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Clays and clay minerals are inexpensive, non-toxic, and naturally occurring minerals that have been utilized in
water remediation as adsorbents. However, clays and clay minerals and those modified with heat, surfactants,
acids, or organic-inorganic modifiers exhibit low adsorption capacity and re-generation ability towards organic
water pollutants. The development of clays and clay minerals composites has gained considerable attention in
recent years due to their enhanced adsorption capacity, ease of recovery from aqueous solution and improved
physiochemical properties relative to raw and modified clays and clay minerals. This review aims to assess recent
literature on clays and clay minerals composites including bentonite, montmorillonite and kaolinite intercalated
with carbonaceous, metals, metal oxides, chitosan and polymeric materials and appraise their adsorption per-
formance towards organic water pollutants. The review examines the effect of the composites’ physicochemical
properties on the adsorption performance and evaluates the adsorption mechanism as well as regeneration
methods. The review also attempts to highlight the current progress in this area by assessing the outcomes of

recently published articles and outline the research gaps for future research.

1. Introduction

The rapid development of industry and population growth have
increased the demand for clean water resources for domestic and agri-
culture use (Jun et al., 2020). The situation is becoming worse as in-
dustrial sectors continue to discharge toxic, hazardous, and persistent
water pollutants into water bodies, which elevated water scarcity to
become a greater challenge that nearly all countries encounter to a
certain degree (Askalany et al., 2020; Khodabakhshloo et al., 2021;
Wang et al., 2021). The United Nations (2006) predicted that by 2025,
two-thirds of the world’s population would suffer from water shortages
with the continuous increase in water pollution levels (Bullock, 2006).
Water pollutants, including organic and inorganic contaminants, are
generated mainly from industrial effluents and human activities, such as
the excessive use of pesticides and fertilizers (Venancio et al., 2013). In
particular, large quantities of industrial effluents containing organic
pollutants including pesticides, antibiotics, hydrocarbon, herbicides,
dyes, phenols, proteins, and detergents are discharged into water bodies,
which might consume the available dissolved oxygen to degrade. This
causes the depletion of dissolved oxygen level available for aquatic life
and subsequently threat the marine environment (Lin et al., 2014;
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Rahmani et al., 2020a). In order to maintain clean water resources and
limit the discharge of highly contaminated wastewater into water
bodies, recent research work focuses on treating the huge amount of
industrial wastewater generated from various industries through cost-
effective and environmentally friendly processes prior to discharge. In
this context, several treatment technologies have been adopted to
remedy wastewater including membrane, floatation-coagulation, elec-
trocoagulation and biological treatment (Combatt et al., 2020; Ozbey-
Unal et al., 2020; Saleh et al., 2020; Wang et al., 2020b; Ewis et al.,
2021). Despite the high treatment efficiency of these technologies, they
are often associated with several concerns, such as high-energy con-
sumption, high capital cost, and scale-up challenges. Adsorption tech-
nology has attracted a great deal of interest due to its simplicity, cost and
energy efficiency, environmentally friendly nature and high treatment
efficiency (Yu et al., 2021). In the industry, wastewater process involves
three stages: pre-treatment, main treatment, and final polishing.
Adsorption is used in the polishing step to eliminate the ultra-small
particles. Among the available adsorbents, clays and clay minerals are
inexpensive, non-toxic and naturally occurring minerals that have been
utilized in water remediation applications (Lazaratou et al., 2020).
Extensive work has been done in investigating the adsorptive
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performance of clays and clay minerals composites towards organic and
inorganic water pollutants. Clays including bentonite and kaolin are
hydrous aluminosilicate minerals that composed of mixtures of clay
minerals, and crystals of other minerals such as quartz and metals oxides
(Arif et al., 2021). While, clay minerals including montmorillonite and
kaolinite are a large group of phyllosilicates family that includes planar
hydrous and non-planar hydrous phyllosilicates (Chen et al., 2016). The
distinct two-dimensional (2D) layer structure and unique physi-
ochemical properties of clays and clay minerals including swelling and
ion exchange capacity enable them to adsorb various organic and
inorganic water pollutants (Chen et al., 2016; Ewis and Hameed, 2021).
The interlayer spaces in some types of clays and clay minerals structures
such as bentonite enable them to trap containments, which is known as
swelling capacity (Li et al., 2018; Dietel et al., 2019). There are many
factors influencing the performance of clays and clay minerals during
the adsorption process including surface charge, specific surface area
and swelling characteristics. In addition, they attain cation exchange
capacity (CEC), which is defined as the quantity is positive ions that can
be exchanged per unit mass of dry clay mineral (Cheng and Heidari,
2018). These cationic counter ions are exchanged by other cations, thus
increasing the affinity of clay minerals to remove cationic organic and
inorganic pollutants, such as dyes and lead, respectively (Hizal and
Apak, 2006; Sakin Omer et al., 2018). Conversely, clays and clay min-
erals exhibit low to medium Anion Exchange Capacity (AEC) (Schell and
Jordan, 1959; Rihayat et al., 2018). Hence, physical and chemical
modification methods have been adopted to improve their structure and
surface properties to increase their affinity towards organic water pol-
lutants (Otunola and Ololade, 2020). However, these processes are
usually associated with the use of high temperatures (120-700 °C) and
chemicals (e.g. strong acids), which increase the adsorption process cost
and energy requirements. In addition, thermally and chemically modi-
fied clays and clay minerals performance in real wastewater is poor due
to the coexistence of multiple pollutants. Also, clay minerals tend to stay
in suspension in aqueous media due to their micro size, which limits
their regeneration ability and performance in fixed-bed or columns
(Unuabonah and Taubert, 2014; Najafi et al., 2021). These drawbacks
limited their application in the industry (Yao et al., 2014). Recently,
clays and clay minerals composites have attracted a great deal of interest
due to their superior properties, structure and adsorption capacity
compared to those of their individual components (Kong et al., 2018;
Wei et al., 2019). In addition, they possess enhanced mechanical
strength, extraordinary CEC and higher stability.

