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Abstract Functional montmorillonite can be dispersed in
polymer coatings and organic species and polymers can be
intercalated into the interlayer space or grafted onto the
surface of the functional montmorillonite. The addition of
functional montmorillonite into polymer-based coatings
can significantly improve anti-corrosion, refractory, su-
per-hydrophobicity, antibacterial activity, and absorption
of solar radiation by the resulting montmorillonite/polymer
coatings. Montmorillonite can be functionalized for this
purpose by ion exchange, intercalation, exfoliation, or
combinations of these treatments. The rigid montmorillon-
ite layers interspersed within the polymer matrix inhibit the
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penetration of corrosive substances, minimize the impact
of high-temperature airflow, and thereby lead to strong
resistance of the coating to corrosion and fire. The combi-
nation of polymers and dispersed montmorillonite
nanolayers, which are modified by metal ions, metal ox-
ides, and hydrophobic organic species, allows the resulting
composite coating to have quite a rough surface and a
much smaller surface free energy so that the
montmorillonite/polymer coating possesses
superhydrophobicity. The interlayer space of functional
montmorillonite can also host or encapsulate antibacterial
substances, phase-change materials, and solar energy-ab-
sorbing materials. Moreover, it can act as a template to
make these guest species exist in a more stable and ordered
state. Literature surveys suggest that future work on the
functional montmorillonite/polymer coatings should
be targeted at the manufacture of functional
montmorillonite nanolayers by finding more suitable mod-
ifiers and tuning the dispersion and funtionalities of mont-
morillonite in the coatings.

Keywords Antimicrobial activity - Corrosion
resistance - Flame retardancy - Montmorillonite-
containing coating - Solar absorption - Super-
hydrophobicity

Introduction
Coatings of metal, plastic, wood, and other substrates
(having organic substances, including alkyd,

acrylic ester, epoxy, and other polymers, as the main
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components) can protect surfaces. To increase further
the service life of the surface and expand the range of
uses for the substrate requires improvements in the
functionality of traditional polymer coatings. As a result,
research and development of multifunctional coatings
have received a great deal of attention over recent
decades.

Addition of functional montmorillonite (Mnt) to
polymer coatings is of great significance in tuning
the performance or developing new functions for
polymer coatings. Part of the functionality of Mnt
originates from its particular structure: Mnt is a
dioctahedral smectite, namely a 2:1 clay mineral
consisting of thin (<1 nm) layers of two tetrahedral
sheets bonded to an octahedral sheet with a net
negative layer charge of between 0.2 and 0.6 (per
formula unit) containing hydrated exchangeable in-
terlayer cations (Emmerich et al., 2009). Isomorphic
substitution within the sheets (e.g. AI’** replaced by
Mg?* in the octahedral sheet) generates a negative
layer charge. The broken edges of crystal layers
produce a localized amphoteric charge (positive at
low pH, negative at high pH) (Fig. la). Charged
ions or organic molecules interact with the surface
of Mnt; these interactions involve a range of mech-
anisms, including cation or anion exchange, hydro-
phobic interactions, hydrogen bonding, cation bridg-
ing, and proton transfer. Each interaction varies de-
pending on the pH of the environment, as well as
on the size and electrostatic properties of the ions
or molecules (Fig. 1b) (Dawson & Oreffo, 2013;
Guo et al., 2021; Shen et al., 2020). These properties
enable Mnt to be used as a filler for polymers, and
even a small proportion of filler (<5 wt.%) results in
significant changes in the mechanical and physical
properties of the polymer, such as barrier properties,
thermal stability, fire resistance, and rheological
properties (Emmerich et al., 2009; Taha-Tijerina
et al., 2018; Usuki et al., 1995). Addition of Mnt
to polymer coatings can improve their corrosion
resistance (Laatar et al., 2018; Relosi et al., 2018)
and fire resistance (Yang et al., 2015). Currently,
Mnt is also used to endow protective coatings
with more functions, including superhydrophobic
(Yuan et al., 2017), antibacterial (Semlali Aouragh
Hassani et al., 2020), and solar-absorption properties
(Mico-Vicent et al., 2017b).

The physical properties of Mnt are utilized widely in
polymer coatings. The layered Mnt dispersed evenly
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through a polymer coating can provide a physical barrier
to prevent water, corrosive gases, or ions in the environ-
ment from diffusing into the substrate, thus avoiding the
potential of electrochemical reaction (corrosion) with
the substrate (Li et al., 2018; Lima et al., 2018) and
increasing the corrosion resistance of the coating. The
uniform distribution of Mnt in the coating matrix can
also hinder gaseous emissions from the substrate surface
through the coating. The comparatively rigid structure
of the Mnt can, to some extent, prevent the polymer
coating from deforming under high temperature and
stresses (Hu et al., 2020). Additional functionality can
be achieved by combining Mnt with materials that ab-
sorb sunlight or phase-change materials. For example,
using layered Mnt as the template for shaping carbon
materials or as the carrier for phase-change material in
thermo-solar absorptive coatings can improve the absor-
bance and energy-storage capacity of the coating (Mico-
Vicent et al., 2017b; Relosi et al., 2018). Also, the
addition of Mnt into polymer coatings can change its
surface roughness (Qu et al., 2019).

Metal ions and organic cations can be used to modify
Mnt through cation exchange, and even anion modifiers
can be introduced to the interlayers of Mnt in acidic
media (Guo et al., 2021). Organo-modified Mnt (OMnt)
not only has improved compatibility (dispersion, misci-
bility) with the polymer coating, but also exhibits an
increased interlayer space, so that the polymer can
be better intercalated into or grafted onto the surface of
the Mnt. OMnt cross-linked with polymers can form a
compact physical and chemical barrier (Li et al., 2015;
Li et al., 2018). Another aim in the use of OMnt is to
produce hydrophobic coatings because OMnt surfaces
are hydrophilic. In refractory coatings, e.g. Mnt/
chitosan-containing coatings, at high temperature, the
layered Mnt acts as the thermal center of carbonization
reactions and then forms a rigid protective structure in
the coating. For antibacterial formulations, substances
such as silver (Ling et al., 2013), quaternary ammonium
salt (Chen et al., 2016), or triclosan (Soares et al., 2012)
are intercalated or interacted with Mnt surfaces to pro-
vide the coating with antibacterial properties.

The positive effects of functional Mnt in terms of
improving the anticorrosive, fire-resistant, hydrophobic,
and antibacterial properties of the polymer coatings are
reviewed in the present article. A comprehensive under-
standing of the behavior and role of functionalized Mnt
in polymer coatings is expected to stimulate new ideas
for the industrial design of polymer coatings. The hope
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Fig. 1 a Montmorillonite
possesses a permanent negative
surface charge arising from
isomorphic substitutions in the
crystal structure and a pH-
dependent edge charge. b Poten-
tial interactions of organic mole-
cules with clay-particle surfaces,
species in the interlayer space and
inter-particle space involving
various mechanisms. (Reprinted
with permission from John Wiley
& Sons from Dawson and Oreffo
(2013), copyright 2013)
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is that this review will be helpful in developing new
research directions in which functionalized forms of
Mnt are optimized in order to extend the range of
functionalities of polymer coatings to meet the needs
of modern industries.

