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Abstract: Clay minerals have been recognized as one of the cheap and effective materials for wastew-
ater remediation. Among the various clay minerals, montmorillonite (MMT) has received much
attention due to its wide availability, low-cost and promising properties such as high porosity, me-
chanical strength, and cation exchange capacity. Additionally, MMT has high swelling properties.
These features make it an ideal material for wastewater remediation applications. In addition, it
possessed good cationic exchange capacity, making it easier to interact with various molecules. MMT
and its composites exhibited good selectivity and catalytic activity for contaminants elimination from
wastewater. Surface modification and functionalization have been identified as a way to improve
the MMT’s adsorptive performance and endow it with light and light-harnessing properties. Thus,
MMT composites, especially metal and metal-oxide nanoparticles, have shown good adsorption
and photocatalytic activity toward the elimination/mineralization of various contaminants such as
dyes, pharmaceuticals, heavy metals, and other organic and inorganic species. As such, MMT and its
composites can be adopted as potential materials for wastewater remediation.

Keywords: adsorption; catalytic elimination; montmorillonite; pollutants; photocatalysis

1. Introduction

Recently, population explosion/growth and industrialization increased the demand
for freshwater. It is predicted that the availability of fresh water to the general population
will decrease by 2050, and the demand for it will rapidly rise, which could eventually create
water scarcity. In addition to rapid industrialization, global warming due to anomalous
climate change is another factor that disturbs groundwater development [1,2]. The quality
of water resources is fast decreasing due to the persistent release of organic and inorganic
contaminants from both natural and anthropogenic sources [3]. The discharge of many
hazardous contaminants such as pharmaceuticals, dyes, pesticides, herbicides, fertilizers,
nuclear wastes, heavy metals, and other waste into water bodies resulted in pollution,
which affects the sustainability of living organisms [4,5]. Contamination of water is of vital
concern as it has staggering effects on the environment. Its negative impact on domestic
consumption, agriculture, recreation, fishing, and other industrial activities is noticeable.
Although some industries are equipped with waste treatment facilities, lack of proactive
measures, efficient policies, reluctance to adopt advanced technologies, as well as lack of
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suitable remediation technologies often strengthen pollution generation [6]. Thus, polluted
water threatens human health and the environment at large. Moreover, the presence
of such pollutants in the environment, even at low concentrations, poses a major threat
to both fauna and flora [7]. Upon discharge, these pollutants are transported into local
reservoirs, rivers, ponds, and other sources of fresh water, which accumulate in plants and
aquatic organisms and are eventually consumed by humans in foods and drinking water.
Some of these pollutants are associated with high toxicity and carcinogenic and mutagenic
tendencies, thus, posing a threat to the sustenance of living organisms [8].

Water pollution control is one of the main agendas for the United Nations 2030 vision
toward achieving Sustainable Development Goals (SDGs), stressing the need for clean
water and sanitation. Industrial treatment plants utilize biological, chemical, or physical
methods to safeguard water bodies from pollutants [9]. The biological methods depend
on biodegradation using microorganisms such as Mycobacterium, Bacillus, Pseudomonas,
Sphingomonas, and others which were found to be ineffective for dyes [10]. On the other
hand, chemical methods rely on processes such as flocculation [11], coagulation [12], electro-
flotation advanced oxidation [13], and photocatalytic degradations [14]. At the same time,
physical methods depend on adsorption [15] and membrane filtration techniques [16].
However, the majority of such techniques have disadvantages that restrict their application
for the decontamination of wastewater. For example, membrane separations and evapo-
ration involve high investment and as well as high maintenance costs [17], while aerobic
and anaerobic digestion processes require complex and skilled operation procedures [18].
Moreover, other techniques like flocculation and coagulation require the use of a large
number of chemicals that may produce unwanted by-products, which may cause addi-
tional harmful effects to the environment. Due to the aforementioned limitations of the
listed techniques, it becomes necessary to find an efficient and sustainable method for the
treatment of wastewater [19]. Among these techniques, the physical methods were the most
preferred, especially those based on adsorption and photocatalytic degradation [20,21].

Adsorption has been identified as an exceptionally efficient, simple, low-cost, re-
cyclable as well an eco-friendly technology for pollutant mitigation in environmental
waters [22]. In addition, natural and synthetic adsorbents are available with high specific
surface area and appropriate pore structure, and they are easily prepared [23]. The pore in
the adsorbents can trap the pollutants molecules through various interactions such as van
der walls attractions in the case of physical adsorption (physisorption) or hydrogen and co-
valent and, in some cases, electrostatic attraction when chemical adsorption (chemisorption)
is involved. The technique is considered an efficient tool for the remediation of contam-
inants from environmental waters as it does not lead to secondary pollution [24]. Used
clay minerals [25], zeolites [26], activated carbon (AC) and carbon nanotubes (CNTs) [27],
graphene and graphene oxides [28,29], metal-organic frameworks (MOFs) [30], etc., have
been discovered for contaminants elimination from wastewaters. Amongst such adsorbents,
clay minerals and their derivatives were identified as promising techniques for wastewater
treatment due to their structural features [31]. They are composed of a large family that is
distinct from other adsorbents regarding their microstructure, adsorptive properties, and
environmental applications. Nowadays, this large family of adsorbents is attracting much
attention for contaminants removal from polluted air, soil, and wastewater. If not all, one
may proclaim that all the contaminants discovered so far have a suitable adsorbent for their
removal from the environment.

On the other hand, photocatalytic degradation is an advanced oxidation process that
offers a good alternative for the complete mineralization of pollutants. It involves the use
of heterogenous photocatalyst with semiconducting properties that harness radiation from
either natural source (sunlight) or from artificial sources (such as hallow cathode lamp)
to generate the excited electrons (e−) and holes (h+) that attack the pollutant molecules.
Thus, the primary requirements of the photocatalyst material include its ability to undergo
electron excitation upon light irradiation and sufficient porosity to allow the adsorption
of pollutant molecules [32]. The most dominant photocatalyst is titanium oxide (TiO2)
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due to its good semiconducting property and ability to utilize visible light [33]. It has
been widely employed for the photocatalytic degradation of various organic and inorganic
pollutants [34]. It allows for the transformation of the pollutants upon excitation by light
and photogenerated electrons from the photocatalyst to other chemical species, which
are less harmful than the original form [35]. It involves breaking down chemical bonds
in the pollutant molecules through the action of activated free radicals [34]. The final
products being the carbon dioxide and water. Although it is a success, TiO2 suffered
major shortcomings, including low adsorption capacity, agglomeration in an aqueous
medium, and frequent recombination of photoexcited species (e−/h+). These necessitate its
modification for the target application [36]. Apart from the TiO2, other active photocatalytic
materials were discovered, and functionalization of existing materials have been put
forward to achieve the desired results.

In the last two decades, adsorption and photocatalysis technologies have interestingly
witnessed a breakthrough in their applications as an efficient method for contaminants
remediation from aqueous solutions [37,38]. Thanks to material science and engineering,
various materials have been discovered and explored for the execution of two applications.
Naturally occurring and synthesized materials, such as biomass, clay, rock, and soil miner-
als, have been utilized. Moreover, researchers utilized animal remains such as bones, chitin,
shells, and cartilage of fishes, crustaceans, and other organisms. Advanced materials have
also been synthesized, such as metal-oxide nanoparticles, carbon quantum dots, zeolites,
mesoporous silica, molecularly imprinted polymers, CNTs, and MOFs [39,40]. The major
interface for the two processes is the ability of the material to effectively trap the pollutant
molecules on their surface to easily attained the adsorption-desorption equilibrium.

Clays minerals have long been recognized as potential materials for wastewater re-
mediation. They are a class of hydrated phyllosilicates that play an important role in the
formation of the smooth part of rocks, sediments, and soil [41]. They are composed of
tetrahedrally and octahedrally joined atoms, forming silicate sheets with tetrahedral and oc-
tahedral shapes with a thickness usually less than 2 mm [42]. The tetrahedral sheet is made
of SiO4 layers that share three oxygen atoms which form a hexagonal arrangement [43].
The other oxygen atom (fourth oxygen or apical oxygen) of each tetrahedron is vertically
aligned with the basal sheet [44]. The octahedral sheets usually have cations such as Al,
Mg, or Fe attached to six equidistant anions like oxygen or hydroxyl groups [45]. Clays are
easily available, relatively cheap, naturally occurring, widespread, and non-toxic, making
them important in pollution remediation processes [46]. The adsorption capacity of clays is
usually governed by how the adsorbate ions or molecules interact with the surface of the
clays in which they share one or more oxygen atoms or hydroxyl groups. They are excellent
adsorbents due to their porous structure, high surface area, high cation exchange capacity,
as well as the presence of Bronsted and Lewis acidity, which make them remarkable adsor-
bents for several ions and molecules [46,47]. Minerals such as montmorillonite (MMT) [48],
halloysite [49], palygorskite [50], and kaolinite [51], with varying sizes and textures as well
as different chemical compositions, were known to exist naturally in various places of the
world and have been explored for environmental remediation applications.