Extensive research was carried out in the last decade to develop clays
and clay minerals (clay/minerals) composites with the aim to remove
organic water pollutants. To the best of the authors’ knowledge, there
are no reviews in the open literature devoted to the adsorption of
organic water pollutants using clays and clay minerals composites. Most
of the review papers focus on the performance of raw and modified clay/
minerals for the removal of heavy metals (Uddin, 2017; Yadav et al.,
2019; Otunola and Ololade, 2020), nitrate (Lazaratou et al., 2020) and
synthetic dyes (Ngulube et al., 2017). In addition, only a few review
papers summarized the adsorptive performance of raw and modified
clay/minerals towards organic contaminants removal (Awad et al.,
2019; Shen and Gao, 2019). Therefore, the main objective of this paper
is to review recent research progress made on clay/minerals composites
for organic water pollutants removal. This review focuses on the
adsorptive performance of bentonite, montmorillonite (MT), and
kaolinite intercalated with carbonaceous, metals, metal oxides, chitosan
and polymeric materials. In addition, the effect of several adsorption
parameters such as pH, presence of organic matter, and ionic strength on
the adsorption capability of clay/minerals composites are discussed. The
review also explores the clay minerals composites physiochemical
properties and structural characteristics compared to the composite in-
dividual components. Furthermore, it examines the adsorption mecha-
nism as well as the regeneration methods for clay/minerals composites.
Overall, this review attempts to identify research gaps and clarify the
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future challenges involved in the regeneration as well as the utilization
of clay/minerals composites in this area.

2. Preparation of clays and clay minerals composites

Research has focused on developing selective, and efficient clay/
minerals adsorbents prepared under mild conditions. In this context,
great advances have been made in modification and hybridization,
ranging from surface modification to the fabrication of composites. In
this section, the pretreatment of clay/minerals including purification,
and surface modification has been discussed. In addition, the synthesis
methods of clay minerals composites and the associated conditions are
highlighted.

2.1. Pre-treatment

In most cases, analytical-grade clay/minerals are used without pu-
rification. However, prior to composite fabrication, the clay/minerals is
immersed in distilled water for several hours under continuous stirring
or subjected to ultrasonic waves for several hours. This is to obtain a
homogenous suspension and achieve the maximum swelling capacity
(Lou et al., 2015a; Ain et al., 2020a; Cao et al., 2020). For example,
Rahmani et al. (2020b) carried out a purification process for montmo-
rillonite prior to composite fabrication. The purification process
included immersion of 100 g of montmorillonite in 1 1 of distilled water
under vigorous stirring for 1 h at room temperature. After that, the
suspension was centrifuged at 5000 rpm for 15 min. Finally, the resulted
slurry was dried at 80 °C for 12 h and grinded and sieved to the size of
200 meshes. This process resulted in increasing the CEC value to 85
meq/100 clay for purified clay compared to 55 meq/100 clay for
unpurified clay.

Other studies used various modification techniques including acid
treatment, and ion exchange to optimize the composite adsorption ca-
pacity prior to composite fabrication. Modification of clay/minerals
with these methods facilitates composites fabrication, such as clay
mineral-polymer composite (Ferreira et al., 2017; Hojiyev et al., 2017).
In acid activation, hydrochloric acid (HCI) with a typical concentration
of 1 M is used in the pre-treatment step to remove the minerals impu-
rities. Then, the mixture is exposed to ultrasonic waves for several mi-
nutes to reduce the agglomeration of clay minerals particles, which
increases the specific surface area. Khatamian et al. (2019) reported that
in presence of sonication, the specific surface area increased for raw
bentonite and iron oxide/bentonite composite by around 18% and 40%,
respectively. Besides, as mentioned above, clay minerals attain CEC,
which allows exchanging the inorganic cations present in the interlayer
space with various materials including metals, surfactants, dyes, and
humic acid to produce intercalated clays. The enhancement in adsorp-
tion capacity of the intercalated clays is mainly due to the improvement
of surface hydrophobicity, and the addition of new functional groups
that add new possible interaction. For instance, Ain et al. (2020a)
claimed that the hydrophobicity of 3-acrlyamidopropyl trimethyl
ammonium chloride (APTMA) intercalated bentonite increased, which
reduced the sedimentation rate of intercalated bentonite allowing better
contact between the adsorbate and the adsorbent. In addition, the study
showed that despite the dramatic reduction in pore volume and specific
surface area of the intercalated bentonite, the average pore diameter and
pore width increased. The SEM images indicated that intercalated
bentonite attained exfoliated, flaky, and less packed morphology, unlike
raw bentonite that has a smooth and compact structure. (Wan et al.,
2015) reported that pillaring bentonite with Al through cation exchange
process enhanced rhodamine B molecules adsorption. The study high-
lighted that Al pillared bentonite had a coarse porous surface unlike raw
bentonite, which is essential for organic pollutants adsorption. For clay
mineral composites synthesis, most of the studies used either acid acti-
vation or ion exchange prior to composite fabrication.
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2.2. Synthesis methods