Corrosion Resistance

In certain environments, such as soil, seawater, and bore
holes for exploration, coatings are required to provide
better protection against certain corrosives. Polymer
coatings, such as epoxy resin and alkyd resin protect
metal from corrosion due to their strong acid/alkali
resistance and good adhesion to metal substrates. Tra-
ditional polymer coatings of metal surfaces, however,
are not ideal for blocking corrosive agents such as H,O,
0., and aggressive ions such as SO4* and CI” even
under ambient conditions. These corrosive agents pro-
mote the generation and development of defects, such as
micro-voids, blisters, and cracks, which degrade the
protective barrier performance of coatings. The addition
of corrosion inhibitors, such as a reactive transition
metal with greater reduction potential and conductive
polymers, into coatings, can realize the active protection
of'the coating and slow corrosion of the substrate. Direct
incorporation of corrosion inhibitors in the coating

https://doi.org/10.1007/s42860-022-00183-8 Published online by Cambridge University Press
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usually fails to provide long-term protection because
the inhibitors act uncontrollably and become depleted
quickly. In addition, the presence of a large number of
inhibitors reduces the resistance to water penetration of
coatings because they result in bubbles in the coating
and damage the physical and mechanical properties of
polymer coatings. Therefore, recent research has fo-
cused on encapsulating or immobilizing inhibitors with-
in micro/nanostructures, which themselves are embed-
ded within the conventional polymer coatings, to avoid
depleting corrosion inhibitor effects and to extend the
time of active corrosion resistance (Dong et al., 2014;
Hang et al., 2012; Tedim et al., 2012).

The layered structure and chemical properties of Mnt
make it suitable for encapsulation. Moreover,
the encapsulated inhibitors can be released slowly from
the Mnt by ion exchange, prolonging the corrosion
resistance of the coating (Atta et al., 2017,
Mohammadi et al., 2019). Mnt can improve the corro-
sion resistance of polymer coatings in two ways: (1)
Mnt dispersed in the polymer coating at various dosages
or loadings presents a physical barrier to increase the
tortuosity of the diffusion pathway of water, gas, and
corrosive ions (Bagherzadeh & Mousavinejad, 2012;
Taha-Tijerina et al., 2018); and (2) Mnt acts as a carrier
for corrosion inhibitors such as metal ions (Ahmad et al.,
2014a, 2014b; Navarchian et al., 2014), polyaniline
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(PANI) (Ghazi et al., 2015), benzimidazole (Ghazi et al.,
2015), and hydrated cetylpyridines to provide additional
protection, including physical barrier and electrochem-
ical protection, for metal substrates.

The charge transfer and diffusion in the coating that
determine the corrosion rate of the coated surface can be
represented by an equivalent circuit (Hosseini et al.,
2011). In this equivalent circuit, the solution resistance
(Rs), charge-transfer resistance (R, and the coating
resistance (R;) can be measured to quantify the level
of anticorrosion of a coating in an electrolyte solution.
Studies which have compared the corrosion resistance
of polymer coatings containing Mnt and modified
Mnt vs. coatings without Mnt, found that the R. and
protection time of the polymer coating containing func-
tional Mnt were significantly improved (Bagherzadeh &
Mousavinejad, 2012; Ghazi et al., 2015; Hosseini et al.,
2011; Mico-Vicent et al., 2017a). Excessive Mnt load-
ing, however, tends to form agglomerates and uneven
dispersion in the polymer coating. The agglomerates
disrupt the uniformity of the coating and thereby reduce
its resistance to corrosion. To achieve a better anti-
corrosion effect, not only must a suitable polymer or
Mnt-modifier be selected, but also the amount of Mnt
added must be limited. Worth noting is that the decrease
in adhesion between coatings and substrates would al-
low corrosive agents to contact the substrate directly,
thus reducing corrosion resistance. As a result, the pos-
itive and negative influence of functionalized Mnt on
the adhesion should both be considered when Mnt
is added to enhance the corrosion resistance of the
coatings.

Functional Nanostructured Mnt/Epoxy Resin Coatings

Epoxy resin has excellent mechanical properties, bond-
ing, and heat resistance, and is used widely for coatings.
Epoxy resin is a thermosetting material with a high
degree of crosslinking, but has the disadvantages of
insufficient toughness and easy cracking after curing,
which means that it has poor corrosion resistance. Com-
bination of functional nanostructured Mnt with epoxy
resin can effectively improve the corrosion resistance of
the resultant composite coating. Mnt with cation ex-
changeability can selectively capture aggressive ions
entering the coating. In addition, Mnt serving as a carrier
can release specific corrosion inhibitors as required
(Arianpouya et al., 2012). Dong et al. (2013) modified
Mnt with Ca(NOs3), and found that when such Ca
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(NO;)-Mnt was added into epoxy resin coatings, due
to the barrier effect of the layered Mnt, water, O,, and
CO; had difficulty entering the coating. In addition,
when Na* penetrated the coating, it exchanged with
Ca’", so the impedance modulus of Ca(NOs)-Mnt ep-
oxy resin coating was an order of magnitude greater
than that of unmodified Mnt-epoxy resin. Ca(NOs)-
Mnt/epoxy resin coating can be used as the top coat
for the protecting substrate. Its anti-corrosion effect is
comparable to the coatings containing harmful heavy
metals (Table 1).

The solution intercalation method was used to add
various amounts of OMnt, modified with methyl-
tallow-bishydroxyethyl quaternary ammonium salt
(1,3,5 wt.%) (MTAB*-Mnt), to the epoxy resin (Tomié
et al., 2014). The resulting OMnt/epoxy resin coating
was used as the top coat over an epoxy resin primer to
protect the steel substrate. The MTAB*-Mnt in the
epoxy resin coating with 1 wt.% loading was mainly
exfoliated, but at greater loadings led to
an agglomeration of the OMnt within the epoxy. There-
fore, the coating with 1 wt.% OMnt loading had the
most uniform macromolecular network and the smallest
porosity. The corrosion resistance was quite good, there-
fore. Results from electrochemical impedance spectros-
copy revealed that, after immersion in 3 wt.% NaCl for
20 days and 104 days, the coating with 1 wt.% OMnt
had the largest R, compared with the coatings without
OMnt and with 3 wt.% and 5 wt.% OMnt, indicating
that the coating with 1 wt.% OMnt had the best imme-
diate, short-term, and long-lasting barrier properties to
the electrolyte.

Cerium can slow the reaction rate at the cathode or
precipitate at cathodic areas, thus providing the base
metal with electrochemical protection (Arenas et al.,
2002). Mohammadi et al. (2019) embedded Ce**, in
the form of [Ce(H20)6]3+, into the interlayer space of
Mnt, and then introduced Ce**-Mnt into the epoxy
coating. An ICP-ES (Inductively Coupled Plasma Emis-
sion Spectrometry) test showed that, in 3.5 wt.% NaCl
solution, the rate of released Ce** from the structure of
Ce’*-Mnt was greater at the initial time of immersion
than after longer immersion times. Presumably this was
due to the existence of free Ce** on the surface of Ce’*-
Mnt at the early stage of immersion, and the fact
that Ce** precipitated preferentially as an insoluble hy-
droxide layer and/or cerium oxide at the cathode posi-
tion with an alkaline pH and subsequently formed a
dense surface film (Egs. 1, 2, and 3) (Bahlakeh et al.,
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2018). The main anodic reaction was the dissolution of
iron. The dense surface film prevented corrosion of the
metal by corrosive ions and improved the corrosion
resistance.