1.1. MMT for Wastewater Remediation Applications

Among the various clays, MMT has been well-researched due to its potential features.
MMT is a member of the smectite group that is formed as a layered silicate [52]. It consists
of an octahedral alumina sheet sandwiched between two tetrahedral silica sheets (Figure 1).
It has a permanent negative charge due to the isomorphic substitution of the tetrahedral
layer by Al3+ in place of Si4+ and in the octahedral layer by Mg2+ in place of Al3+ [6]. The
negative charge in its lattice structure is neutralized by the existence of exchangeable cations
such as Na+ and Ca+ [53], which help in adsorbing cationic species from contaminants
through ion exchange [53]. The charge on this group is determined by their ability to
participate in ion exchange which strongly influences their adsorptive potentials. MMT
possesses excellent intrinsic physical and chemical properties such as high porosity, large
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specific surface area, and smooth texture [41]. Advancements in material science in relation
to environmental remediation have led to the exploration of adsorption and catalytic
elimination of pollutants [54]. The unique approach to further increase the surface area,
hydrophobicity, and adsorptive capacity of the MMT is by immobilizing a semiconductor
on its surface [53]. The presence of a weak bond between the layers of the semiconductor
and the MMT provides an excellent cation exchange and photoactive property [53]. Thus,
MMT has been utilized as potential material for pollutant elimination toward a greener
and more sustainable water regeneration.
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Figure 1. Structure of Montmorillonite Clay.

A glimpse into the scientific articles database has shown that a considerable number of
articles have been published on the use of MMT for environmental remediation applications.
ScienceDirect database specifically revealed that over 8000 articles had been written on
the application of MMT for pollutants adsorption. In the year 2022 alone, 1291 have been
published. While on photocatalytic elimination of pollutants, over 1700 papers have been
written, of which 376 have been published in 2022. Figure 2 summarizes the number of
articles reported on pollutants adsorption and photocatalytic degradation of pollutants
from 2012–2022 (data obtained from ScienceDirect). Despite the massive success achieved
by the MMT in the elimination of contaminants from wastewater, no comprehensive review
was dedicated to discussing its recent progress in adsorption and catalytic remediation.
The review presented by Wang and co-workers largely emphasized the methods for the
preparation of two-dimensional MMT nanocomposites and very little was discussed on its
application for wastewater remediation [6]. Thus, this article is aimed at reviewing findings
presented on the application of MMT for pollutants adsorption and catalytic elimination.
The potential features of MMT, modification and application for wastewater remediation
have been explored, and the mechanism for the processes was highlighted.
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Figure 2. Number of articles published from 2012–2022 on wastewater remediation using MMT
and its composites. The data is obtained from ScienceDirect (Keywords: Adsorption, photocatalytic
degradation, Montmorillonite).

1.2. Modification of MMT for Wastewater Remediation

Functionalization or modification is the process of altering the materials physically
or chemically so as to introduce some desired groups onto the surface of materials which
will boost its capacity for a targeted application. The process also describes manipulations
of surfaces using different techniques so as to tailor the surface properties to meet specific
needs [2]. MMT has attracted the attention of researchers in the field of wastewater re-
mediation not only due to its high reservation and low cost but also because of its high
cationic exchange capacity resulting from its double-layered structure [55]. Despite that, its
hydrophilic surface posed a threat to its dispersion in the aqueous and organic phases [56].
Thus, its functionalization/modification gives more access to the production of cheap
composites with high adsorption capacities [57], light absorption and semiconducting
property [58,59], biocompatibility, resistance to rough conditions [60], and ease of regenera-
tion [61]. At the same time, these properties allow for high adsorption and photocatalytic
degradation of the pollutants even amidst abundant competing ions.

1.2.1. Metal and Metal-Oxide Nanoparticles Modification

Surface modification of MMT with metal and metal oxide nanoparticles has been
identified as one of the best approaches to enhance the properties of MMT. These include
its crystallinity [62], mechanical strength [63], moisture, chemical and thermal stability [64],
cationic exchange capacity, surface porosity [65], and photoluminescence response [66]
improvements. It was also reported that the insertion of metal or metal-oxide nanoparticles
into the MMT layered structure produced the MMT surface containing metal/metal-oxide
with good stability [67,68]. It forms novel heterogenous structures of nano-pillars, nanorods,
nanosheets, and nanowires with diversifying functionalities and semiconducting properties.
Thus, various techniques for the preparation of metal-oxide/MMT composites have been
explored, such as sol-gel [69], hydrothermal and modified hydrothermal growth [70,71],
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precipitation, microwave [72], chemical vapor deposition [73], immobilization [74,75],
dispersion [76], impregnation [77,78], and doping [79,80] techniques. Most of the techniques
are eco-friendly, low-cost, and carried out at ambient atmospheric conditions.

Of the various metal-oxide nanoparticles, TiO2 has been widely investigated. For
metal-oxide modification, Hassaini et al. explored the dispersion of TiO2 on the surface
of the MMT for photocatalytic applications. SEM image of the nanocomposite revealed
its heterogenous surface, indicating the distortion of the MMT layered and the successful
dispersion of the TiO2 on the MMT surface. Similarly, the N2 adsorption–desorption result
has shown an improvement in the surface porosity of the material, with the corresponding
pore size of 2.62 and 3.87 nm for the MMT and TiO2/MMT, respectively [13]. Using the
dispersion technique, TiO2/MMT formed both electrostatic and covalent bonds with the
MMT by distributing itself uniformly on the MMT surface [65]. The one-step hydrothermal
method for the synthesis of metal-oxide/MMT nanocomposite has also been regarded
as a promising facile technique due to the formation of heterostructure nanocomposite
with proper interfacial bonding. In addition to that, the synergistic effect of the MMT
and the metal-oxide nanoparticle resulted in a stable nanocomposite with effective photon
adsorption [71]. Based on that, He et al. reported on the growth of MnO2 in the MMT
surface via a low-temperature hydrothermal method. Fourier Transform Infrared (FTIR)
spectrum of the resulting nanocomposite indicated peak disappearance at 3629 cm−1

because of H2O molecules replacement by the MnO2, confirming the formation of MnO2-
MMT heterojunction structure [59]. Similarly, the hydrothermal technique was employed
for the synthesis of MgFe2O4/MMT for heavy metals remediation from contaminated soil.
The pore volume of the resulting composite was much higher than the MMT, indicating
its good application for the intended study [81]. TiO2-doped MMT has shown wider
ultraviolet light absorption properties toward alleviation of asphalt bitumen aging and
degradation of automobile exhaust [82].

On the other hand, the incorporation of the metal nanoparticles into the interlayered
MMT cavities is also adopted as an effective approach to enhance the performance of the
material for various applications. It has been well-reported to improve the porosity of the
clay for the adsorption of molecules. The MMT layered structure often prevents the beam
of light from penetrating for photo-response-related applications. However, enriching the
MMT surface with metal nanoparticles such as Fe (III) resolved the issue by destroying
the MMT’s octahedral structure [60,63]. In addition to that, upon light irradiation, the
metal nanoparticles could produce exciting photogenerated electrons, which can attack
pollutant molecules in photocatalytic studies [83]. Sirajudheen and Meenaksh reported
on the incorporation of Lanthanum (III) (La3+) into CS-MMT composite by precipitation
method [84]. The result from Scanning Electron Microscopy (SEM) analysis has shown the
interconnection of La3+ with the CS-MMT surface formed a flexible lamellar interconnected
structure with a rough surface for good adsorption of guest molecules [84]. Xiang et al.
also reported on the sol-gel method for the doping of Bismuth (Bi3+) into the surface of
TiO2/MMT nanocomposite. X-ray Diffraction (XRD) studies have demonstrated a shift
in peak at 2θ equal to a 25.5 shift to a low angle. In addition to that, the peak intensity
due to TiO2 decreased, confirming the successful doping of the Bi3+ onto the TiO2/MMT
surface [85]. A wet impregnation technique was also employed for the synthesis of Ag-
Bi2O3/MMT. The presence of Ag on the surface of the material improved its surface area
and facilitated its utilization of visible light by lowering its bandgap [86]. Gonzalez et al.
also synthesized Ti-doped MMT with enhanced photochemical properties. The composite
material has shown a remarkable response to UV light illumination. In addition to that, its
good crystallinity and porosity have been emphasized for trimethoprim degradation [79].

1.2.2. Surfactant Modifications

Surfactants have grown in popularity for MMT modifications. They are referred to
as surface-active substances that can potentially change the surface behavior of materials
for a particular application [87]. Natural MMT has a layered structure, high hydrophilicity,
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and characteristics resembling those of colloids [88,89]. Positively charged cations can be
adsorbed on the surface of MMT by ion exchange, van der Waals force, and functional
groups that contain oxygen [90].