clay/minerals-metal and metal oxides composites can be synthesized
via various methods including co-precipitation, co-precipitation
ultrasound-assisted, liquid-phase reduction, spray drying (to synthesize
spherical composites) and hydrothermal. Raw, modified, or function-
alized clays can be used prior to composite synthesis. In the co-
precipitation method, the clay/minerals is mixed with other pre-
cursors for several hours followed by the addition of a reducing agent.
The reducing agent is either ammonia or sodium hydroxide that brings
the solution pH to 11-12. However, unlike sodium hydroxide, ammonia
is a better stabilizer and helps in the growth of nanoparticles (Peternele
etal., 2014). Ouachtak et al. (2020) prepared magnetic montmorillonite
(y-FeaO3@Mt) composite through conventional co-precipitation. The
process involved dispersing montmorillonite in deionized water. Then,
1 M of FeCl,.4H50 and 2 M of FeCl3 at a ratio of 1:2 was dissolved in 100
ml deionized water and added to the montmorillonite suspension.
Finally, 2 M of ammonia was added under stirring at 60 °C for 4 h
allowing the reaction to occur. In another study, similar steps was fol-
lowed for magnetic bentonite fabrication, but the reaction occurred in
ultrasonic bath for 3 h (Khatamian et al., 2019). The study revealed that
the use of ultrasonic waves increased the composite specific surface
area, allowed uniform and homogenous distribution of iron oxide
nanoparticles over bentonite surface, and resulted in homogenous and
smooth distribution of iron oxide nanoparticles on bentonite inner wall
without blocking their cavities. Hydrothermal method is related to
mixing all precursors for several hours followed by transferring the
mixture to an autoclave (Liu et al., 2021; Li et al., 2022). Then, the
autoclave is transferred to an oven at a high temperature (e.g. 250 °C)
for several hours (Fei et al., 2020). In the liquid-phase method, the
precursors are mixed in miscible liquid for several minutes (e.g.15 min)
followed by the addition of a reducing agent (e.g. sodium borohydride)
dropwise under a nitrogen environment (Chen et al., 2013). Moreover,
clay composites can be synthesized in spherical form. A study conducted
by Wang et al. (2019) reported the synthesis of spherical
montmorillonite-supported nanosilver through spray-drying technol-
ogy. The core principle of this technology is rapidly heating the slurry
via direct injection of small droplets. Initially, the slurry was prepared
by sonicating montmorillonite mixed with 98 mL ethanol and 2 mL of
sulfuric acid for 60 min. Then, the slurry was fed into a spray-dryer using
105 °C drying temperature. It was found that spherical montmorillonite
attained higher specific surface area and pore volume compared to raw
montmorillonite even after silver nanoparticles loading.

The fabrication of clay/minerals-chitosan and clay/minerals-
polymeric composites are mainly through three techniques: cross-
linking, adsorption, and in-situ polymerization. Cross-linking is related
to using cross-linking compounds, such as glutaraldehyde, that cova-
lently bonds clay with the polymer chain (Liu et al., 2015b). Usually, the
mixture should be left for 24 h at a relatively high temperature (=60 °C)
for cross-linking reaction to occur. In the adsorption technique, the
polymer solution is mixed with dispersed clay in which physical
attraction including attraction electrostatic and Van der Waals interac-
tion is formed (Zhang et al., 2016a). While the in-situ polymerization
method, the polymer is mixed with the clay mineral suspension followed
by the addition of a polymerization initiator, such as ammonium per-
sulphate to boost polymerization reaction (Vanamudan et al., 2014). In
all the above-mentioned methods, some studies used sodium hydroxide
to neutralize the solution pH in order to enhance the rate of polymeri-
zation (Khanlari and Dubée, 2015). For instance, clay/minerals-chitosan
composites are commonly prepared as follows: chitosan was dissolved in
(1-2%) (v/v) acetic acid solution under magnetic agitation for several
hours. Bentonite or montmorillonite was added to 50-100 ml of
deionized water at 60 °C for a few minutes followed by adjusting the
solution pH to 5.0 using NaOH, which boosts precipitation reaction.
Then, chitosan mixture was added to clay mineral suspension under
mechanical stirring (=~1200 rpm) at 60 °C for several hours (e.g. 4 h).
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Finally, the mixture was dried in an oven at 60 °C and left overnight
(Dotto et al., 2016; Dehghani et al., 2018; El-Kousy et al., 2020).

clay/minerals-carbonaceous composites are commonly synthesized
through wet impregnation method. Typically, the process begins with
dispersing the carbonaceous source and the clay mineral in deionized
water using an ultrasonic bath in separate beakers. The clay suspension
is sonicated for around 8 h. Then, the carbonaceous suspension is added
dropwise to the clay suspension under continuous stirring. Finally, the
slurry is dried overnight at approximately 80 °C in an oven (Ashiq et al.,
2019; Neelaveni et al., 2019; Xu et al., 2019).