Ce’" + 30H —Ce(OH);—Ce0, + H;0" +¢ (1)

0, + 2H,0 + 4¢ —40H™ (2)

Fe—Fe?" +2¢ (3)

Defects in the epoxy resin coating, produced after
being scratched, abraded, or struck by hard objects, or
subsequent to partial corrosion, for example, can expose
the metal surfaces to the humid environment and accel-
erate the peeling of the coating around the defect. Coat-
ings with self-healing functions can minimize such
problems. Benzimidazole*-Mnt and Zn>*-Mnt pro-
duced by cation exchange (Egs. 4 and 5) in the epoxy
coatings not only enhanced the corrosion resistance of
the coatings without defects, but also initiated self-repair
of defects in the coatings (Ghazi et al., 2015). Within the
non-defect coatings, Zn**-Mnt underwent cation ex-
change with Na* in 3.5 wt.% NaCl solution, and the
Zn** released intercepted oxygen and water at the inter-
face between the coating and the substrate to form non-
conductive ZnO, thereby inhibiting the corrosion of the
substrate. For the defective (scratched) coatings, the
Zn** exchanged from the defect edge was oxidized into
insoluble ZnO. ZnO can be adsorbed on the surface of
the steel substrate and form a complex with benzimid-
azole (Ghazi et al., 2015). The hydrophobic functional
groups in the benzimidazole extend outward, which can
i1solate water and corrosion ions from the steel substrate,
thereby protecting the substrate from corrosion (Fig. 2).
While the modified Mnt served to release a corrosion
inhibitor, the coatings containing modified Mnt had
10% less adhesion than the Na*-Mnt coating. The re-
duced adhesion may lead to the formation of voids at the
interface between the coating and the substrate, thereby
resulting in unexpected corrosion. This issue requires a
solution.

Another study showed that 2-
benzylbenzimidazolium chloride (2-BBI HCI) has
good compatibility with Mnt due to the presence of
two N* functional groups in its structure (Mehrabian
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& Sarabi Dariani, 2018). Moreover, the bonds formed
between 2-BBI and epoxy resin enabled 2-BBI-(Na*-
Mnt) to be dispersed evenly in the epoxy coating. The
evenly dispersed Mnt improved the barrier properties of
the coating to corrosion agents. The best barrier, how-
ever, requires consideration of optimal loadings of 2-
BBI-(Na*-Mnt). According to the electrochemical im-
pedance spectroscopy results, compared with 2-
BBI-(Na*-Mnt)-epoxy resin containing 1 wt.% and
2 wt.% 2-BBI-(Na+-Mnt), the composite resin contain-
ing 3 wt.% of 2-BBI-(Na"-Mnt) has the highest corro-
sion resistance after soaking in 3.5 wt.% NaCl solution
for 120 days. Na*-Mnt agglomerated in the epoxy coat-
ing more easily than 2-BBI-(Na*-Mnt) in it. The ag-
glomerated Mnt particles provided an uneven network
in the polymer coating and reduced its barrier perfor-
mance. The water adsorption of the coating containing 3
wt.% 2-BBI-(Na*-Mnt) was only 1.92%, while the wa-
ter adsorption of the epoxy resin coating containing 3
wt.% unmodified Mnt reached 82%.

Na™—Mnt + Zn** —Zn**—Mnt + 2Na ™ (4)

Na*—Mnt + [CsHy4(NH),CH] * —Benzimidazole—Mnt + Na*

(5)

Conducting Polymer-Mnt/Epoxy Resin Coatings

Conducting polymers are those with electrical conduc-
tivity in the range of semiconductors and conductors,
and have been used to form a passive protective layer on
the metal surface, thereby providing an anodic protec-
tion and inhibiting corrosion. Among the conductive
polymers, polyaniline (PANI) and polypyrrole (PPy)
have been regarded as promising anti-corrosive poly-
mers due to their environmental stability, mechanical
strength, and electrical conductivity (Hosseini et al.,
2009, 2011; Spinks et al., 2001; Tallman et al., 2001).
The rapid electrode reaction rate and uneven dispersion
of conductive polymers in polymer coatings, however,
result in poor corrosion resistance and short effective
protection time of the coating. Combination of the poly-
mer with Mnt provides a possible solution. The corro-
sion resistance of the reinforced conducting polymer-
Mnt composite coating was attributed to the combina-
tion of the electrochemical protection of PANI and the
barrier effect of the layered Mnt dispersed in the
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Fig. 2 Self-repairing process of epoxy coating containing (Zn-Mnt + Benzimidazole-Mnt). Inh.-Mnt: montmorillonite modified with
inhibitor. (Reproduced from Ghazi et al. (2015), copyright (2015), with permission from Elsevier)

composite (Hosseini et al., 2011; Zhang et al., 2017a).
Combination of the conductive polymer, Mnt, and the
conventional organic coating can significantly improve
the effectiveness and duration of the coating and pro-
vide protection against corrosion.

The PANI/hexadecyl trimethyl ammonium ion-Mnt
powder prepared by in situ intercalative polymerization
can be dispersed uniformly in epoxy resin, and significant
improvement in the the anticorrosion has been achieved
when such a composite resin was applied to coat magne-
sium alloys (Bagherzadeh et al., 2014). On the one hand,
the oxidation ability of the emeraldine base salt on
polyaniline formed a passivation film on the magnesium
alloy. On the other hand, the OMnt was partially exfoli-
ated and uniformly dispersed within the epoxy resin,
where individual OMnt platelets increased the tortuosity
of the diffusion path of water and oxygen in the coating.
The R.; of PANI/OMnt coating after 216 and 1200 h was
10 and 1 GQ cm?, respectively, which was three orders of
magnitude greater than that of the epoxy varnish coating,
and the R was two orders of magnitude greater than the
epoxy varnish coating. PANI/cetyltrimethyl
ammonium ions-modified Mnt/epoxy resin coating
prepared by in situ intercalation polymerization also ap-
peared to be very effective in terms of the protection of
AZ91D magnesium alloy (Zhang et al., 2013) and carbon
steel (Zhang et al., 2014a). PANI formed an oxide layer
on the magnesium alloy surface by the oxidation—

https://doi.org/10.1007/s42860-022-00183-8 Published online by Cambridge University Press

reduction reaction with O, to improve anticorrosion of
the coating, and in the absence of O, the protection of
PANI for AZ91D magnesium alloy decreased. In addi-
tion, the presence of cetyltrimethyl ammonium ions in
OMnt made the dispersion of PANI/OMnt in the epoxy
coating more uniform and elongated the path for oxygen
and water diffusion in the coating. The hydrophobicity
enhanced by OMnt inhibited corrosion by reducing water
adsorption by the coating.

The amount of PANI/OMnt used also has a signifi-
cant influence on the corrosion resistance of the epoxy
resin coating. In the range of 1 to ~3 wt.%, increased
loading of PANI/OMnt in the coating decreased water
diffusion in the coating, but loadings >3 wt.% were not
conducive to uniform dispersion of PANI/OMnt. On the
surface of mild steel (Siva et al., 2019), PANI and OMnt
formed a layered framework, resulting in improved
adhesion between the metal-coating interfaces. Simulta-
neously, the amine group of PANI reacted with an
epoxide ring-containing epoxy to form a cross-linked
network. The bipolar coatings had impedance values
approximately two orders of magnitudes greater than
pure epoxy coatings, for exposures as long as 140 days
in 3.5 wt.% NaCl solutions. Zhang et al. (2017b) pre-
pared Ce**-PANI/OMnt composites by in situ polymer-
ization and cation exchange, and then dispersed the
composites in an epoxy resin coating. The values for
R of Ce’**-PANI/OMnt and PANI/Mnt epoxy resin
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coatings were 14,880 and 9220 © cm?, respectively.
After immersion in the 3.5 wt.% NaCl solution for
48 h, the Ce-PANI/OMnt composites had better anticor-
rosion performance over areas of coating defects. The
barrier effect of Mnt, the passivation film formed by the
complexation of polyaniline with the metal matrix on the
metal surface, and the formation of insoluble hydroxides
at the coating/metal interface attributed to the release of
Ce™ at defects of the coating; together, these contributed
to the strong anticorrosion of Ce®>*-PANI/OMnt epoxy
resin coating (Table 1). Due to the weak interaction
between PANI and Mnt, however, simple mixing of
PANI and Mnt led to agglomeration of Mnt in the
coating. To overcome this shortcoming, Akbarinezhad
et al. (2014) produced PANI/exfoliated Mnt
nanocomposites (PAniC) through in situ polymerization
at the interface of water and supercritical CO, and then
added the PAniC to the Zn-rich primer in order to extend
the protection of the carbon steel substrate (CS substrate)
from corrosion. In the conventional Zn-rich primer, Zn
acted as an anode, sacrificed to protect the CS substrate.
With the addition of PAniC to the primer, water vapor
and corrosive ions were intercepted, increasing the initial
barrier effect of the coating. The barrier can delay the
formation of ZnO in the primer to extend the cathodic
protection of the PAniC-modified primer (Fig. 3) because
the Zn powder is usually reactive after immersion in
humid surroundings, water, or electrolyte to form non-
conductive ZnO on the CS substrate.