The strong hydrophilicity and small interlayer spacing of natural MMT resulted in
its limited adsorption capacity for organic pollutants adsorption and catalytic elimina-
tion [56]. Therefore, to boost the ability of MMT to adsorb organic pollutants, it must be
modified to create organo-MMT with hydrophobic surfaces [91]. The most used surfac-
tants as modifiers for the MMT are the single-chain surfactants such as cetyltrimethy-
lammonium ammonium bromide (CTAB), trimethylphenyl ammonium (TMPA), ben-
zyl triethylammonium (BTEA), and tetramethylammonium (TMA) [56,92]. However,
the above cationic surfactants show certain aquatic toxicity, which limits the applica-
tion of modified MMT. In order to reduce their toxicity, some studies introduced the
ester group on the cationic surfactant, such as the substitute of dioctadecyl dimethyl
ammonium chloride cationic ester-containing Gemini surfactant, which is a new type
of non-toxic and biodegradable cationic surfactant has been explored. These include
long-chain surfactants such as 1,3-bis(dodecyltrimethylammoniumum) propane dibromide
(BDP), 1,3-bis(dodecyltrimethylammoniumum)-2-hydroxypropane dichloride (BDHP), di-
dodecyldimethylammonium (DDDMA), cetyltrimethylammonium (CTMA), and hexade-
cyltrimethylammonium (HDTMA) [93,94]. This is due to their thermal stability and amaz-
ing chemical structure, which make them convert their hydrophilic surfaces to hydrophobic
ones for the uptake of organic contaminants [95]. The improved adsorption capacities of
the modified organo-MMT were not only due to the acquired hydrophobic surfaces but
were also due to the swelling of the MMT’s interlayer spacing [96].

The use of gemini surfactants has been widely reported for the removal of hydropho-
bic compounds from wastewater. Gemini surfactants comprise of aromatic ring attached
to an alkyl chain which enables the modified MMT to have the advantage of having a
hydrophobic surface with a special π–π interaction with the pollutants. Gemini surfactant
intercalated clays demonstrated high removal capacity for bisphenol A [92], triclosan [56],
pharmaceutical drugs [97], and many other organic and inorganic pollutants. The re-
mediation of pollutants by MMT has been based on physical or surface adsorption that
was driven by van der Waals forces, or it was based on partitioning across phases that
depend on the surfactant length [92,98]. Hongling et al. reported the adsorption of two
β-blocker pollutants (Atenolol and acebutolol) on a hexadecanoamide propyl trimethylam-
monium chloride modified MMT, which is a common quaternary alkylammonium salt.
They pointed out that the adsorption capacity of the modified MMT doubled compared
to the natural form and suggested that both electrostatic interaction (π–π interaction) and
the hydrophobic partitioning between the organo-MMT and the two pollutants may be
responsible for the increased adsorption of the pollutants [97]. Zhongxin et al. reported that
modification of MMT with hexamethylene bispyridinium dibromides (HMBP) shows the
highest adsorption capacity for phenol among phenolic derivatives. This was credited to
the π–π interaction between pyridine and benzene rings in the phenols. Hence, the affinity
for a certain pollutant molecule depends on the chemical structure of the surfactant [99].
Therefore, to enhance the removal of a target pollutant molecule, a surfactant with a special
function group must be employed.

1.2.3. Polymer Modification

Researchers have also carried out MMT modification using polymers with the aim of
obtaining the benefits of the two materials combined in one single form and overcoming
their individual limitations. For example, MMT has lower recovery in aqueous solutions,
which limits the potential for micro-pollutants remediation [100]. On the other hand,
polymeric resins have shown promising potential to overcome clay’s limitations, but their
properties, such as high cost, pH dependence, particle size sensitivity, and poor water
wettability, hinder their use for industrial and water treatment applications [46]. More-
over, MMT is hydrophilic and can mix with hydrophilic polymers in all ratios, such as
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poly(vinyl alcohol) [101] and poly (ethylene oxide) [102] and many others. Therefore, for
MMT to be compatible with hydrophobic polymers, their hydrophilic surface must be
made hydrophobic through conversion to organoclays. Hence, various techniques for
the preparation of polymer/MMT composites have been explored, such as melt intercala-
tion [103], blending [53], polymerization [104], wet impregnation [93], non-solvent induced
separation [105], hydrothermal process [105], co-precipitation [106], and grafting [94]. Most
of the methods applied for the synthesis of these composites were low-cost, eco-friendly,
and as well conducted at moderate reaction conditions.

For MMT modification with organic polymers, Salah et al. reported the synthesis
of chitosan/MMT composite for the removal of methylene blue in aqueous media. The
composite formation was confirmed using SEM, XRD, FTIR, pHpzc, XPS, TGA, and water
regain analysis. The novel composite displayed multilayer heterogenic physical adsorption
for Dubinin–Radushkevich and Freundlich adsorption isotherms and fitted well with the
pseudo-second-order kinetics better than pseudo-first-order kinetics, indicating that both
the MB and the composite played a part in the adsorption process. Moreover, the novel
composite demonstrated a good desorption ratio of 97% even during the first regeneration
cycle [107]. Moreover, Zhang et al. reported the synthesis, characterization, and subse-
quent adsorption of Eosin Y on MMT/polypyrrole nanocomposite that was prepared via
in situ polymerization of pyrrole monomer on MMT. The maximum adsorption capacity
of 112.5 mg/g at 35 ◦C for the nanocomposite was reached after 20 min. The adsorption
kinetics proved that there was a rapid uptake of the pollutant by the composite, and the
pseudo-second-order model well fitted the adsorption. Likewise, the isotherm data for the
experiment agree with the Langmuir model and the adsorption thermodynamic analysis
showed that the adsorption process was spontaneous and endothermic [108]. Moreover,
Amaly et al. synthesized a microcrystalline cellulose/MMT porous and electrostatic attract-
ing composite aerogel for preconcentration of anions in dairy wastewater. The composite
exhibited excellent adsorption capacity for nitrate ions. The composite was characterized
by high mechanical strength, and fast recovery of 80% at faster flow rates. Most impor-
tantly, the composite can preconcentrate low nitrate concentrations in dairy wastewater in
comparison to commercially prepared resins [109].

2. MMT for Pollutants Adsorption
2.1. MMTs for Dyes Adsorption

Dye-related water contamination has long been recognized as a serious environmental
problem. There is a wide variety of dyes with various chemical structures in the wastewater
from the textile, plastics, leather, petrochemical, and related industries. Due to their
numerous industrial applications, dyes that are considered toxic chemicals are being used
at an alarmingly increased rate [110]. They are employed extensively in a variety of
industrial processes, including those that produce paper and pulp, plastics, dye clothing,
treat leather, and print, which later cause soil and water contamination because of the
presence of industrial effluents containing dyes [111]. Due to their toxicity and the fact
that most of them are resistant to microbial degradation, the presence of these dyes in the
environment is undesirable. Due to their capacity to undergo anaerobic degradation, some
dyes also cause the formation of chemicals that may be carcinogenic [112]. Another danger
posed by dyes in the environment is that the highly colored wastewater they produce may
prevent sunlight and oxygen from reaching different aquatic creatures, which could result
in their extinction. Therefore, it is crucial to keep an eye on and manage how these colors
enter water systems. Adsorption is the most extensively used method for removing dyes
and other impurities from contaminated water because it is efficient at removing a high
proportion of colors over a wide concentration range [113]. Due to its low cost, simplicity of
use, and seemingly limitless supply of adsorbents from both natural and synthetic sources,
the adsorption method has received attention in much of the literature. Table 1 highlights
the proven efficacy of clay minerals in the adsorption of contaminants and their potential
to filter out both organic and inorganic species from environmental waters.
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A cost-effective and environmentally friendly nanocomposite CH-Mt/PANI was
synthesized as an adsorbent by Minisy and co-workers using CH, a natural biodegradable
polymer, Mt, a clay mineral with high cation-exchange capacity, and conducting PANI
with good chemical and environmental stability [114]. Methylene blue (MB), a cationic dye
used as a model organic pollutant, was then adsorbed from aqueous solutions using the
nanocomposite. Temkin isotherm model well described the pseudo-second-order kinetics
of the dye adsorption onto the CH-Mt/PANI base nanocomposite. Additionally, it was
discovered that intraparticle diffusion was crucial to the adsorption mechanism. According
to estimates, the highest adsorption capacity was 111 mg/g, which was more than the
combined adsorption capacities of the precursors [114]. Recently, Yilmazoglu et al. created
two distinct imidazole-based ionic liquids (ILs), N-methylimidazolium tetrafluoroborate
(MIM) and N-butylimidazolium tetrafluoroborate (BIM), with various alkyl chain lengths
and used them to modify montmorillonite (MMT). They conducted a thorough analysis of
the IL-modified MMT clays’ capacity to adsorb Orange II (O-II) anionic dye and remove
it from aqueous solutions. The maximum adsorption capacities were achieved at pH 2.
For MMT, MIM-MMT, and BIM-MMT, the adsorption capacities were determined to be
1.26 mg/g (75%), 2.29 mg/g (90%), and 1.70 mg/g (84%), respectively. The experimental
isotherm data and the Freundlich model agreed well, indicating that the adsorption of
the O-II dye took place on the heterogeneous surface sites of the adsorbent. Additionally,
a pseudo-second-order kinetic model demonstrated that the primary mechanism for the
adsorption process was physisorption. Their findings showed that the addition of ILs
to MMT enhanced the clay’s ability to adsorb O-II from aqueous solutions. It was also
discovered that MIM-MMT samples with short alkyl chains can serve as an alternative to
clay and function as efficient adsorbents for the removal of harmful O-II dye pollutants
and for further comprehension of the dye adsorption mechanisms [115].