3. Adsorption performance of clays and clay minerals
composites

Clays and clay minerals composites have received attention due to
their superior adsorptive performance and physiochemical characteris-
tics compared to those of their individual components. Recently,
considerable efforts have been dedicated to fabricating clay/minerals
composites by combining clay minerals with two or more materials.
Metals, metals oxides, chitosan, polymeric and carbonaceous materials
are the most common materials combined with clay minerals for
adsorption of organic water pollutants. Among the available clay min-
erals, bentonite, montmorillonite, and kaolinite are the most common
adsorbents that are used in wastewater remediation due to their avail-
ability and good adsorption characteristics (Ngulube et al., 2017). In this
section, the physiochemical characteristics of clay minerals composites
and their adsorptive performance towards organic water pollutants are
critically analyzed and summarized.

3.1. Clay/minerals-metals and metal oxide composites

Metals and Metals oxides have a broad range of applications
including gas sensors, catalysis and environmental remediation (Zhang
et al., 2016c¢; Daraee et al., 2019; Zhang et al., 2020a; Almahri, 2022).
They have been utilized extensively in environmental remediation as
adsorbents due to their remarkable characteristics including high spe-
cific surface area, good mechanical and chemical stability, non-toxicity
nature, and unique surface characteristics (Oyewo et al., 2020). Usually,
non-magnetic spent adsorbents are separated from aqueous solution
through centrifugation and filtration methods, which are time
consuming and expensive (Duman et al., 2016a, 2016b, 2019). Alter-
natively, magnetic metals oxides, such as iron oxide nanoparticles, are
widely used in wastewater treatment as adsorbents due to their mag-
netic property that facilities their separation from aqueous solution by
an external magnetic field. Over the past decade, clay/minerals-metals
oxides as composite material have shown significant potential as a
highly selective adsorbent for the effective removal of organic pollut-
ants. Bentonite, montmorillonite, and kaolinite are the common types of
clay minerals that have been combined with metals oxides for efficient
removal of organic contaminants.

3.1.1. Bentonite/metals and metal oxide composites

To date, the adsorption behavior of various types of organic pollut-
ants on bentonite/metals oxides composites has been studied exten-
sively. Most of the studies focus on the fabrication of Fe304/Bentonite
composite to facilitate the composite separation from aqueous solution
due to magnetic property of FesO4 nanoparticles, meanwhile, achieving
high removal of an organic contaminant. The studies related to the
fabrication Fe3O4/bentonite composites reported that the composite
exhibits super-magnetic behavior, which suggests that the composite
could be manipulated by an external magnetic field (Wan et al., 2015;
Khatamian et al., 2019; Ain et al., 2020a; Ewis et al., 2020). Further-
more, Fe3O4/bentonite composites attained a magnetization saturation
value lower than Fe304 nanoparticles, which is due to the existence of
nonmagnetic bentonite.

The adsorbent specific surface area is one of the important factors
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that influence the adsorption capacity as it determines the number of
effective collisions between the active sites and contaminants
(Muhammad et al., 2019). For instance, Wan et al. (2015) attributed the
increase rhodamine B adsorption from 4.28 mg/g to 62.15 mg/g using
Fe304 nanoparticle and Fe3O4/bentonite, respectively, to the increase in
the composite specific surface area compared to Fe3O4 nanoparticle.
However, other studies reported that Fe3Os/bentonite composite
attained adsorption capacity greater than the composite individual
components, even though, the composite specific surface area is less
than Fe3O4 nanoparticles and bentonite (Ain et al., 2020a; Cao et al.,
2020). The authors attributed the enhancement in the composite
adsorption capacity to the increase in the composite pore volume and
active sites available for adsorption. The decrease in the composite
specific surface area could be as a result of intercalating Fe3O4 nano-
particles within bentonite interlayer spacing, which decreases specific
surface area. It is worth mentioning that the pillaring agents have a great
impact on the surface structure and physical properties of bentonite. It
was reported that the closely packed structure of bentonite was loosened
and various size pores were formed as a result of pillaring by Ti-pillars
(Tomul et al., 2016). Also, after the addition of Cu, Ag, and Fe, the
structure conserved its pore structure without obvious changes. How-
ever, there were significant changes in the specific surface area and
external surface area. The study revealed that the external surface area
increases with impregnation, especially for silver impregnation and iron
ion exchange procedure, which might be due to the distribution of these
elements within the layers forming mesopores. The study emphasized
that the composite structure and physical properties change depending
on the nature and the distribution of the pillaring agents, which influ-
ence their adsorptive performance. Furthermore, in bentonite/metals
and metal oxides based composites, bentonite acts as a support for
metals oxides due to bentonite large specific surface area as revealed by
Scanning Electron Microscope (SEM) images. In addition, metal oxides
nanoparticles could agglomerate during their deposition on bentonite
surface due to either their high surface energy or the high magnetic force
they attain, which affects the adsorption process efficiency. The
agglomeration of metals oxides nanoparticles could be reduced using
ultrasound waves during the synthesis which allows a uniform distri-
bution of metals oxides nanoparticles over bentonite surface (Ain et al.,
2020b). However, uniform distribution of metals nanoparticles on
bentonite clay could be obtained by using reducing agents during the
synthesis without the application of ultrasound, which enhances the
adsorption performance. For instance, Gopal et al. (2020) reported that
iron (Fe) and Lead (Pd) attained a spherical shape with less aggregation
over bentonite clay. Furthermore, the deposition of Fe and Pd metals
over bentonite clay increased the specific surface area and enhanced the
tetracycline removal from aqueous solution; after the deposition of Fe/
Pd metals on bentonite clay, the composite attained a removal per-
centage of tetracycline 3 times larger than the removal percentage of Fe/
Pd.

