquid. Tetracycline hydrochloride/hal-
loysite/poly(lactic-co-glycolic acid) nanofibrous
mats shown good cytocompatibility and antibacterial
efficacy, inhibiting bacterial growth in liquid and
solid mediums. Nanofibrous mats with drug-loaded
halloysite had lower release percentages over 42
days compared to nanofibers with pure drug and tet-
racycline hydrochloride/halloysite powder on the
first day [178].

Electrospinning drug-loaded halloysite clay
nanotubes into poly (caprolactone/gelatin) microfi-
bers resulted in the development of guided tis-
sue/bone regeneration membranes with sustained
drug delivery [177]. The introduction of 20 wt%
nanotubes in fiber membranes enabled 25 wt% met-
ronidazole drug loading in the membrane.

Wound Dressing

Halloysite is useful to create flexible multi-layer
wound dressings with adjustable functionality such
fluid absorption, antibacterial/fungal protection, and
tissue regeneration. The dressing can be used for
wound packing, topical gauze, or prophylaxis.
Doped clay nanotubes improve dressing properties,

allow for multiple drug loading, and provide better
control over drug release kinetics (50+ hours), mak-
ing them ideal for treating chronic wounds, microbial
infections, and multi-vector treatments [179].

Nanoclay coatings have a few innovative uses.
They can be utilized to create fibers that facilitate the
regulated release of medications, perfumes, or other
active ingredients. the integrated species' release.
Research efforts using a montmorillonite-nanoclay
as a carrier for cosmetic jojoba oil substances have
produced nylon fibers that may find usage in skin
care products. The goal of these projects is to gener-
ate antibacterial fabrics by the controlled release of a
biocidal agent. Direct melt compounding was used to
incorporate the jojoba oil and nanoclays into the pol-
yamide matrix. This suggests that by adding these ma-
terials to a SiO; nanosol coating, fibers with controlled
releases of various agents (such as medications, ethe-
real oils, or insect repellent scents) may be produced.
When combined with fire-blocking materials like
Nomex, Kevlar, glass fiber, Panox, etc., nanoclay par-
ticles can function as extremely high-quality flame-re-
tardant coatings [180].

Reused Waste Water Dyes

The third type of adsorption is coprecipitation,
which involves the synthesis of hydrotalcite with
certain anions that are integrated into its structure
and adsorbed. Dye adsorption via cationic exchange
cannot be accomplished in most colors found in na-
ture since they are anionic, which is why hy-
drotalcite-type clays are used for this recovery [181].
To compensate for the laminar structure of hy-
drotalcite, anions are inserted, leading to adsorption
[182].

High absorbance can be achieved, but further
processes are required to get appropriate adsorption
characteristics. Gasser, Mekhamer, and Abdel Rah-
man [183] computed the CEC for this nanoclay to be
8.96 cmol-kg™!. Wastewater is discharged immedi-
ately after dyeing activities are completed. This arti-
cle's findings suggest that a significant amount of
dyes can be recovered and reused in industrial oper-
ations.

Pigment

One approach for reusing colorants is to use them
as pigments[67, 184-186]. Once trapped inside a
substrate, like as clay, they can remain there to be
used later in stamping processes. To be effective as
pigments, colorants must be stable and resistant to
desorption. After injecting the colorant into clay,
tests are conducted to determine its degree of fixing.
High fixing results ensure that the pigment can be
used without risk of damage from colorant loss.

These pigments are widely used in industries like
textiles, plastics, printing, and industrial coatings,
but they have a number of qualities that limit their
application, including low stability, poor weather
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resistance, and poor dispersion [187, 188]. To ame-
liorate the abovementioned features and flaws, sta-
bler hybrids with colorants in clay mineral matrices
must be created. Hybrids including montmorillonite
and methylene blue have been shown to improve
thermal stability, photostability, and covering power
[189, 190].Other studies have evaluated the color
and stability characteristics of dye-clay hybrids.

According to a 1976 CIELAB investigation
[191], halloysite hybrids outperformed other
nanoclays like MMT and sepiolite in terms of color
stability. This can be due to the unique structure and
chemical properties of each nanoclay [192].

Dyes

Another recycling option is to use recovered col-
orant in another dyeing procedure. To allow for de-
sorption, the clay-dye binding needs to be weaker
than in the prior case with a pigment. For this pur-
pose, clays such as Lap are utilized, which, accord-
ing to testing, have desorption levels ranging from
20% to 40%. Zeolite is another mineral capable of
desorbing dyes[10, 193]. According to the bibliog-
raphies, desorption techniques involve swirling clay
in a bath of distilled water or ethanol. This causes
dye desorption[67, 192].

In a work by Momina, Shahadat Mohammad,
and Suzylawatilsamil [194], Figure 29 shows how to
desorb MB by heating the clay-dye hybrid and utiliz-
ing solvents such HCI, ethanol, nitric acid, or ace-
tone. The study found that breaking the connections
created during dye adsorption by clay, often known
as chemisorption, required more than just heat en-
ergy. To regenerate the adsorbent, a thermo-chemi-
cal process was necessary due to insufficient energy
provided by solvent and heating operations alone.
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Figure 29: Dye desorption process

The method starts with heating samples to around
150-200 °C for 45 minutes. As a result, the linkages
between the adsorbent and colorant weaken. In the
next phase, HCl— is used to raise the charges of pos-
itive hydrogens, which bind to the clay surface and
release Cl— charges that bind to MB. The colorant is
then released from the clay, completing the desorp-
tion process. Because both elements are ionically
neutral, they do not rejoin.