Zhao et al. synthesized a self-assembling gel of Fe-chitosan/montmorillonite
nanosheets (Fe-CS/MMTNS) for the removal of methylene blue (MB) under visible light
and in the presence of H2O2. Through the synergistic effect of adsorption and the photo-
Fenton reaction, they showed that the Fe-CS/MMTNS gel performed effectively in the
removal of MB. Additionally, their gel performed well in a variety of pH situations. Be-
cause the adsorption sites of the Fe-CS/MMTNS were continuously reactivated through
photo-Fenton degradation, the composite gel also demonstrated effective reusability [116].
The proposed mechanism shows that MB was degraded in two ways on Fe-CS/MMTNS
in the presence of H2O2 under visible light irradiation (Figure 3). The first involved MB
being directly exposed to photo-Fenton degradation and being oxidized into inorganics
in an aqueous medium. The second involved MB being adsorbed by Fe-CS/MMTNS and
being oxidized after that. In other words, MB was eliminated using a combination of
photo-Fenton and adsorption. Since Cl was quickly ionized and removed from the chro-
mophore in Figure 3, MB initially had a positive charge and an atomic weight of 284 g/mol.
The other part of the MB was first adsorbed by Fe-CS/MMTNS gel, and S was oxidized
into S=O, followed by its desorption, which was then captured and degraded by the re-
active radicals once more. The reactive radicals then directly attacked part of the MB and
gradually converted it into inorganic substances like NO3

−, SO2
2−, and CO2 [116]. Table 1

summarizes various reports on the adsorption of dyes onto MMT and its composites. The
major findings have been highlighted.
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Table 1. Compilation of various MMT and composites for dye adsorption.

Adsorbent Pollutant Adsorption Parameters Highlights Ref

pH Temp (K) Adsorbate
Conc (mg/L) Contact Time

Ca-MMT
Ti-MMT

BG5
BV10 - 298 - 0–250 min

- The smaller adsorption capacity of Ti-MMT shows that Ti4+ is more
difficult to displace by ion exchange than Ca2+. Thus, Ti-MMT
possessed higher adsorption efficiency.

- The process was best described as pseudo-second order.

[117]

KG-g-
PMETAC/MMT

MB
TB
CV

4–10 298–318 10–100 0–400 min

- The reusability studies indicated that desorption of about 70% of the
adsorbed dyes can be achieved after two consecutive cycles.

- The process follows pseudo-first-order and Freundlich kinetic and
isotherm models, respectively.

[40]

γ-Fe2O3@MMT RhB 2–10 298 50–150 0–140 min

- Results from dynamics simulations of the adsorption of RhB dye
molecules onto γ-Fe2O3@MMT composite assumed that RhB molecules
are much more tightly bound to the MMT surface compared to the iron
oxide cylindrical nanoparticle.

- The process follows pseudo-second-order and Langmuir models based
on the kinetic and isotherms studies.

[118]

MMT-Li
MMT-Na
MMT-K
MMT-Rb
MMT-Cs

BMIMCl - - 0.5–2.7 5–75 min

- IL improved dye adsorption a little bit. The interaction between the dye
and the IL is highlighted based on the fluorescence lifetime. This
interesting result confirms that the dye is not released compared to the
pristine MMT.

- Pseudo-second-order and Langmuir models best described the kinetic
and isotherms studies.

[119]

Surfactant-
modified
MMT

CPCM
ADBAC
RR120

7 301 0.1–10 24 h
- The modified MMT exhibited higher adsorption efficiency, and the

Langmuir fitting implies a chemisorption process [120]
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Table 1. Cont.

Adsorbent Pollutant Adsorption Parameters Highlights Ref

pH Temp (K) Adsorbate
Conc (mg/L) Contact Time

MMT@NiFe LDH MB
MO - 298 10–180 2 0–120 min

- Two-dimensional to two-dimensional growth of NiFe LDH nanoflakes
on MMT was desirable for the removal efficiency of MO and MB dyes.

- The adsorption is favored by pseudo-second-order and Langmuir
models

[121]

MMT
TiO2-pillared MMT SR3BL 2.5–11 - 0–100 60 min

- Calcination of the MMT improved its porosity, while the TiO2
modification improved its adsorption capacity by making the surface
hydrophilic

- It formed monolayer adsorption fitted by Langmuir model
[36]

MMT-HAD TZ 2–11 298–318 20–60 5–45 min

- HDA modification remarkably improved the adsorption ability of
MMT toward TZ. The highest adsorption efficiency was achieved >98%
at the pH range of 4–6 within a fast process (less than 30 min)

- Presided by pseudo-second-order and Langmuir models
[91]

CA/OMMT AGB
DP3B 2–9 303–323 100 0–600 min

- CA/OMMT nanocomposites exhibited high adsorption capacities
toward AGB, which contains more than one sulfonate group. [122]

γ-Fe2O3/MMT RhB - RT 10–50 0–90 min

- The presence of Fe2O3 improved the adsorption efficiency of the MMT
and allowed for easy regeneration of the adsorbent.

- The data were favored by the Freundlich model.
[76]
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Table 1. Cont.

Adsorbent Pollutant Adsorption Parameters Highlights Ref

pH Temp (K) Adsorbate
Conc (mg/L) Contact Time

MMT
sPEEK-MMT IB 12.5 RT 10–600 2–180 min

- The sPEEK interacts with the MMT via hydrogen and electrostatic
interaction. The composite swells, enabling mass transfer of the IB to its
surface.

- The adsorption is favored by pseudo-second-order and Freundlich
models.

[123]

MMT-SDS BR13 6 297–298 30–1000 0–120 min

- The modification improved the performance of the MMT and eased its
regeneration.

- It follows pseudo-second-order and Langmuir models.
[61]

Chitosan/KSF-
MMT RB 2–8 RT 100–1600 0–600 min

- The biocomposite has shown improved properties and adsorption
capacity than the pristine MMT, attributed to the crosslinking.

- It follows pseudo-second-order and Langmuir models.
[124]

PMAL-CTS/MMT AY17
BG 2–10 298 50–70 0–300 min

- PMAL-CTS/MMT nanocomposite has exhibited higher adsorption
efficiency toward the dyes in the single and binary systems, attributed
to functional groups on its surface

[94]

Chitosan-MMT MB 2–8 288–308 65–400 0–8 min

- The composite has shown fast adsorption of the dye, attributed to the
crosslinking between chitosan and MMT.

- Adsorption data is well-fitting to Freundlich isotherm and
pseudo-second-order kinetics.

[107]
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2.2. MMTs for Pharmaceuticals Adsorption

Environmental pollution has long been linked to the discharge of pharmaceuticals,
personal care items, phenols, and organic acids into environmental waters. Typically, petro-
chemicals, cosmetics, pharmaceuticals, and allied industries, as well as hospital discharges,
are the main sources of these pollutants. Pharmaceuticals like antibiotics, antifungals,
analgesics, and other medicines are made specifically to treat illnesses, but when their
metabolites are found in water bodies, they are considered to be harmful [70]. The majority
of the time, they enter the water through excretions and hospital discharges. Municipal
wastewater contains most pharmaceuticals that have been reported to be harmful to living
things. Due to these chemicals’ great resistance to biodegradation, conventional wastewater
treatment typically cannot eliminate them. Additionally, several pharmaceuticals have
been found in seawater. They are found in these environments because contaminated
wastewater effluents are carried by rivers into bigger bodies of water like oceans and seas,
indicating that they can be quite resistant to natural biotransformation [125]. Their removal
in water treatment plants is regarded as a significant technological issue to limit the possible
harm posed by these chemicals in treated wastewater discharged to aquatic habitats. One of
the most promising methods for removing pharmaceuticals from water is adsorption [126].
Due to their low cost and ability to selectively adsorb contaminants, MMT is frequently
employed for pharmaceutical decontamination. When cations like sodium or calcium are
present, their existence balances the interlayer charge.