The surface functional group and hydrophobicity were greatly
enhanced after loading bentonite with metal oxide, which resulted in
enhanced adsorption capacity. Ain et al. (2020a) reported that the in-
crease in crystal violet adsorption is due to the abundant active func-
tional groups provided by the composite compared to raw bentonite.
Furthermore, the study highlighted that the swelling behavior of
bentonite was affected significantly after the addition of FegO4 NPs. The
study showed that the magnetization and modification of bentonite
through silylation caused the composite to have high water dispersion
and static volume. Unlike raw bentonite that tends to settle down after
reaching the saturation point and maximum swelling capacity, Fe304/
bentonite did not show any sedimentation and remained suspended,
which led to better adsorption performance.

The co-existing of multiple pollutants can reduce the adsorption
performance of raw bentonite significantly; however, that reduction
could be minimized for bentonite/metal oxides compared to raw
bentonite. As observed in one of the studies, in a tetra-component
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system, the adsorption capacity was reduced for more than half of the
single-component system for raw bentonite, but the composite (Fe304/
bentonite) experienced lower reduction and proved resilient (Ain et al.,
2020a). Also, increasing the ionic strength of the suspension can
enhance the adsorption of dyes on bentonite/ metal oxides surface. In
the same study, it was reported that the existence of heavy metals
enhanced the composite adsorption capacity towards dyes due to the
formation of dye dimer molecules, which was not the case for raw
bentonite.

The water matrixes can significantly affect the metal oxides/
bentonite removal capability. The removal rate of organic compounds
by clay minerals composites differs significantly in different water
matrices such as lake water, ground water, tap water and deionized
water. This is because a large number of colloids are present in lake
water, ground water and tap water, which may interfere with the
bentonite/ metal oxide composite to reduce its removal capability
(Gopal et al., 2020).

The solution pH has a great impact on the form of organic pollutant
and the charges available on the pollutant and on the bentonite/metal
oxide composite. Generally, for all bentonite/metal oxide composites
reported in this review, the optimum removal capability was observed in
pH between 5 and 8. For instance, the removal of crystal violet
decreased as the pH increased from 2 to 6, reaching a plateau at pH 7
and then decreased with further pH increase (Ain et al., 2020b). This is
because at pH lower than 7, the H™ ions compete with cationic crystal
violet resulting in a low removal percentage. Whereas at pH higher than
7, deprotonation of crystal violet and bentonite/metal oxide composite
generates negative charges, which results in an electrostatic repulsion,
hence reducing the removal percentage. It is worth noting that the point
of zero charge (pHpzc) can help in understanding the removal per-
centage at different pH values. Generally, pHpzc is the pH at which the
net surface charge on the surface is zero (Ain et al., 2020a). pHpzc can be
determined through measuring the zeta potential of the composite,
which indicates the composite potential as function of solution pH
(Duman and Tunc, 2009). It is well known that the maximum adsorption
of cationic dye is at pH > pHpzc due to the existence of functional groups
such as hydroxyl, whereas anionic dye adsorption is maximum at pH <
pHpzc due to the positivity of charged surface.

Thus, metals oxides/bentonite composites showed a high adsorption
capacity towards organic water pollutants including antibiotics, phe-
nols, and dyes. Several studies have confirmed the increase in adsorption
capacity compared to the composite individual components (Wan et al.,
2015; Ain et al., 2020a; Ewis et al., 2020; Gopal et al., 2020). For
instance, Ewis et al. (2020) reported that Fe3O4/bentonite attained
around 71% removal of diesel oil, compared to 28% removal using
Fe304 nanoparticles due to the addition of bentonite clay. Furthermore,
the increase in the specific surface area does not necessary indicate that
the composite adsorptive performance is enhanced compared to its in-
dividual components. In fact, several factors are important including the
pore volume, pore diameter and surface functional groups.

It is worth mentioning that after adsorption new surface functional
groups might appear and/or the existing functional groups intensity
might increase. These changes can be detected through FTIR spectra and
can be used to reveal the adsorption mechanism. Table 1 summarizes the
adsorption performance of bentonite/metals and metal oxides compos-
ites towards organic water pollutants.

3.1.2. Montmorillonite/metals and metal oxide composites

Similar to bentonite, montmorillonite acts as a support for metals
and metals oxides due to its large specific surface area. Several studies
investigated the performance of montmorillonite integrated with iron
oxides nanoparticles (Fe3O4/Montmorillonite) that possess magnetic
behavior, which facilitates its separation from aqueous solution. Unlike
Fe304/bentonite composite, a uniform distribution of Iron oxide nano-
particles (Fe3O4 NPs) over montmorillonite was obtained in a conven-
tional co-precipitation synthesis process without the application of
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Adsorption performance of bentonite/metals and metal oxides composites towards organic water pollutants.
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. Methylene . (Lou et al.,
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ultrasound. This could be attributed to the appropriate electrostatic
interaction between the positively charged FesO4 NPs with the nega-
tively charged montmorillonite surface, which leads to a good distri-
bution of Fe304 NPs (Cottet et al., 2014; Ouachtak et al., 2020).
Furthermore, Fe304 NPs are embedded in the interlayer of montmoril-
lonite and are not restricted to the surface (Vanamudan et al., 2014).