As a polymer with inherent conductivity, PPy can be
combined with epoxy resin coatings or electro-deposited
separately on metal surfaces to improve the barrier prop-
erties of the coating. Uniformly dispersing PPy in epoxy
resin is difficult, however. Functional organic-inorganic
hybrid additives, PPy-Mnt, prepared by in situ polymer-
ization based on Mnt and pyrrole can solve this problem
(Ramoa et al., 2015). A highly site-specific
interaction occurs between the protonated PPy (N*) and
the negatively charged Si-O-Si groups of Mnt (Ramda
et al., 2015). The PPy-Mnt uniformly dispersed in the
epoxy resin increased the barrier property of the epoxy
coating. Compared with Mnt/epoxy coatings and PPy-
epoxy coatings, the roughness of PPy-Mnt/epoxy coating
was significantly reduced due to the uniform
dispersion of PPy-Mnt in the epoxy coating. Consequent-
ly, the PPy/Mnt/epoxy coating had good hydrophobicity
(Contri et al., 2018; Hosseini et al., 2009). The lesser
roughness and greater hydrophobicity of the coating sur-
face gave it enhanced durability and barrier performance.
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Functional Nanostructured Mnt/Alkyd Resin Coatings

Alkyd resin has the characteristics of fast drying, good
adhesion, high gloss, and good durability, and is
used widely in making solvent-based coatings. Alkyd
resins containing long-chain fatty acids possess flexibil-
ity, however, and the low hardness means that the alkyd
resins can be scratched easily by hard objects to produce
defects, thereby losing anticorrosion (Jiratumnukul
et al., 2006). Alkyd resins can hydrolyze under alkaline
conditions due to the ester bonds they contain. There-
fore, Mint with high hardness and high aspect ratios as a
filler can enhance the mechanical properties, barrier
property, and corrosion resistance of alkyd resins. For
example, various amounts of oleyl amine-Mnt were
dispersed in alkyd resin and, through high shear and
ultrasonic treatment, alkyd-clay nanocomposite coat-
ings were obtained. When the oleyl amine-Mnt content
in the coating was 1% and 3%, the corrosion resistance
of alkyd coatings was improved significantly (Dhirde
et al., 2018). In the alkyd resin-based coatings with
Ca**-Mnt, the Ca”* released from Ca®*-Mnt forms cal-
cium deposits which inhibit stripping of the cathode
substrate, thereby enhancing the coating's anticorrosion
in an environment containing 0.2 mol/L SO, (Vega
et al., 2017). When CI” was used as a corrosive agent,
however, the Ca®*-Mnt was insufficient to provide long-
term protection.

Functional Nanostructured Mnt/Organo-Silica Sol-gel
Coatings

Silicone sol-gels have been used to develop anticorro-
sion coatings on the surfaces of steel, copper, magne-
sium alloys, aluminum, and aluminum alloys. The pro-
tective effect of the silane film is achieved by the bond-
ing between the metal and the silanol groups formed
during the hydrolysis process and the silicon network
above the metal substrate. Applications of Mnt to the
organo-silica sol-gel coatings enhance the corrosion
resistance of the coatings.

Callone et al. (2017) added Mnt, that had been sub-
jected to a high-energy ultrasonic treatment, to a mixture
of 3-glycidoxypropyltrimethoxysilane/
tetraecthoxysilane/methyltriethoxysilane. Al-O-Si
bonds formed between the Al of the Mnt and the Si of
the silane-based matrix after adding ultrasonified Mnt to
the hybrid sol-gel network. Compared with the Mnt
without ultrasonic treatment, and Mnt ultrasonified for
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Fig. 3 Drawing of barrier protection. a Zn-rich epoxy primer; b
Zn-rich epoxy primer with Cloisite 30B (reproduced
from Akbarinezhad et al. (2014), copyright (2014), with

12 h, the composite material containing Mnt
ultrasonified for 3 h had a larger number of A-O-Si
bonds, which was proportional to the strength of the
filler/matrix interaction, and such a coating had a rela-
tively high resistance to the penetration of water and
ions.

The rosmarinic acid contained in basil (Ocimun
basillicum) extract (BE) can form a chelate with Fe?*
and the chelate deposited on the surface of the steel sheet
can inhibit corrosion (Izadi et al., 2019). Mnt intercalat-
ed by the BE can achieve long-term and slow release of
the extract in the sol-gel silane coating, thereby achiev-
ing the long-term anti-corrosion of the coating. The R,
ofthe BE-Mnt-containing coating was three times great-
er than the R, without BE-Mnt after 120 h, and the R, of
BE-Mnt at a concentration of 10 g/l was greater than
that at 5 g/L. The concentration of the BE-Mnt was
greater, and the corrosion-prevention effect was better
(Izadi et al., 2019).

HOOC (CH,);7NH3-modified OMnt can be used as
an anti-settling agent in water-based Zn-rich anticorro-
sive coating. The carboxyl groups on the OMnt reacted
with Si—OH in the coating to form a network structure
(Li et al., 2015). OMnt prevents the deposition and
accumulation of Zn pigments caused by volume shrink-
age during drying of the coating, resulting in a smooth
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permission from Elsevier). Cloisite 30B: Methyl-tallow-bis-2-
hydroxyethyl quaternary ammonium salt; CS: Carbon
steel; PAniC: Polyaniline clay

and dense coating surface. The dense film inhibited
electrolyte penetration. Ce*™/Zr*" as a cationic corro-
sion inhibitor can be introduced into Al-pillared Mnt.
The Ce**/Zr**-Mnt dispersed in a silica organic-
inorganic sol-gel matrix and coated onto magnesium
alloy AZ91D imparted active corrosion resistance to
the coating (Adsul et al., 2018).

Flame Resistance

The flame resistance of polymer coatings is significant
for fireproofing building materials. Inorganic particles
in the polymer composites can reduce the flammability
of the polymer. Similarly, the composite can be further
combined with inorganic nanoparticles to produce a
flame-retardant coating with a better balance of
flammability/mechanical properties (Morgan &
Gilman, 2013). OMnt can be used in various forms to
enhance the flame resistance of the coating. In terms of
physical protection, the uniform dispersion of OMnt in
the coatings can prevent the overflow of inert gas pro-
duced by the coating at high temperature and the infil-
tration of oxygen from the outside (Hu et al., 2020;
Yang et al., 2015). A coating was made from PANI
and Mnt-stabilized carbon nanotubes (CNTs) using the
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layer-by-layer method (Kim et al., 2021). Mnt served as
a physical barrier that retarded the diffusion of heat and
gas. Cone calorimetry showed that stacking the two
nanomaterials (Mnt and CNTs) in a single
coating over a polyurethane foam yielded a significant
reduction in the peak heat-release rate (HRR) (up to
51%), total smoke release (up to 47%), and total heat
release (up to 37%). OMnt can fill small cracks in the
charred carbon layer on the surface of the coating. The
dense structure of the carbon layer can prevent the
transfer of heat and fire to the protected substrate (Liu
et al., 2016; Patel et al., 2018). In terms of chemical
protection, OMnt can enhance the strength and thermal
insulation of the carbonized layer at high temperature
(El-Fattah et al., 2015; Peila et al., 2010). OMnt can also
function as a synergistic agent of intumescent flame
retardant and as a catalyst to promote the formation
of inert gas (Liu et al., 2016).