Tetracycline (TC) adsorption on Patagonian montmorillonite was investigated by
Parolo and colleagues as a function of pH, ionic strength, and TC concentration. Intercala-
tion of molecules into the clay mineral’s interlayer gaps results through adsorption, and
the adsorbed molecules’ conformations are likely to change as a result [43]. The amount of
adsorbed TC is significantly influenced by the pH of the aqueous solution. The adsorption
was reported to be rather high at low pH (2–4), where significant electrostatic attraction
occurs between the dominant positively charged TCH+

3 and the negatively charged MMT
species [43]. Vidal and colleagues investigated the utilization of MMT pillared with SnO2
for the adsorption of trimethoprim (TMP) and sulfamethoxazole (SMX) [127]. When solar-
simulated light was applied in the adsorption process, the SnO2-Mt sample demonstrated a
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greater capacity for TMP adsorption than the unmodified MMT. The unique acid-base and
electrostatic interactions of TMP with the Lewis acid sites of SnO2 were found to be respon-
sible for this effect [127]. In another development, Fu et al. synthesized an environmentally
friendly corncob MMT composite for the single adsorption of ATE. The oxygen-containing
functional groups and electrostatic attraction had an impact on the adsorption process. In
short, this composite material exhibits excellent development potential for the environmen-
tally friendly adsorption of pharmaceuticals [128]. Imanipoor and colleagues hypothesized
a mechanism for protonated L-methionine amino acid-mediated protonated amoxicillin
(AMX) adsorption onto modified montmorillonite K10 (MMT K10). Intermolecular interac-
tions supported this mechanism since AMX includes phenol rings, carboxylic (-COOH),
amine (-NH2), and hydroxyl (-OH) functional groups. The L-methionine amino acid con-
tains aliphatic groups, which made the modified MMT K10 organoclay more hydrophobic
and increased the clay’s interlayer space during synthesis. Therefore, electrostatic in-
teractions, hydrogen bonds, and hydrophobic interactions are responsible for the high
adsorption capacity [55]. In another development, Zhang and colleagues reported the use
of the Multiwfn wave function in analyzing the adsorption of two b-blockers, atenolol and
acebutolol (ATE and ACE) pollutants, on modified MMT with an environmentally friendly
cationic surfactant containing an amide group [97]. They used a new, environmentally
friendly hexadecanoamide propyl trimethylammonium chloride (NQAS16-3). Figure 4
shows the lowest unoccupied molecular orbital (LUMO) and the highest occupied molecu-
lar orbital (HOMO) of three molecules. The lone pair electron of the nitrogen atom in the
amide group of NQAS16-3 forms a π–π conjugate with the carbon-oxygen double bond,
and Figure 4 showed that the amide group was the focus of the HOMO of NQAS16-3 while
the aromatic ring was the primary location of the LUMO of ATE and ACE (especially ATE).
As a result, there is a π–π interaction between NQAS16-3 and the two pollutants, which
may also be a contributing factor to the enhanced adsorption effect. The aromatic ring of
the ACE molecule had one more acetyl substituent than the ATE molecule, and the weaker
π–π interaction between N-Mt and ACE was caused by more distributed LUMO [97]. Ta-
ble 2 presented various findings reported on the application of MMTs for pharmaceutical
adsorptions. Information related to the parameter optimizations have been stated, and
major findings have been highlighted.
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Table 2. Compilation of various MMT and composites for pharmaceuticals adsorption.

Adsorbent Pollutant Adsorption Parameters Highlights Ref

pH Temp (K) Adsorbate
Conc (mg/L) Contact Time

Surfactant-MMT TCS 7 298 0–150 0–60 min

- Electrostatic interaction between the gemini surfactant and MMT is
responsible for the high adsorption capacity of the adsorbent.

- Langmuir model better described the adsorption.
[56]

MMT–SnO2
TMP
SMX - - 10 24 h

- The solar-simulated light enhances the TMP adsorption onto the
Mt–SnO2 when compared to the unmodified clay. [127]

DDCAB-MMT AMP
AMX 2–10 298–318 10–180 5–240 min

- The adsorption was enhanced by π-π interaction between surfactant
and the pollutants, which was confirmed by DFT calculation.

- Langmuir model better described the adsorption.
[129]

MMT CIP 2–11 298 100 0–144 min

- Cation exchange and electrostatic attraction of the MMT dominated the
adsorption effect, which resulted in the adsorption sequence of CIP+ >
CIP+/− > CIP−.

- Langmuir mechanism suited the adsorption process.
[130]

N-MMT ACE
ATE 3–11 298–318 25–200 5–180 min

- The adsorption was influenced by π–π interaction between modifier
and pollutant molecules.

- Pseudo-second-order and Freundlich models were favored.
[97]

MMT TMX 2–5 298 1660 12 h
- Cation exchange capacity of the MMT was responsible for the

adsorption of the pollutant onto the adsorbent. [131]

MoS2/MMT ACE
ATE 3–11 298–318 10–200 0–150 min

- The adsorption was enhanced by hydrogen bonding and Van der Waals
interaction which occurred more strongly with ATE than ACE.

- The adsorption was favored by Langmuir model.
[132]
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Table 2. Cont.

Adsorbent Pollutant Adsorption Parameters Highlights Ref

pH Temp (K) Adsorbate
Conc (mg/L) Contact Time

Modified MMT
K10 AMX 3.5–11.5 303–333 50–400 10–120 min

- The adsorption capacity was higher than the raw clay, attributed to the
improvement in cation exchange capacity.

- Pseudo-second-order and Langmuir models were favored
[55]

PVDF/PANI/MMT
membrane TC 2–10 298 100 24 h

- The presence of conductive and hydrophilic PANI powders and the
high porosity of the MMT in the PVDF membrane reflected the
adsorption capacity.

- Pseudo-second-order and Langmuir models were favored.
[133]

C18-MMT

IBU
1-OH IBU
2-OH IBU
CBX-IBU

- 293 0.5–80 1 h

- The higher adsorption capacity of the composite was due to
electrostatic interaction and portioning contributed by the C18 modifier.

- Pseudo-second-order and Langmuir models were favored
[134]

MMT- Ti-PILC

AMOX
IMP
DIF-S
PCM

- 298 5–40 24 h

- The composite possessed higher BET surface area, microporosity, and
acidic sites than the pristine MMT; thus, it has a higher adsorption
capacity.

- Redlich Peterson model fitted the adsorption data better.
[22]

Fe3O4/MMT ENR 3.54–9.73 298 30 0–60 min
- The Fe3O4/MMT provides sufficient adsorption sites for the ENR

molecules due to its higher surface area. [135]

MMT BZ-3 5.5–10.0 278–411 5–250 24 h

- The adsorption was due to the higher porosity and cation exchange
capacity of the MMT.

- Langmuir model fitted the adsorption isotherm best.
[136]
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2.3. MMTs for Heavy Metals and Metal Ions Adsorption

The ecosystem has been known to suffer significantly from the presence of heavy
metals in ambient waterways brought on by human activity, the discharge of untreated
industrial effluents, and poor sewage disposal practices. Heavy metals are a collection
of inorganic chemical species that come from many industries, including tanneries, elec-
troplating, metal polishing, nuclear power plants, and mining operations [137]. Due to
their high mobility and lack of biodegradability, heavy metal substances can enter envi-
ronmental waters through a variety of sources, including soil, landfills, and leachate [138].
The pollutants have negative impacts on aquatic life and are hazardous to both flora and
animals [139]. They build up in surface water and are easily transferred into people and
animals through the food chain, where they cause serious illnesses such as kidney and liver
damage, brain and skin cancer, anemia, pneumonia, hemoglobinuria, stomach dysfunction,
diarrhea, and vomiting [140]. Due to their toxicity, the EU and USEPA have identified
heavy metals as priority-concerned carcinogenic compounds that must be immediately
eliminated [141]. Therefore, a variety of techniques, including physical, biological, and
chemical therapies, were used for their rehabilitation. Adsorption, one of the most success-
ful processes, has been thoroughly investigated for heavy metals removal. MMT minerals
were effectively used for the adsorption of heavy metals. Because of its reduced cost, lack
of toxicity, and high adsorption sites provided by the layered structure compared to other
adsorbents, MMT has received much interest in the field of environmental remediation [6].
It is important to modify natural MMT to enhance its adsorption capacity, stability, and
other qualities because the features of natural MMT are frequently insufficient for practical
applications [104].

Ma and co-workers modified MMT using sodium lignosulfonate (Na-LS) to synthesize
lignosulfonate-montmorillonite (LS-MMT). The adsorption capacity (qe, mg/g) of LS-MMT
or Ca/Na-MMT for Pb (II) and Cu (II) at varied reaction intervals demonstrated that LS-
MMT has a higher adsorption capacity than Ca/Na-MMT [142]. For the adsorption of
heavy metals, mesoporous silica-modified MMT with a grafted chelate ligand was also
used [143]. The modified organo-MMT exhibited a high capacity for the adsorption of
heavy metal cations. The modification technique described in work can be used as a
template for the synthesis of effective adsorbents for usage in contaminated areas [143].
The adsorptive removal of Pb2+ and Ni2+ ions accommodated in aqueous solutions were
evaluated using chitosan/acid-activated MMT composite [144]. The synthesized composite
hydrogel has shown effective adsorption of the pollutants at various pH levels via a
diffusion mechanism. Variations in the ionic radii and electron affinity increased the
adsorption of Ni2+ ions to the chitosan/acid-activated MMT [144]. Recently, a composite
hydrogel of MoS2 supported by two-dimensional MMT nanosheets in polyvinyl alcohol
(MoS2@2D-Mts-PVA Gel) was devised and synthesized to increase the hydrophilicity and
enable the simple separation of pollutants from water. For the adsorption and separation of
metal ions, the MoS2@2D Mts exhibits strong hydrophilicity, and the MoS2@2D-Mts-PVA
Gel has a porous three-dimensional structure [145]. It was concluded that 2D Mts are
the best carriers for loading MoS2 to interact with polymers and disperse them in water.
Adsorption studies showed that the adsorption capacity of MoS2@2D-Mts-PVA Gel toward
Pb2+ increases noticeably when MoS2@2D Mts content and solution pH rise, yielding a
high Pb2+ adsorption capacity of 257 mg/g. The complexation of Pb2+ with S and O atoms
on the surface and electrostatic adsorption was suggested as the cause of Pb2+ adsorption
on MoS2 [145]. Table 3 summarizes various reports on the application of MMT and its
composites for heavy metal adsorption. The parameters conditions have been stated and
the overall findings have been stated.
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Table 3. Compilation of various HNTs for heavy metals and metal ions adsorption.