Binders are used in the fabrication of metals oxides/montmorillonite
to enhance the surface properties. Poly(vinyl) alcohol (PVA) is used as a
binder due to its emulsifying and adhesive properties. Recently, a
research work studied the changes of montmorillonite (MT) surface
properties after covering the MT surface with PVA (Ngoh and Nawi,
2016). The SEM showed that PVA covered the voids of montmorillonite
and caused the structure to become more rigid and thicker sheet-like
rather than the curled up form voids that montmorillonite possess.
Additionally, the pore volume and specific surface area for MT-PVAB
were reduced significantly compared to raw MT. Furthermore, Tita-
nium dioxide nanoparticles (TiO; NPs) were integrated into MT-PVAB to
enable the composite to possess adsorptive behavior and photocatalytic
activity simultaneously towards Methylene blue. The fabrication process
involved sintering PVAB solution with MT followed by casting the
colloidal solution onto a clean glass plate (GP) and then the deposition of
TiO5 NPs via dip-coating method to produce TiO2/MT-PVAB/GP com-
posite. The adsorption experiments showed that TiOo/MT-PVAB/GP
attained 93% removal of methylene blue in 45 min under dark condi-
tions, whereas TiO,/GP attained only 19% removal under similar
conditions.

It is well-known that increasing the ionic strength for the suspension
enhances the adsorption of organic pollutants when the adsorption
mechanism is controlled by electrostatic repulsion and ion exchange.
This is because salts such as NaCl introduces cations that stimulate
compression of electric double layer around the clay mineral composite
surface, which enhance the interaction between negatively charged clay
mineral composite and the pollutant functional groups. This increases
the clay mineral composite adsorption capacity. For instance, the
adsorption of levofloxacin onto iron-pillared montmorillonite composite
was not affected by the addition of NaCl. This because the adsorption of
levofloxacin onto iron-pillared montmorillonite is mainly through sur-
face complexation mechanism (Liu et al., 2015).

Temperature is one of the factors that affect the adsorbent adsorption
capacity significantly as it can alter the pollutant adsorption rate before
equilibrium is reached and it can affect the adsorption equilibrium of the
adsorbent towards certain pollutants (Almeida et al., 2009). For organic
pollutants adsorption onto montmorillonite/metal oxides, temperature
does not have a generalized trend. For instance, the adsorption capacity
of Ti-pillared montmorillonite at different temperatures towards several
pharmaceutical compounds (amoxicillin (AMOX), imipramine (IMP),
diclofenac-sodium (DIF-S), and paracetamol (PCM) did not have the
same trend (Chauhan et al., 2020). In fact, the adsorption of IMP and
DIF-S increased with temperature, while the adsorption of AMOX and
PCM decreased with temperature. This is because the molecular prop-
erties of these pharmaceutical compounds differ. IMP and DIF-S have an
electronegative center in their molecules, which facilitates the forma-
tion of hydrogen bonds with water molecules in the aqueous phase.
Consequently, the high temperature causes dehydration (the hydrogen
bonds weaken) and makes the molecules more planar with a higher
dipole moment, which facilities their diffusion through micropores of
montmorillonite composite. On the other hand, the diffusion of AMOX
and PCM remains constant or decreases due to added dissolutions.

Interestingly, metal oxide/montmorillonite composites can possess a
spherical shape resulting in a more stable structure and larger specific
surface area and pore volume compared to flat sheet structure. In a
recent work, spherical Mt. decorated with silver nanoparticles
(Ag@SMT) was fabricated using spray-drying process (Wang et al.,
2019). Generally, the morphology of spherically shaped particles
generated from spray-drying is more stable compared to flat-sheet ad-
sorbents. This is confirmed by the SEM images, which indicated that
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after the deposition of silver nanoparticles on the surface of SMT, its
morphology was not affected significantly. Moreover, SMt attained a
larger specific surface area and pore volume compared to raw Mt.
However, the deposition of Ag NPs caused a reduction in SMt specific
surface area and pore volume due to the occupation of a large amount of
Ag NPs on SMt surface. Even though Ag@SMt composite possesses a
lower removal for methylene blue (83%) compared to SMt (99.2%), the
composite exhibit excellent catalytic performance towards methylene
blue compared to individual Ag NPs and SMt. Besides, the composite
exhibits 100% catalytic reduction performance over 5 cycles. Table 2
summarizes the adsorption performance of montmorillonite /metals and
metal oxides composites towards organic water pollutants.