Mnt can enhance the formation of the carbonized
layer in the flame-retardant coating during firing. For
example, a coating composed of polypropylene amine
(polycation) and Mnt (polyanion) was coated layer by
layer on a polyamide-6 (PA6) substrate (Apaydin et al.,
2013). During the combustion, a continuous charred
layer on the surface of the coating covering the substrate
formed due to the dense layered Mnt in the polymer.
The continuous carbonized layer not only protects the
coating but also restricts the transfer of heat and mass,
and the peak HRR of the 20-layer PAHeMnt film was
reduced by >60%. In addition, the ammonia released by
the polyacrylamide expanded the coating to twice its
original thickness. This expanded coating with a dense
charred layer isolated heat and oxygen.

Similarly, in the chitosan/Mnt coating using chitosan
as both the carbon and gas source, the layered Mnt facts
as the thermal center of the carbonization (Deng et al.,
2016). The deposition of Mnt-polysaccharide bilayer
films can form a thick and tight carbon layer on the
surface of the substrate at high temperature, and the
carbon layer can act as a thermal insulation layer
(Table 2). For a Mnt-containing ammonium
polyphosphate coating on cotton fibers, high tempera-
ture causes ammonium polyphosphate to dissociate and
generate ammonia and polyphosphoric acid (Alongi &
Carosio, 2016). Polyphosphoric acid reacted with Mnt
layers to form a silicoaluminophosphate-expanded
structure. During flame propagation, the expanded coat-
ing can act as a protective layer for cotton and as an
intensifier for char formation, thereby reducing the
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release of volatile combustibles from burning cotton
(Table 2).

The addition of OMnt to a polymer coating can limit
the escape of volatiles formed during polymer decom-
position. When the organic modifier in
OMnt decomposes and escapes at high temperatures,
the Mnt will collapse and become incompatible with the
polymer matrix (Hedley et al., 2007). Then the Mnt
quickly migrates to the exposed surface and accumu-
lates, thereby forming a barrier layer. The barrier layer
can prevent the overflow of expanding gas in the coating
and the intrusion of external oxygen and heat (Catarina
et al., 2017; Liu et al., 2016; Misra et al., 2014). In
thermosetting resin systems, however, the migration of
Mnt from the inside of the coating to the surface may be
prevented by the cross-linked polymer network, thereby
inhibiting the formation of the thermally insulating sur-
face layer. For example, the addition of OMnt in the
powder coatings containing acrylic-based resin did not
significantly change the combustion behavior of the
coatings, especially for samples containing a large
amount of OMnt (Catarina et al., 2017).

Moderate addition and uniform dispersion of OMnt
in a polymer-based coating have a significantly positive
effect on the fire resistance of the coatings. The exces-
sive OMnt in the coating migrates quickly and accumu-
lates on the coating surface to form a hard, non-
deformable ceramic layer, which limits the expansion
behavior of the coating, thereby reducing the fire resis-
tance of the coating (Liu et al., 2016). Tomczak et al.
(2019) pre-expanded natural Mnt in cyclohexanol and
then applied it to an expansive coating composed of
polyvinyl acetate, ammonium polyphosphate, mela-
mine, and pentaerythritol. The composite coating with
Mnt reduced the time required for the temperature of the
steel substrate to increase to 450°C. The expanded coat-
ing with excess Mnt, however, produced uneven coke
and micro-cracks at high temperature. Although the
rigid structure of Mnt improved the hardness of the
carbonated layer, the mechanical durability of the car-
bonated layer against the strong airflow in fire was not
ideal due to the existence of micro cracks. In addition,
the accumulation of Mnt in the polymer can produce
defects that reduce the effectiveness of such a surface
layer in the reduction of HRR (Berta et al., 2017).

To obtain better clay dispersion in the polymer coat-
ing, the polymer coating with nano-structured Mnt can
be modified either by using a high shear mixer or by
modifying the Mnt through chemical grafting with an
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intumescent flame retardant, which facilitates good dis-
persion in the expandable system. Yan et al. (2018)
modified Mnt with alkyl ammonium ions to yield
OMnt, and took advantage of the reaction of the edge
and interlayer hydroxyl groups of OMnt with the P-OH
group in a phosphate ester acid to form a grafted OMnt—
phosphate ester acid structure (Fig. 4). OMnt in such
a coating was conducive to producing phosphorus-rich
cross-linked coke and aromatic coke in the condensation
phase, thereby forming a stable, dense, and expanded
carbon layer. As a heat-resistant barrier, the carbon layer
reduced effectively the heat release, smoke generation,
and quality loss of the coating. Excessive OMnt en-
hanced the barrier effect of the coatings but led to
incomplete combustion and mass loss of the expandable
coatings, thus reducing the flame retardant and smoke
suppression effects of the coatings (Yan et al., 2018).
The chemical grafting of melamine intumescent flame
retardant on the surface of Mnt can be adopted to obtain
favorable Mnt dispersion and high flame-retardant

efficiency in linear, low-density polyethylene coating
(Makhlouf et al., 2017).

The Fe contained in OMnt in the coating can act as a
catalyst to promote gas production during the firing
of coating (Guan et al., 2006). OMnt might have the
catalytic effect and gas barrier effect in butyl acrylate
copolymer coatings (Bodzay et al., 2011). The Fe re-
leased from OMnt can catalyze the decomposition of
styrene-butyl acrylate resin, generating a large amount
of gas. Evenly dispersed OMnt can result in closed
honeycomb cells of the carbonized structure at high
temperature, which effectively block heat transfer.

Appropriate use of the layered structure of Mnt has
the potential to improve the fire resistance of coatings.
For example, Mnt layers (2D) and 3-FeOOH nanorods
(1D), are deposited alternately on the surface of flexible
polyurethane foam using layer-by-layer assembly
(Wang et al., 2015). Structural and morphological char-
acterization indicated that Mnt nanolayers and (-
FeOOH nanorods were distributed homogeneously on
the surface of the matrix and formed a sandwich-like
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Fig. 4 Methods for the synthesis of a CTAB-Mnt, b
cyclophosphate and Mnt polyphosphate (reproduced from Yan
et al. (2018), copyright (2018), with permission from Elsevier).
CTAB: Cetyltrimethyl ammonium bromide; Mnt:
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topology. The coating can provide the polyurethane
foam with flame retardancy, and prevent release
of toxic gases produced by polyurethane. The Mnt
nanolayers and (3-FeOOH nanorods were evenly dis-
tributed on the surface of the substrate to form a random
entangled network covered by the Mnt nanolayers, and
the network hindered the transfer of heat, oxygen, and
mass between the flame and the polyurethane matrix.
Huang et al. (2015) invented a process in which a
hydrothermal reaction of montmorillonite with diphenyl
phosphoric acid led to the decomposition of montmoril-
lonite, the repolymerization to generate aluminum
phosphonates, and the assembly via 7—7t stacking inter-
actions to form 1D double-walled Al-P—Si hybrid de-
composable nanorods, where silica is coated on alumi-
num phosphonate nanorods. The epoxy nanocomposites
with Al-Si—P hybrid nanorods exhibited good flame
retardancy. A possible reason was that the nanorods
decomposed at ~400°C to yield nanoparticles composed
mainly of aluminum silicates and then the nanoparticles
migrated readily to the surface of epoxy resins to form a
protective layer.