Adsorbent Pollutant Adsorption Parameters Highlights Ref

pH Temp (K) Adsorbate
Conc (mg/L) Contact Time

LS-MMT
Ca/Na-MMT

Cu2+

Pb2+ 2–5.5 293–333 50–500 0–60 min

- The LS-MMT has shown higher affinity to the pollutants attributed to
the oxygen-containing functional groups present in the lignosulfonate.

- It follows the pseudo-second-order and Langmuir model.
[142]

MMT
Ca-MMT

Hg2+,
Cr3+,
Pb2+,
Cu2+,
Zn2+,
Ba2+,
Ni2+,
Mn2+,
Cd2+,
Ba2+

Ag+

1–12 - 50–100 1–16 h

- The Ca-MMT has shown better adsorption efficiency due to its higher
cation exchange capacity, which increased with an increased in Ca
loading.

- The process is favored by pseudo-second-order and Freundlich models.
[146]

MMT
Na-MMT
Ca-MMT

Pb2+

Cu2+

Cd2+
2–10 298 10–500 15–1440 min

- The Na-MMT and Ca-MMT possessed higher BET surface area and
cation exchange capacity, thus displaying higher uptake of the
pollutants.

- It follows the pseudo-second-order and Langmuir model.
[147]

Silica modified
MMT

Zn2+, Cd2+,
Ni2+

Cu2+

Fe3+

Pb4+

3.5 - 5–71 6 h

- The modified MMT displayed high adsorption capacity for the heavy
metal cations even in acidic media, attributed to its higher binding for
the pollutants due to the chelating agents in the organosilica.

[143]

Fe3O4/MT
nanocomposite

Pb2+,
Cu2+,
Ni2+

- Room Tem-
perature 98–602 40–146 s

- The composite has shown fast adsorption of the pollutants and ease of
recovery due to the presence of magnetic Fe2O3.

- It follows the pseudo-second-order and Langmuir model.
[148]
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Table 3. Cont.

Adsorbent Pollutant Adsorption Parameters Highlights Ref

pH Temp (K) Adsorbate
Conc (mg/L) Contact Time

MMT-perlite-iron
membrane As3+ 4 297 75–350 43 h

- The iron present caused oxidation-reduction reactions with metals
observed.

- Langmuir gives the best fitting for the isotherm model.
[149]

Na-MMT

Cd2+,
Cr2+,
Cu2+,
Mn2+,
Ni2+,
Pb2+

Zn2+

2.5–8 - - -

- The Na-MMT has higher sorption capacity than the pristine MMT due
to the increase in cation exchange capacity caused by the presence of
Na.

[150]

NaF-MMT
(rassoul)

Pb2+

Cd2+,
Hg2+

Na5P3O10

3–5 - - 1 h

- The NaF modified the surface property of the MMT to negative form,
and the adsorption of heavy metals occurred via electrostatic
interaction.

[151]

F-MMT Pb2+ - 293–313 100 20–150 min
- The Si-O-Mo promoted the charge transfer for the effective adsorption

of the pollutant. [152]

HLS-MMT Zn2+

Pb2+ 1–6 298–328 50–300 5–180 min

- The loading of HLS on MMT enhanced the adsorption capacity for the
Zn2+ and Pb2+ adsorption.

- It follows the pseudo-second-order and Langmuir model.
[153]

TPP-crosslinked-
CTS-modified
MMT

Cu2+

Ni2+ - 283–333 0.5–1 2–60 min

- The modified MMT proceeds with higher adsorption capacity due to
complexation with CTS and crosslinking agent (TPP).

- It follows the pseudo-second-order and Langmuir model.
[154]
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Table 3. Cont.

Adsorbent Pollutant Adsorption Parameters Highlights Ref

pH Temp (K) Adsorbate
Conc (mg/L) Contact Time

MoS2@2D-MMT-
PVA
Gel

Pb2+ 2–5 298 0–200 0–480 min
- The composite has shown enhanced Pb2+ adsorption due to the

available adsorption sites on its surface.
- It follows the pseudo-second-order and Langmuir model.

[145]

MMT-Fe3O4-CS Cr6+ 3.5–10.6 290–346 0–1100 1 h

- The modification enhanced the porosity and ease of recovery of the
adsorbent due to Fe2O3.

- The process follows Langmuir isotherm model.
[155]

3D MMT hydrogel Pb2+ 2–6 298–308 100–400 3 h
- The MMT hydrogel has good filtering performance toward Pb2+

adsorption.
- It follows the pseudo-second-order and Langmuir model.

[156]
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3. MMT for Photocatalytic Degradation of Pollutants

MMT can undergo surface modification with various species through grafting, immobi-
lization, chemical vapor deposition [73], sol-gel, condensation, surfactant modifications etc.,
to form exciting surfaces of polymer-MMT composites [114], surfactant/MMT [157],
metal//MMT, metal-oxide/MMT nanocomposites [79], for heterogeneous catalysis. Al-
though metal-oxide nanoparticle semiconductors have been the most widely employed
photocatalyst due to their low-cost, stability, and ability to generate electrons (e−) and
holes (h+) generation upon light absorption [158]; however, they suffered extended photo-
generated carriers’ recombination [159] and can only be excited by ultraviolet radiation.
Thus, doping with other materials has been one of the effective ways to improve their
performance. The promising properties of MMT, such as high porosity, surface area, good
adsorption capacity, potential ion exchange, swelling ability, biocompatibility, and interlay-
ered growth, as well as its low cost and nanostructure, have endowed the material with the
potential to form composites with metal-oxide nanoparticles. Thus, the application of the
MMT composites for various organic and inorganic pollutants’ photocatalytic degradations
has been explored.

3.1. MMT for Dyes Degradation

The application of nanostructured MMT materials for dye photocatalytic degradation
in environmental waters has been widely explored. Various methods of modification to syn-
thesize catalytically active MMT were evaluated. Modification with organic moieties has
been shown to significantly improve the surface properties of MMT for porosity [52], light
adsorption, and hydrophobicity as compared to cation exchange and polymer modification.
It often resulted in a photocatalyst having properties of the employed organic molecules
and that of the nanostructured MMT mineral combined in a single material. This can
unquestionably provide answers to certain problems and shortcomings associated with the
individual molecules for environmental remediation applications. Thus, organometallic-
modified MMT was employed by Mekidiche et al. for the catalytic degradation of cationic
dyes. First, the MMT was covalently grafted with 3-aminopropyltriethoxysilane (APTES),
forming hydrolyzed MMT surface (K10-APTES) containing NH2 group, which was modi-
fied with triglycine and Fe3+, resulting into K10-APTES-3Gly-Fe catalyst with improved
surface area, high crystallinity, and optical adsorption band (around 402–643 nm). The
calculated bandgap of the catalyst was 2.03 eV, thereby achieving over 95% degradation of
the dye’s shortest UV irradiation time of 60 min [10]. The doping of amino acid intercalated
Fe onto a surface of MMT has demonstrated good catalytic activity toward the degradation
of Reactive Blue (RB 19). The G-Fe-MMT catalyst has shown an effective response to
sunlight and effectively worked under neutral pH, achieving 99% degradation efficiency of
the cationic dye [160].