3.1.3. Kaolinite/metals and metal oxide composites

A limited number of studies have undergone the exploration of
kaolinite/metals and metals oxides for organic water pollutants
removal. Fei et al. (2020) fabricated Fe3O4/kaolinite nanocomposite for
methylene blue and crystal violet removal. The SEM images revealed
that when Fe304 content in the nanocomposite was 7%, Fe304 NPs were
uniformly distributed on kaolinite surface without significant agglom-
eration. However, the agglomeration of nanoparticles was obvious when
Fe304 content in the nanocomposite was 30%. This indicates that the
ratio of Fe304 NPs in composites plays a significant role in the composite
adsorptive behavior besides the adsorbent surface morphology. More-
over, 7% Fe304/kaolinite nanocomposite attained an adsorption ca-
pacity (qm) of 42.3 mg/g and 138.5 mg/g for Methylene blue and Crystal
violet, respectively. On the other hand, raw kaolinite and Fe3O4 NPs
attained a qm value of 13.8 mg/g and 10.9 mg/g for methylene blue,
respectively, While they attained qm value towards crystals violets of
14.3 mg/g and 25.5 mg/g, respectively. Guo et al. (2011) synthesized
molecularly imprinted polymer based on kaolinite/FesO4 (MMIPs)
composite for bisphenol A removal. Generally, the surface imprinting
technique produces a 3D cross-linked polymer network that has prom-
inent selectively towards a specific pollutant. In this work, kaolinite/
Fe304 has been used as a supporter. Despite the fact that MMIPs attained
a bisphenol A removal capacity of 142.9 mg/g, the adsorption capacity
of kaolinite/Fe304 was not investigated towards bisphenol A in order to
signify the need for MMIP synthesis. Moreover, the specific surface area
for MMIPs composite was higher than kaolinite/Fe304 composite, while
the pore volume for MMIPs was lower than kaolinite/Fe304 composite.
The specific surface area and pore volume cannot altogether confirm the
enhancement in adsorption capacity of MMIPs compared to kaolinite/
Fe304 composite. Besides, the thermal stability for MMIP composite was
less than kaolinite/Fe304. Therefore, investigation of the adsorption
capacity for the same adsorbent at identical conditions needs to be
carried out to signify the use of MMIPs for bisphenol A removal.

The ionic strength can influence the adsorption capacity of the
kaolinite/metal oxides composites considerably towards dyes by influ-
ence its uptake mechanism. Generally, increasing the ionic strength can
diminish the attraction when the adsorption process is controlled by
electrostatic attraction; while it increases the attraction in case the
adsorption process is controlled by electrostatic repulsion. In one of the
adsorption studies, it is reported that the adsorption of Congo red in-
creases as the ionic strength (concentration of NaCl) increases. This is
attributed to the increase in the attraction between the non-polar groups
of Congo red with non-polar group of the metal oxide/kaolinite com-
posite, which indicates the presence of hydrophobic interaction. The
presence of salt prevented the intermolecular replusion between dye and
the composite. On the other hand, the ionic strength did not influence
the adsorption of Deoxycycline, which indicates that hydrophobic
interaction may not be responsible for the adsorption process (Olusegun
and Mohallem, 2020).

The presence of natural organic matter (NOM) may influence the
adsorption process (Wang et al., 2020a). However, Olusegun and
Mohallem (2020) reported that the presence of humic acid (HA) did not
affect the adsorption of Congo red and Deoxycycline onto Kaolinite
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supported CoFe;04 nanoparticles. This is attributed to the electrostatic
repulsion between the negatively charged surface of the composite and
HA. Consequently, HA could not block the active sites of the composite.

There are attempts to synthesis multifunctional kaolinite/metals and
metals oxides composites that are able to degrade and adsorb the
organic pollutant simultaneously. For instance, crystal violet removal
was investigated using multifunctional kaolinite-supported nanoscale
zero-valent iron (K-nZVI) and iron-manganese oxide coated kaolinite
(IMK) (Chen et al., 2013; Khan et al., 2015). K-nZVI attained a removal
capacity of 181.81 mg/g at 45 °C, whereby IMK attained a removal
capacity of 20.643 mg/g at 40 °C, which is mainly attributed to the
combined catalytic reduction and adsorption behavior of K-NZVL
Table 3 summarizes the adsorption performance of kaolinite /metals
and metal oxides composites towards organic water pollutants.

It is worth noting that most work has been done on clay minerals/
metal oxide composites rather than clay minerals/metals. In our
opinion, it is because of metal oxides strong magnetic property
compared to metals, which facilitates the composite separation from
aqueous solution through an external magnet. In addition, in many
cases, the adsorption capacity tends to increase with the increase in the
specific surface area (Zeng et al., 2009). As shown in Tables 2-3 Clay
minerals/metals oxide have a larger specific surface area compared to
clay minerals/metals. For instance, the specific surface area of 7%
Fe3O4/kaolinite is greater than the specific surface area of kaolinite-
supported nanoscale zero-valent iron (Table 3). Similarly, the specific
surface area for iron oxide/montmorillonite is greater than the specific
surface area of iron modified montmorillonite (Table 2). This indicates
that clay minerals/metals oxide might have a better adsorption capacity
compared to clay minerals/metals.