As shown above, Mnt can endow a polymer coating
with improved flame retardancy by enhancing the den-
sity and continuity of the carbonized layer of the refrac-
tory coating, catalyzing the generation of inert gas and
forming an entanglement network to isolate gas and
heat. In particular, the uniform distribution of Mnt in
the polymer significantly alters the resistance. Such
distribution is expected to be achieved by physical stir-
ring, chemical modification, or changing the Mnt struc-
ture. Controlling the amount of Mnt in the intumescent
refractory coating is also important.

Super-Hydrophobicity

The principle of a self-cleaning coating is to give the
coating surface a special topography of chemical groups
to create superhydrophobicity. In recent years, inspired
by natural self-cleaning lotus leaves, super-hydrophobic
coatings with high contact angles (contact angle >150°)
to water have been studied intensively. Functional Mnt
containing hydrophobic groups added to the polymer
coating can make the coating exhibit a certain enhanced
hydrophobicity. The uniform dispersion of rigid Mnt on
the surface of the hydrophobic coating results in greater
surface roughness, accompanied by a greater hydropho-
bic property of the coating. In the superhydrophobic

https://doi.org/10.1007/s42860-022-00183-8 Published online by Cambridge University Press

Mnt/polymer coating, Mnt can provide the coating with
a special surface morphology: (1) natural Mnt has the
large surface area (a few hundred nm long and wide) of
two-dimensional nanolayers, and can provide the coat-
ing with special roughness (Cadene et al., 2005). (2) The
layered structure of Mnt has a strong tendency to self-
assemble, forming a unique topological structure at
nano and micro levels. Although Mnt has strong
water-adsorption ability due primarily to the hydration
of interlayer cations and the micro- and meso-pores
present in aggregates (Gates et al., 2021), OMnt added
in a coating can introduce special hydrophobic groups
into the coating to reduce the surface energy.

Mnt tethered with hydrophobic macromolecules can
self-assemble to form a superhydrophobic surface.
Cyclomethicone has low surface energy which gives it
a hydrophobic film-forming ability (Frelichowska et al.,
2009). Moisture-curing polyurethane can cross-link
within the cyclomethicone polymer network, and a si-
loxane polymer can be assembled along the coating-
surface and within the coating-substrate interface, which
significantly reduces the surface energy of the interface.
During polyurethane crosslinking the assembly process
of the cyclomethicone polymers along the coating sur-
face does not result in a hierarchically rough surface
with a low surface energy. However, addition of OMnt
into polymeric cyclomethicone can help the formation
of hierarchical structures to yield superhydrophobic
composite coatings. For example, Mnt was modified
by aminopropyl triethoxy silane and octadecylamine,
and then treated with benzyl alcohol to obtain benzyl
alcohol/OMnt (Bayer et al., 2010). The introduction of
self-curing polyurethane and benzyl alcohol/OMnt into
the cyclopolysiloxane network resulted in a self-
cleaning and water-repellent coating. Meera et al.
(2012) produced a hydrophobic sol-gel silica/OMnt
(trimethylstearyl ammonium-Mnt) composite using a
sol-gel polymerization technique in aqueous media.
The ethyltrichlorosilane solution with 1 wt.% sol-gel
silica/OMnt composites was then spin-coated onto a
glass surface. Because of the presence of the bulky
organic group, namely trimethylstearyl ammonium in
the OMnt, the cleaved coating surface was brittle (Ho
et al., 2006; Meera et al., 2012). The surface of com-
posites without OMnt lacked a layered and porous
structure. As the surface roughness of the composite
increased, the hydrophobicity of the coating to water
increased. The surface free energy of the coating con-
taining 5% Mnt is 51.49 mJ/m? and that of the coating
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without Mnt was 59.65 mJ/mz, indicating that Mnt has
influenced the anti-wetting properties (Meera et al.,
2012). Stearic acid contains functional carboxyl
groups and alkyl groups and the carboxyl groups
can form a covalent bond with the hydroxyl of the
Mnt surface through esterification, thereby forming a
layer of stearic acid film on the surface of Mnt particles.
The alkyl groups increased the hydrophobicity by re-
ducing or shielding the polarity of Mnt. The
organosiloxane solution with stearic acid-modified
Mnt particles was drip-coated onto various substrates
to obtain a durable super-hydrophobic coating after
curing. Mnt nanoparticles accumulated irregularly on
the coating surface forming a rough multilayer structure
which increased the water contact angle of the coating
(Fig. 5) (Qu et al., 2019).

Mnt exchanged with metal ions or metal oxides can
also provide enhanced super-hydrophobicity of the coat-
ing. Electrostatic interaction between Ce®*-Mnt and the
aqueous polyurethane anionic matrix can occur. Active
Ce®* released from Ce>*-Mnt, moreover,
can function with the hydroxyl groups in the polyure-
thane to increase significantly the crosslinking density
of the polyurethane molecules (Fig. 6a) (Mo et al.,
2019). Such Ce**-Mnt can be dispersed uniformly in
polyurethane coatings. The greater cross-linking density
reduces the presence of micropores and defects in the
coating surface and effectively prevents the diffusion of
water molecules through the coating so that the coating
has a strong hydrophobicity. In addition, the surface of

the polyurethane coating becomes rough due to the
addition of Ce**-Mnt into it, which helps to increase
the super-hydrophobicity of the coating. Pretreatment of
Mnt with chitosan can increase the Ce** loading capac-
ity of Mnt, and Ce*-chitosan-Mnt particles in polyure-
thane coatings can enhance the hydrophobicity of the
coatings (Fig. 6b) (Mo et al., 2019).

Iron oxide/OMnt and Ag/OMnt composites were
prepared by the interaction of Mnt modified by quater-
nary ammonium salt (hydrogenated tallow)
dihydroxyethyl methyl chloride with hydrophobic iron
oxide and Ag nanoparticle, respectively (Atta et al.,
2014). Epoxy coatings containing iron oxide/OMnt and
Ag/OMnt composites had rough surfaces at the nano-
scale and thus have greater hydrophobicity than epoxy
coatings. The degree of dispersion of Mnt in the coating,
however, also affected the hydrophobicity of the coat-
ing. The seawater contact angle of the coating became
smaller due to agglomeration of the Ag/OMnt in the
coating when the loading of the the Ag/OMnt exceeded
5 wt.%. In addition, pores were generated within the
rough surface of the coating containing Ag/OMnt com-
posite material after curing. The pores promote the
diffusion of water in the coating and reduce the hydro-
phobicity. In contrast, uniform dispersion of iron oxide/
OMnt composites within the epoxy coating produced a
superhydrophobic surface (Atta et al., 2020). In this
case, metal ions or metal oxides-intercalated Mnt prob-
ably assisted the formation of a dense crosslinking net-
work to achieve the superhydrophobic coating.

superhydrophobic Mnt particle

Mnt particle

¢ on
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PC"’Hs C]Hs o
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OC,H; OC,H;

N S S o  a  a

s i
- \

esterification ‘
E———- .
{/:” "

P

drop coating

superhydrophobic coatings

Fig. 5 Schematic illustration for the fabrication of superhydrophobic coatings (reproduced from Qu et al. (2019) with the permission of
Springer Nature, copyright, 2019). DEDMS: Diethoxydimethylsilane; Mnt: Montmorillonite; MTES: Methyltriethoxysilane

@ Springer

https://doi.org/10.1007/s42860-022-00183-8 Published online by Cambridge University Press


https://doi.org/10.1007/s42860-022-00183-8

Clays Clay Miner.