The use of metal and metal-oxide nanoparticles in combination with the MMT for
photocatalytic activities of dyes have been well reported. The MMT acts majorly as the
adsorbent for the trap of the pollutants molecules as well as aid in the effective dispersibility
of the photocatalyst. A combination of the materials usually resulted in a photocatalyst
with an expandable light response between ultraviolet–visible wavelength ranges [62,90].
Additionally, the photocatalyst bears enhanced photoelectrons and hole separation than the
individual metal or metal-oxide nanoparticles [76]. Thus, Xiang et al. examined the appli-
cation of single and bi-metallic MMT nanocomposites for Rhodamine B (RhB) degradation.
The catalysts were prepared via sol-gel methods comprising MMT loaded with Ti and Bi,
forming the corresponding Ti-MT and Bi-Ti/MMT nanocomposites. Comparing the optical
properties of the two, the latter has a lower bandgap and conduction band than the former.
Thus, the lower bandgap (2.3 eV) of the Bi-Ti/MMT has been attributed to its smaller
photogenerated carriers’ recombination and enhanced e- and h+ separation efficiency. Thus,
it achieved rapid decolorization of the RhB with a degradation efficiency of over 90%. The
photocatalytic activity of the material was tested under visible light irradiation and has
shown to be active for continuous degradation of the dye up to four consecutive cycles [85].
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TiO2 was conventionally the most applicable metal-oxide nanoparticle employed as a
photocatalyst due to its good semiconducting property and lower cost [65]. However, its
inability to absorb light at visible regions and frequent photogenerated recombination
have limited its application. Thus, doping the material on the surface of porous organic or
inorganic molecules has been a way forward to improve their performance [161]. On this
basis, Khataee et al. reported on the Sonocatalytic degradation of basic blue 3 (BB3) dye
onto TiO2-modified MMT synthesized by surface immobilization technique. The resulting
TiO2/MMT composite has shown improved surface area and nanosized surface morphol-
ogy with particles in the range of 40–60 nm, confirming the successful immobilization of
the TiO2 on the MMT surface. Therefore, a higher dosage (1 g/L) of the catalyst and neutral
pH (7.0) of the solution was able to achieve complete degradation of 10 mg/L of the dye
within 90 min of the ultrasonication process [74]. Fabrication of plasmonic photocatalyst
containing Ag incorporated into Bi2O3/MMT for the decomposition of RhB dye under
visible light irradiation was reported by Tun and co-workers. The better performance of the
Ag-B2O3/MMT photocatalyst compared to the Bi2O3 metal-oxide nanoparticle, pristine
MMT, and B2O3/MMT was attributed to the increased in surface area, visible light absorp-
tion, and separation of charged particles upon Ag loading. Thus, complete degradation of
the dye was achieved within 60 min (Figure 5a) and followed a pseudo-first-order model
(Figure 5b), which increased with the catalyst dosage (Figure 5d). However, it decreased
at higher concentrations of the dye (Figure 5e) and the pH (Figure 5c) of the medium [86].
Table S1 summarizes the literature findings reported on the application of MMT composites
for dye’s photocatalytic degradation. Factors affecting the process were highlighted.

3.2. MMT for Pharmaceuticals Degradation

On the other hand, the use of MMT-modified n-type semiconductor photocatalyst for
pharmaceutical decomposition has also been studied. The swelling nature and cationic
exchange capacity have been utilized by Tun and co-workers for the preparation of
Bi2O3/MMT nanocomposite loaded with Ag nanoparticles via the wet impregnation
technique. The as-synthesized co-catalyst has shown enhanced plasmonic resonance and
visible light response for the degradation of tetracycline (TC). The degradation efficiency
was amplified remarkably upon increasing the Ag loading from 3–5 wt.%, attributed to
surface area expansion and ease of electron-hole pairs generation and separation. Addition-
ally, changing the catalyst dosage from 0.5 to 1.0 g/L effectively improved the degradation
efficiency of the TC from 78% to 90% (Figure 6d) within an irradiation period of 60 min
(Figure 6a) [86]. CoFe2O4 is a known co-catalyst semiconductor with superior photocat-
alytic activity toward the generation of charged carriers for the degradation of various
pollutants. However, its environmental toxicity and frequent charge recombination has
limited its application. On this basis, Wu et al. combined the characteristic property of
the material and the non-toxic and enhanced porosity of the MMT for the synthesis of
CoFe2O4/MMT via hydrothermal technique. The resulting catalyst was activated with
persulfate (PS) and peroxymonosulfate (PMS) for the decomposition of carbamazepine
(CBZ) via visible light irradiation, recording 93% degradation efficiency in 60 min [70]. The
photocatalytic activity of SnO2 pillared MMT was also investigated toward pharmaceutical
degradation. Upon visible light exposure, SMX and TMP concentration was found to
decrease, attributed to the adsorption of the molecules onto the SnO2/MMT surface and
the generation of some OH free radicals by the SnO2 metal-oxide semiconductor [127].
Hassani et al. employed the application of response surface methodology (RSM) for the
optimization of CIP degradation using TiO2-MMT nanocomposite under UV-light irra-
diation. The good performance of the material was attributed to the higher adsorption
sites provided by the MMT, while the TiO2 served as the powerful oxidizing agent which
generated the hydroxyl radicals that attacked the pollutant [67]. Table S2 summarizes the
literature findings reported on the application of MMT composites for pharmaceutical
photocatalytic degradation. Factors affecting the process were highlighted, and a general
remark on each finding was emphasized.
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3.3. MMT for Heavy Metals Degradation

The use of MMT composites for heavy metals photocatalytic degradation was also
investigated. Various MMT materials were employed and were able to degrade the inor-
ganic species into non-toxic forms. For instance, Chuaicham et al. reported on the use of
double-layered photoactive semiconductors of Zn-Ti in combination with Fe@MMT for
the degradation of Cr (VI). The ZTL/Fe@MMT composite has shown good stability to
moisture, chemical, and thermal condition and was compatible with UV light. Thus, upon
500 W xenon lamp irradiation, it generated electrons-hole pair with lower recombination
rates, which attacked the Cr (VI) molecules and caused its degradation (Figure 7a,b), with
excellent efficiency up to five consecutive cycles (Figure 7d) [141]. The MMT functioned as
an adsorbent for the pollutant trap and reached adsorption–desorption equilibrium within
30 min. The Fe on the MMT interlayered cavity generated more active electrons, which
coincided with the holes on the surface of the Zn-Ti, and this promoted separation of the
photogenerated charge carrier [141]. The performance of the composite was better at an
alkaline and acidic pH of 3 (Figure 7c). At lower than pH 3, the layered double hydroxide
of Zn-Ti gets distorted, which hampers the Cr (III) production. Increasing the photocatalyst
loading decreased the photocatalytic efficiency due to the hindrance of light penetration
by the turbid solution (Figure 7d). Temperature change did not cause a significant change
in the photocatalyst performance (Figure 7f) [141]. Similarly, the degradation of Cr (VI)
using MMT-Ag3PO4 has been investigated. The photocatalytic activity of the material was
promoted by the Ag3PO4, which improved the surface porosity of the catalyst and, upon
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light irradiation, yielded photo-produced electrons that act on the Cr (VI) molecules. The
degradation efficiency was more effective in the presence of citric and phosphoric acids,
which generated •OH radicals [162]. Photocatalytic degradation of Cr (VI) by Fe/MMT
composite was also studied. Doping of Fe (III) on the surface of MMT enhanced the pho-
tocatalytic activity of the material and achieved 47% degradation of the pollutant within
60 min. Unfortunately, increasing the content of Fe (III) caused a decrease in efficiency
by trapping the excited electrons and discouraged the formation of electron-hole pairs.
However, adding ethanol as a scavenger significantly enhanced the performance of the
photocatalyst through hole formation and promotion of hole-electron pair generation in
the medium, thus achieving 100% degradation of the pollutant within 20 min [7].
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3.4. Mechanism for Dyes and Pharmaceuticals Photocatalytic Degradation

Researchers have attempted to propose pathways in which the pollutants are degraded
by the MMT composites. However, it is noteworthy that all the processes involved adsorp-
tion of the pollutants onto the active site of the MMT, followed by the degradation upon
the action of the generated free radicals mostly aided by the action of a radiation source,
support on the MMT (usually a semi-conducting material or metal nanoparticles, which
helps to form the photocatalyst), photo-Fenton reagent, action of reducing agent, sulfate
radicals, hydrogen peroxide, and other reactive species [16,84]. Thus, the performance
of the photocatalyst lies in the physicochemical characteristic of the composite and its
ability to generate photoelectrons and holes with a lower recombination rate. Various
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mechanisms have been proposed for the photocatalytic degradation of both cationic and
anionic pollutants.

For dyes’ photocatalytic degradation, Li et al. have demonstrated that the process
proceeds via favorable adsorption of MB molecules onto the surface of the MMT. Upon
visible light irradiation, the photocatalyst (MMT-C3N4) promoted superoxide peroxide
activation and generation of •O2

− and h+ from the solution due to a semi-conducting
property of the C3N4 which attacks the dye molecules. The MMT-C3N4 composite favored
the generation of more active species due to its lower photogenerated electron whole pair
recombination, resulting in 95% degradation of the MB within 150 min. The degradation
rate of the MMT-C3N4 composite was 9.2 times in comparison to the pristine C3N4 semicon-
ductor [158]. A similar mechanism has been proposed for the photocatalytic degradation
of RhB by MMT-SnO2 nanocomposites. However, the material has shown better perfor-
mance, with up to 98% degradation efficiency [75]. For further comprehension of the dye
degradation mechanisms, Zhao and co-workers proposed that MB was eliminated in two
ways on Fe-CS/MMTNS in the presence of H2O2 under visible light irradiation (Figure 3).
The first involved MB being directly exposed to photo-Fenton degradation and being
oxidized into inorganics in aqueous medium. The second involved MB being adsorbed by
Fe-CS/MMTNS and being oxidized after that. In other words, MB was eliminated using a
combination of photo-Fenton and adsorption. Since Cl was quickly ionized and removed
from the chromophore. MB initially had a positive charge and an atomic weight of 284
g/mol. The other part of the MB was first adsorbed by Fe-CS/MMTNS gel and S was
oxidized into S = O, followed by its desorption, which was then captured and degraded
by the reactive radicals once more. The reactive radicals then directly attacked part of the
MB and gradually converted it into inorganic substances like NO−

3 , SO2−
2 , and CO2. Those

intermediates were eventually transformed into inorganic materials, and the adsorption
sites were renewed for MB adsorption [116].