A crucial step in this process is to use thermo-
gravimetric analysis (TGA) to determine the highest
temperature that the dye and clay can tolerate. This
will raise the initial phase's temperature to a maxi-
mum and weaken the binding see Table 4.

Synthes Colorant

Hebeish, A. A., et al [195] Developing a Com-
pletely Novel Colorant Hybrid Nanocomposite to
Print on a Range of Textile Fabrics (cotton fabrics
(100%), cotton/ polyester blend (50/50), wool (100
% ), wool/nylon blend (70/30% ), wool/polyester
blend (45/55% ), and acrylic fabric (100 % ) , Nylon
(100 %) , viscose/polyester blend (50/50), Natural
silk (100 %) and. Polyester (100 %). Clay (MMT)
and Indigo Blue Vat dye were combined and heated to
80 °C for 60 minutes to create nanoparticles using an
ultrasonic stirrer. Using the created printing pastes,
samples of various fabrics were printed both with and
without binders. The outcome demonstrated that the
color achieved may efficiently function as a pigment
color, printing various blends of natural or synthetic
fabrics with or without the use of a binder.

Summary

Here is a summary of the key points from the pro-
vided text on textile nanotechnology and clay-poly-
mer nanocomposites:

e Clay minerals and clay-polymer nanocom-
posites are being used in textiles to enhance
properties like flame retardancy, mechani-
cal strength, and antibacterial effects.

e Common clay minerals used include mont-
morillonite, halloysite, and laponite. They
are often modified with organic compounds
to improve compatibility with polymers.

o Key polymer matrices include polyethylene
terephthalate (PET), polypropylene, and
cellulose.

e Nanocomposites can be prepared by meth-
ods like in-situ polymerization, melt inter-
calation, and solution blending.

o Benefits of clay nanocomposites in textiles
include:

- Improved mechanical properties

- Enhanced flame retardancy

- Better barrier properties

- Controlled drug/antimicrobial release
- Improved thermal stability

- Applications include:

- Flame retardant fibers and fabrics
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Table 5: Reuse Wastewater Dyes

. Contaminant Re- Adsorption Capacity or
Composite Type moved Temp Removal Percent Ref
cationic dye (maxi-
chitosan—-MMT lon blue 5G GR RT?2 99.3% [196]
200%)
. _ anionic dye (lanaset a 0
chitosan—-MMT red 2B) RT 67.4% [196]
disperse dye (dianix
chitosan—-MMT yellow brown SE- RT?2 68.6% [196]
R)
chitosan—intercalated MMT reactive black 5 60 138.89 mg/g [197]
KSF—MMT-—chitosan reactive blue 19 - - [196]
poly(vinyl alcohol)—sodium alginate— o
chitosan—MMT methylene blue 30 90% [198]
chitosan—-MMT reactive red 136 20 74.7%, 445.38 mg/g [199]
chitosan—halloysite methylene blue - 72.60 mg/g [200]
kaolin—chitosan—titanium dioxide crystal violet 45 93.30% [201]
chitosan—bentonite amaranth red 25 362.1 mg/g [202]
chitosan—bentonite methylene blue 25 496.5 mg/g [202]
chitosan—bentonite congo red - 303 mg/g [203]
N,O-carboxymethylchitosan—MMT congo red 30-50 - [204]
magnetic chitosan—-MMT methylene blue - 82.2 mglg [205]
chitosan-grafted _poly(acrylamlde-lta- crystal violet . 81.6% [205]
conic acid)
carboxymethyl chitosan—montmoril-
lonite hybrid congo red 45 84.68 mg/g [206]
cross-linked chitosan—poly(acrylic .
acid) —bentonite malachite green 318K 454.55 mg/g [207]
Fe—chitosan—-MMT methylene blue - 55.81% [208]
chitosan-activated clay reactive red 222 30 1912 mgl/g [209]
. - - basic red 2 37 mglg
chitosan- modified kaolinite orange G - 5.99 mg/g [210]
. _ . congo red 135.77 mgl/g
chitosan—magadiite methylene blue 30 45.25 mg/g [211]
- Antibacterial wound dressings are also gratefully grateful to the Faculty of Applied
- Controlled release fibers for cosmet- Arts, Benha University
ics/pharmaceuticals
Funds

- Bone and tissue engineering scaffolds

- Clay nanotubes like halloysite are be-
ing explored for drug delivery in elec-
trospun fibers.

- Clays are also being investigated to ad- 1. Lite, M.C.,, Tanasescu, E.C., Secareanu, L.O.,
sorb and recycle dyes from textile Sandulache, I.M., Iordache, O. and Perdum, E.

Review on different types of clay and their use as
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