223

a

© Na*
@ Hzo
@Ce‘“

Na-Mnt + Ce3*—> Na*+ Ce-Mnt

HO,

HO

HN

0 HO no

— ol
— oM S0 07
< 0 '\/-4 o
8 Chitosan amino "lfo e ity o g
< N protonation RS e
= ub 1o N
o iy
10, on
on on <JI| Lon oH on
E =8 \\,L'. o J Lo 82
‘o, o oMo, @ o o . 'W»\«.:'\A" g
oW Q). N no Ho Yo IIO Co
Ni” NH;'n NHy' on u >
) M»S—»;ﬁ,&»- on
Ion exchange reaction, physical absorption 33 \r(m
HO, »"[‘ r(lll
“VHO- con
n:h “0‘\0 -on
\II. ll() 0 J
uok\o“ \0“ /('\\'"h L Son \"‘ ‘\\‘nﬁ’
WA O 0N '“0 CS-Mnt
& HO, NI ON
e _
o 5 con 34
H,0 9 @ Ce
"y -
+ a st}
@C03 LA '9"\(. A lon exchange reaction,
o _(,“// coordination reaction
x: <
,ﬁiv\'%ﬂ’u\“’%"".'
HO - NHL )
.‘.'})' COH Hoe;
'u,\&o
uu({\ﬂ"\ Ce-CS-Mnt
(II/

Fig. 6 Schematic presentations of preparation steps: a Ce-Mnt and b Ce-CS-Mnt (reproduced from Mo et al. (2019), copyright (2019), with
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The superamphiphobic coating has better antifouling
cability. Surface modification of Mnt presents a suitable
layered surface structure with extremely low surface
free energy. Such a surface exhibits superb hydropho-
bicity. In a study by Yuan et al. (2017), chemically
grafting Al,O5 nanoparticles onto the Mnt was achieved
through the bridging of NH,-C;H-Si (OC,Hs); (KH-
550), and then the grafted Mnt was further modified
with polydimethylsiloxane (PDMS), a low-surface-
energy material (Fig. 7a). Ethylenetetrafluoroethylene
(ETFE) composite coating prepared with 25 wt.%
Mnt/Al,O5-PDMS binary nanocomposite in it had a
good nanostructure, and provides high contact angles
to water (164°), glycerol (158°), and ethylene glycol
(155°) (Fig. 7b). After mechanical abrasion testing

https://doi.org/10.1007/s42860-022-00183-8 Published online by Cambridge University Press

(8000 times) or annealing at 350°C for 2 h, the coating
maintained its superhydrophobicity.

The combination of hydrophobic molecules, ions or
functional groups and chemically surface-modified Mnt
results in the superhydrophobicity of the coating. Due to
the introduction of hydrophobic groups into the coating
and the self-assembly of Mnt on the surface of the
coating, a low surface free energy of the coating is
established and the diffusion of water molecules in the
coating is hindered. Hydrophobic species that bind to
Mnt usually include alkanes, oils, fats, etc., but these
molecules are also generally lipophilic, and can stain the
coating surface. Silicone rubber and fluorocarbons, both
hydrophobic and oleophobic, combined with Mnt to be
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used for developing self-cleaning coatings, therefore,
could be the direction of future development.

Antimicrobial Activity

The antibacterial properties of functional coatings play a
significant role in ensuring hygiene for daily necessities
and inhibiting or controlling the growth of harmful
microorganisms on sanitized surfaces and medical sup-
plies. The heavy metals, TiO,, special plant extracts, and
other substances with antibacterial activity can give the
coating an antibacterial property. Antibacterial sub-
stances, however, usually need to be combined with a
carrier in order to exist stably in the coating and exert a
lasting antibacterial effect. The layered structure and
large specific surface area of Mnt can adsorb microor-
ganisms and store antibacterial substances, making it a
useful carrier (Semlali Aouragh Hassani et al., 2020)
and provides other functionality (e.g. as described in the
above sections) to the coating. Mnt can also be interca-
lated or delaminated within the polymer matrix, and
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permission of Springer Nature from Yuan et al. (2017), copyright
(2017). ETFE: ethylene tetrafluoroethylene; KH-550: NH,-CsHg-
Si(OC,Hs)3;Mnt: Montmorillonite; PDMS: Polydimethylsiloxane

thereby have strong interactions with both the polymer
chains and the antimicrobial substances at the molecular
level.

Silver (Ag) has been used for sterilization for centu-
ries. The antibacterial properties may originate from the
presence of Ag* ions released through the oxidation of
Ag particle on the surfaces. Ag* ions are adsorbed onto
negatively charged bacterial cell walls,
thereby inactivating cell enzymes, destroyoing the se-
lective permeability of the membrane, and ultimately
leading to bacterial dissolution and death (Olad et al.,
2017). Ag*-Mnt, for example, is effectively
an antibacterial agent used by adding it to epoxy—
polyester powder coatings; the slow release of Ag* from
the Mnt layer had the long-term effect of inhibiting the
growth of gram-negative bacteria (Armstrong et al.,
2012). The addition of TiO,/Ag*-Mnt to a coating com-
prised of a polyacrylic acid emulsion can inhibit the
growth of both gram negative and gram positive bacteria
on the coating at the same time (Olad et al., 2016). Ag*-
Mnt biocomposite multilayer films have been developed
using radio frequency magnetron sputtering (Iconaru
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etal., 2019). The resulting Ag*-Mnt biocomposite mul-
tilayer film effectively inhibited growth of Candida
albicans cells on a silicon substrate, and the inhibitory
effect of Ag™-Mnt on the adhesion of bacteria to the
coating was more significant than that of Mnt alone.
Worth noting, however, is that for polymer coatings
with low wettability, e.g. epoxy resins/polyester resins,
the release of Ag" from the Ag"-Mnt composite is
limited due to the poor wettability of the coating, which
makes achieving effective sterilization difficult
(Armstrong et al., 2012). In addition, as Ag nanoparti-
cles themselves are insoluble in water, only a small
amount of Ag" is released ([Ag'] ~1x107° M in water).
Certain Ag nanoparticles or Ag-containing compounds
used as antibacterial agents are expected to release more
Ag" when intercalated into the interlayer space of Mnt.
Sohrabnezhad et al. (2015) used AgNO; as the Ag
precursor and ethylene glycol as the reducing agent to
achieve spherical Ag and Ag,CO3 nanoparticles in the
interlayer space of Mnt. Compared with Ag*-Mnt,
Ag,CO53-Mnt nanocomposite had a greater
inhibitory effect on gram-negative bacteria.

OMnt can serve not only as a carrier for a variety of
bactericidal substances, but can also demonstrate better
bactericidal effects on some bacteria. Chen et al. (2016)
used Gemini surfactant as the Mnt modifier, quaternized
chitosan as the reducing agent and stabilizer for making
Ag nanoparticles, and synthesized a chitosan/OMnt/Ag
composite for a coating with antibacterial properties.
The large specific surface area and the hydrophobic
interaction between the hydrophobic alkyl chain and
the lipophilic component of the microbial cell wall
enabled OMnt to adsorb and immobilize microbes.
The quaternary ammonium salt group in OMnt had
antibacterial activity and the synergistic effects of
quaternized chitosan, OMnt, and Ag enable the coating
to have significant antibacterial activity against gram-
positive bacteria, gram-negative bacteria, and fungi,
thus exerting strong sterilization on steel surfaces. The
antibacterial coating containing the quaternized chito-
san/OMnt/Ag nanoparticle nanocomposite had an inac-
tivation rate of 99.99% against E. coli and 99.83%
against Staphylococcus aureus. Ling et al. (2013) used
quaternized carboxymethyl chitosan to prepare
quaternized carboxymethyl chitosan/OMnt/Ag nano-
composites for the coating of antibacterial paper, and
the coating had strong antibacterial activity against bac-
teria and fungi.
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Nanocomposites of Zn**-Mnt can serve as a cheap,
affordable and non-toxic substitute for Ag-based
antibacterial materials (Roy et al., 2019). The Zn>*-ex-
changed Mnt (Zn**-Mnt) and ZnO nanoparticle-loaded
Mnt (ZnO-Mnt) were synthesized using a combination
of a simple ion-exchange reaction and a reduction reac-
tion, and further added into high-density polyethylene
(HDPE) to produce bio-active nanocomposites. The
HDPE-Zn**-Mnt nanocomposites showed remarkable
antimicrobial activity against bacteria E. coli and
S. aureus and fungi A. niger. The antimicrobial
performace improved with increased loading of Zn**-
Mnt intercalates in the HDPE.