Similarly, for pharmaceutical phenols photocatalytic degradation, mechanisms for
the process have been explored. Wu and co-workers proposed the mechanism for CBZ
degradation using nCoFe2O4 supported-MMT. Peroxymonosulfate (PMS) generated the
SO4

− and •OH, which had been identified as the active radicals for the degradation. The
result from x-ray photoelectron spectroscopy (XPS) revealed that the active ions present
in the photocatalyst were Co2+/Co3+ and Fe2+/Fe3+, and they were responsible for the
activation of the PMS. Thus, the active radicals were able to attack the CBZ molecules from
the solution, causing ring cleavage and its breakdown, achieving over 90% degradation
within 10 min (Figure S1). The process was found to be more effective at lower pH and
higher PMS concentrations [70]. Before, Hassaini et al. explored the mechanism for the MET,
CIP, and APAP degradation using TiO2-MMT. The degradation was associated with the
adsorption of the pharmaceuticals on the surface of the MMT, followed by the degradation
via free radical’s attack on the parent ring. Increasing the concentration of ozone resulted
in free radical formation by the immobilized TiO2 upon visible light irradiation, which in
turn led to an increase in the efficiency of the process [13]. The pathway for the catalytic
activity of Fe2+-MMT toward the degradation of SMX was also reported by Shahidi et al.
MMT does contribute not only to the adsorption of the SMX but also to the exchangeable
site for the photocatalytic reaction. The Fe2+ acted as a free cation in the vicinity of the
MMT, which activated the photoelectrons from the ozone that attacked the benzene ring of
the pollutant. The process proceeds via intermediates formation, which undergoes further
degradation to form CO2 and H2O as the final degradation products [78].

Photocatalytic degradation of heavy metals by MMT composites was also investi-
gated. Chuaicham et al. proposed the mechanism of Zn-Ti double-layered (ZTL) Fe-MMT
nanocomposites for the degradation of Cr (VI). The photocatalyst possessed bandgaps
of 3.41 and 3.25 eV for ZTL/MMT and ZTL/Fe-MMT, respectively; thus, the latter has
demonstrated better photocatalytic activity. Both ZTL/MMT and ZTL/Fe-MMT were re-
sponsive to visible light, thus upon irradiation, ZTL produced photogenerated electrons on
the conduction band (CB −1.36 V) and holes from the valence band (VB 1.46 V). However,



Sustainability 2022, 14, 16441 27 of 35

the presence of Fe on the surface of the MMT produced more photoexcited electrons which
are transferred to the VB of the ZTL because of its higher positive charge. The electron-hole
recombination due to Fe and ZTL enhanced the photogenerated charge carrier separation
and resulted in higher photocatalytic activity of the composite [141]. The superior perfor-
mance of MMT-Ag O4 toward the degradation of Cr (VI) was also investigated. MMT has
shown good adsorption of pollutants. The Ag3PO4 on the interlayers of the MMT possessed
negative CB and a smaller bandgap (2.55 eV). As such, under visible light irradiation, it
undergoes photosensitization and generates photoexcited electrons, which attack the Cr
(VI) molecules, as demonstrated in Figure S2 [162].

4. Prospects and Challenges MMT and Its Composites for the Wastewater Remediation
4.1. Prospects

The overwhelming achievements of MMT and its composites toward pollutant remedi-
ation from wastewater are worth mentioning. The adsorption efficiency of the materials for
the removal of pollutants was exceptionally high, attributed to their high surface porosity
of the material and their good stability toward harsh chemical, moisture, and thermal con-
ditions. They have also shown good mechanical strength and low expansion coefficients.
MMT and its composites exhibited good selectivity and catalytic activity for contaminants
elimination from wastewater. The materials have performed wonderfully toward dyes,
pharmaceuticals, heavy metals, and other organic and inorganic contaminants remediation.
Electrostatic attractions, hydrogen, and van der Waals bond formations play a vital role
in their interaction with organic and inorganic pollutants. The interaction is due to the
presence of silanol groups on the surface of the MMT, and perhaps the negative or positive
charge on the surface of the pollutants contributed to the binding interactions.

For the photocatalytic application, composites of the MMT have proven to be effective.
MMT formed heterojunctions with various functionalities via its interlayer spacing which
allows for the inclusion of molecules, particularly as a support for semiconducting metal
and metal oxide nanoparticles. Researchers have thus explored various synthesis routes
for the growth of metal and metal oxide nanoparticles on the surface of the MMT. The
composites of MMT with these materials are often responsive to light and, upon irradiation,
generate photoexcited electrons and holes which act on the pollutants for photocatalytic
decomposition. The MMT also provided sufficient adsorption sites for trapping pollutant
molecules, a prerequisite to photocatalysis. The layered double hydroxides of the MMT
together with the light-assisted adsorption of the support, are well utilized by the catalyst
for the photocatalytic degradation activities. Thus, the composites of MMT with metal and
metal oxide nanoparticles have shown promising applications for dyes, pharmaceuticals,
and heavy metals photocatalytic degradations. Of the metal and metal oxide, those con-
taining iron are more suitable due to their relative abundance, low cost, and their ability to
form a composite with MMT with lower bandgap and higher adsorption sites for effective
photocatalytic performance.

4.2. Challenges

Apart from the overwhelming success, MMT has some challenges for its application
in environmental remediation. Despite its abundant availability, mostly the pristine form
suffered lower adsorption capacity for the uptake of various pollutants. Moreover, its sur-
face has an overall negative charge due to the lamella construction of the octahedral silica
sheets, resulting in a hydrophobic character and poor interaction with anionic molecules.
Additionally, the hydrophilic and oleophobic properties of MMT have been disadvanta-
geous in the elimination of anionic contaminants from the aqueous medium. Moreover,
MMT does not possess semiconducting properties; as such, the pristine form cannot be
utilized for photocatalytic application. The MMT composite with metal and metal-oxide
nanoparticles is mostly desired for such applications.

In most cases, surface modification of the MMT is necessary to achieve higher ad-
sorption capacity catalytic property for the elimination of contaminants from wastewater.
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However, modification is often costly and involves using toxic reagents and solvents that
do not align with the principle of green chemistry. Moreover, some modification techniques
are multi-step and involve the consumption of energy. Thus, it is economically disadvanta-
geous. Often, composites of MMT with inorganic polymers suffered poor incompatibility
and a decrease in inherent mechanical strength. Additionally, the matrix effect is often
observed when MMT-polymer composites are exposed to high temperatures, causing
plasticization and debonding of interfacial tension associated with premature failure of
the composite structure. Moreover, some of the MMT-polymer composites result in sec-
ondary contamination and pose environmental toxicity to microorganisms, particularly in
wastewater remediation applications.

4.3. Conclusions

MMT as a mesoporous clay mineral has been well researched. The availability of MMT
deposits in various regions of the planet has made the exploration of the materials possible
for various applications. Much attention on the material has been aroused from its low-cost
and physicochemical properties such as good dispersibility, surface porosity, good mechan-
ical stability, high moisture, chemical and thermal stability, good cation exchange capacity,
and hydrophilicity. The materials offer a good alternative for economic and sustainable
applications. MMT has been investigated in material science and engineering for energy
generation, air purification, carbon capture, biological processes, water treatments, etc. In
the field of wastewater remediation. Good porosity, high stability in the aqueous medium,
and good cation exchange capacity have been emphasized. They have been employed for
the adsorption and catalytic elimination of various organic and inorganic contaminants,
such as dyes, pharmaceuticals, and heavy metals from wastewater.

Modification of MMT has been a way forward to improve its performance for environ-
mental remediation applications. Various strategies have been explored for modification
and functionalization. Modifiers include metal and metal-oxide nanoparticles, surfactants,
and polymers. They were shown to improve the surface properties of the MMT by en-
hancing its porosity, cation exchange capacity, mechanical strength, and moisture stability.
Apart from that, surface functionalization has been shown to adorn and endure the MMT
with semiconducting features for catalytic elimination applications. Thus, composites of
MMTs have been explored for contaminant adsorption and photocatalytic elimination. The
composites have also been shown to possess a good potential for regeneration and reusabil-
ity, which is advantageous from an economic point of view. The MMT composites with
magnetic metal-oxide nanoparticles have shown the best performance as both adsorbents
and photocatalysts for the elimination of contaminants from wastewater. Thus, MMT’s
composites could serve as futuristic material for environmental remediation applications.
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