Some plant extracts and their derivatives also have
antibacterial activity. The use of Mnt as a host or carrier
for such biological compounds can be used in antibac-
terial or antifungal coatings. Likewise, Mnt functional-
ized with antifungal drugs as a filler in coatings can also
achieve antifungal properties. The surface of Mnt mod-
ified with soy lecithin and citronellol were changed from
highly hydrophilic to hydrophobic (Fernandez et al.,
2020). Citronellal is an active terpenoid, which has been
used as an antifungal drug. When the modified Mnt was
added to a coating, the coating proved to have the most
effective antifungal activity. It is worth nothing that, as a
natural clay mineral, Mnt may have potential biological
contamination. Therefore pre-sterilization is necessary
before using it as a component of antibacterial coating.
A facile way is to decontaminate Mnt with 70%
ethanol and to heat it at 120°C in an oven for 24 h
(Favero et al., 2016).

Solar Absorption and Storage

Coatings are crucial to the devices used for solar-energy
harvest and storage. The order and structure of the light-
absorbing material in the coatings is very important for
developing durable and highly absorptive coatings.
Layered Mnt has been used for intercalation of a light-
absorbing material into its precursor. Calcining of
the precursor-intercalated Mnt leads to an orderly
arrangement of the light-absorbing material between
the Mnt layers, which can help to improve the efficiency
of the solar absorbtion when the composite is applied to
a coating.

The cation exchangeability of Mnt, and its ability to
host a variety of substances, provide easy routes for
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combining different light-absorbing precursors to make
composites for solar-energy harvest. Sucrose as a carbon
precursor, for example, has been inserted into the
interlayer space of cetylpyridinium bromide hydrate/
polyhedral oligomeric silsesquioxane-modified Mnt
(Mico-Vicent et al., 2017b). A light-absorbing material,
layered graphene, can then be produced between Mnt
layers after calcination at 800°C. The ordered structure
of layered graphene enhances the heat resistance of
the Mnt-graphene composite. This composite in a paint
format on metallic coupons has a light absorbance of
more than 96% after 24 h at 700°C. When iron and
manganese were used as metal intercalation materials
for Mnt and then calcined, a metal oxide-pillared Mnt
hybrid was formed. The layered structure of the Mnt
remained unchanged. After 20 h at 600°C, the light-
absorption efficiency of the coating with the pillared
Mnt hybrid remained at 84.8% (Fig. 8) (Mico-Vicent
et al.,, 2017a).

Mnt is also a good carrier for solar-energy storage
materials. Phase-change materials can be combined
with Mnt by impregnation or microencapsulation treat-
ment. The high-energy storage capacity of the phase-
change composite provides potential advantages for
enhancing the solar-energy storage of the coatings to

/\ 3°Calcination
2° Exchange

1°Dispersion

which they are added (Fang et al., 2008; Peng et al.,
2017). When a phase-change composite is prepared by a
simple dipping impregnation method, it usually exhibits
a limited capacity for heat storage due to the small
amount of phase-change compounds. Microencapsula-
tion has been used recently to wrap the phase-change
material in a shell material, which is able to retain more
phase-change compounds than achieved by the dipping
method. Typically, the Mnt/stearic acid microcapsules
are spherical, with a particle-size distribution of between
10 and 30 wm, and have greater energy storage than
stearic acid alone. Little published research is currently
available in which these phase-change composites have
been added to polymer coatings. This is a direction for
future development in the use of such Mnt composites in
polymer coatings to improve solar-energy absorption
and storage.

Conclusions

Functional Mnt is not only used in paints, drilling fluid,
and cement, but it also shows potential in providing
polymer coatings with good corrosion resistance, flame
resistance, superhydrophobicity, antibacterial

g Lamellar nanoclay

@Interlaminar cation

Exchanged nanoclay

4 Metal salt

Pillared composite- nanopigment

i Salt oxide

[-_:] Amorphous clay

Fig. 8 Mnt combined with different light-absorbing precursors to synthesize Mnt composites for use in solar-energy harvest coatings .
(reproduced from Mo et al. (2019) with the permission of Elsevier; copyright (2019)
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properties, and solar-energy harvest and storage. The
rigid layered structure, ion-exchange capacity, and fa-
cility for exfoliation, self-assembly, and intercalation of
Mnt enable it to provide various surface and interlayer
interactions with metal ions, metal oxides, organic mod-
ifiers, and the polymers in coatings. In addition, layer-
by-layer assembly, microencapsulation, and reconstruc-
tion after decomposition allow more strategies for using
Mnt in polymer coatings. These strategies provide
many new ways to use Mnt in the coatings. A critical
need is to enhance the combination of Mnt with modi-
fiers and functional substances in polymer coatings.
Although significant progress in using functional Mnt
for improving anticorrosion, flame resistance,
superhydrophobicity, antibacterial activity, and solar-
absorption or storage has been made over the past
decade, further efforts are needed to overcome the
following issues:

(1) Although the dispersibility of Mnt in a coating can
be improved to some extent by modification,
good dispersibility is limited by the amount of
Mnt added. In anticorrosive coatings, excess func-
tional Mnt leads to the reduction of corrosion re-
sistance rapidly due to agglomeration. In an expan-
sive refractory coating, the accumulation of Mnt
can lead to the formation of a hard and over-dense
carbon layer, thereby limiting the expansion be-
havior of the coating. Therefore, the appropriate
dosage of functional Mnt in the coating and the
side effects caused by excessive dosage should be
considered fully.

(2) Metal ions, metal oxides, and organic species, such
as Ag*, TiO,, quaternary ammonium ions, and
terpenoid with high antibacterial activity have been
introduced into the interlayer space and/or surafce
of Mnt; the polymer coating containing this func-
tional Mnt can be coated on medical devices and
food packaging and shows antibacterial activity
against gram-positive bacteria, gram-negative bac-
teria, and fungi. The release of antibiotic ions,
however, may be limited by the wettability while
the functions of the organic compounds may be
limited by the type of polymer in the coating.
Regulation of the wettability of a polymer coating
and the corresponding degree of antibiotic sub-
stance with the polymer coating is worthy of
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attention in future research and development. In
addition, the functional materials, such as solar-
energy absorption precursors and phase-change
compounds, can be fixed between Mnt layers or
can form microcapsules with Mnt by means of
intercalation or encapsulation. Adding Mnt-
containing functional materials into a coating to
improve solar-energy absorption and storage and
thermal insulation is a technique in its infancy.

(3) Multiple organic modifications of Mnt and the
synergistic use of Mnt with a variety of functional
substances remain open for future study to improve
the performance of the Mnt/polymer coating fur-
ther. Therefore, judicious selection of
functional modifiers and substances that can act
synergistically is still required. Considering their
bioavailability and eco-friendliness, plant extracts
and their derivatives may be considered as organic
modifiers in the future.
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