3.2. Clay/minerals-carbohydrate composites

Carbohydrates polymers, such as chitosan and alginate are natural
occurring materials that exist in different cell structures (Ansari et al.,
2020). Chitosan is a type of polysaccharide, bioactive polymer that ex-
ists in living organisms. It is rich with amino groups as it consists of
glucosamine and acetyl glucosamine units (Acosta-Ferreira et al., 2020).
It is widely available in marine organisms such as shrimp, algal cell
membrane and mollusks skeletons. Chitosan is a special type of poly-
meric material owing to its environmentally friendly nature, biode-
gradability, biocompatibility, availability in nature, anti-bacteria
activity, and cost-effectiveness (Morais da Silva et al., 2020; Sadiq et al.,
2020). Subsequently, chitosan is utilized extensively as an adsorbent in
wastewater treatment. In particular, the existence of free amino and
hydroxyl active groups enhances the chitosan adsorption character.
However, chitosan has a relatively low specific surface area, low me-
chanical strength and tends to dissolve or form a gel in slightly acidic
media, which limits its application as an adsorbent in wastewater
treatment (Morais da Silva et al., 2020; Marrakchi et al., 2020). In order
to enhance chitosan physicochemical properties and stability, chitosan
is combined with other adsorptive materials such as clay minerals
(Upadhyay et al., 2021). To the best of the author’s knowledge, the
literature research has showed that bentonite and montmorillonite are
the most used clay minerals with chitosan and no research was done on
kaolinite/chitosan composites.

3.2.1. Bentonite/carbohydrate composites

Extensive number of studies involved the synthesis of bentonite/
chitosan composite for organic water pollutants removal including g
dyes, antibiotics, and real industrial wastewater. The studies showed
that bentonite/chitosan composite has a high adsorption capacity. The
removal of Amino Black 10B dye using cross-linked chitosan/bentonite
(Liu et al., 2015b), Zr(IV) surface-immobilized cross-linked chitosan/
bentonite (Zhang et al., 2016a), crosslinked quaternized chitosan/
bentonite composite (Zhang et al., 2016a) and quaternized chitosan
coated bentonite (Chen et al., 2016) has been studied. Among the
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indicated composites, crosslinked quaternized chitosan/bentonite
composite attained the highest adsorption capacity of Amino Black 10B.
This is due to the use of highly positive quaternized chitosan, which is
one of the chitosan derivatives. In addition, the slight difference in the
adsorption capacities of quaternized chitosan coated bentonite (925.9
mg/g) and crosslinked quaternized chitosan/bentonite composite
(1041.6 mg/g) at 45 °C could be attributed to the variation in prepa-
ration conditions and type of chemical used.

The composite specific surface area and pore volume may not play a
critical role in determining the decrease or increase in the adsorption
capacity of the composite compared to its individual components. This is
attributed to the fact that carbohydrates polymers tend to block the
porosity of bentonite, which causes a reduction in specific surface area
and pore volume, yet the adsorption capacity of the composite is
enhanced significantly. For instance, Oussalah et al. (2018) fabricated
alginate/natural bentonite (A/B) composite for methylene blue
removal. The study revealed that A/B composite attained an adsorption
capacity of 1168.44 mg/g, which is greater than the adsorption capacity
attained by bentonite clay (385.25 mg/g).

The mechanical strength is expected to enhance for bentonite/chi-
tosan composite relative to bentonite and chitosan. Dotto et al. (2016)
reported that chitosan/bentonite composite attained a higher mechan-
ical strength compared to pure chitosan. In another study, cross-linked
chitosan coated bentonite (CCB) was found to have high thermal sta-
bility compared to native bentonite and chitosan. In addition, CCB
exhibited porous and irregular surface, whereas, chitosan seemed
fibrous, regular and loose (Vithalkar and Jugade, 2020).

Huang et al. (2016) investigated the removal of congo red dye using
crosslinked chitosan immobilized bentonite (CCS/BT). The composite
showed an adsorption capacity of 500 mg/g compared to raw chitosan
(CCS) that attained an adsorption capacity of 404.9 mg/g. Moreover, the
effect of pH on the adsorption performance was investigated. The results
showed the adsorption capacity of both adsorbents decreases as the
congo red solution pH increases. This could be attributed to the nega-
tively charged CCS/BT surface above the point of zero charge (pHpzc)
and the existence of congo red dye anions in alkaline medium, which
increases the electrostatic repulsion as well as the competitive adsorp-
tion of abundant OH™ ions. Similar findings were reported by Abukha-
dra et al. (2019a) where the adsorption of congo red dye using
bentonite/chitosan@cobalt oxide composite decreased as the pH
increased. The mentioned composite was used to remove congo red in
distilled, tap, ground and sewage water with an initial concentration of
100 mg/L. The composite attained a removal of around 98%, 97%, 91%
and 87%, respectively. In another work, chitosan immobilized bentonite
was able to reduce COD concentration of wastewater from 10,179 mg/L
to 1730 mg/L (Abukhadra et al., 2019a). This confirms that the com-
posite can be utilized in real industrial wastewater treatment.

The water matrices influence the adsorption process significantly,
which is essentially due to the presence of other water pollutants that
compete to be adsorbed. In all reported studies the adsorption of specific
pollutant onto chitosan/bentonite composites is higher in distilled water
> tap water > groundwater > industrial wastewater > sea water
(Abukhadra et al., 2019a; Mahmoud et al., 2020). It is worth noting that
the reactivity of the interfering ions contributes to the adsorption pro-
cess. For instance, Na* and K react with the carboxylic groups that exist
in organic pollutants to form their sodium or potassium salts rather than
interacting with the composite. Other ions such as Mg and Ca?" may
reduce the adsorption of some organic pollutants by binding with the
composite active surface functional groups (Mahmoud et al., 2020).

It is crucial to mention that the optimum dosage is influenced by the
type of the organic pollutant rather than the physicochemical properties
of the composite only. For instance, the optimum dosage required for
removal of levofloxacin and ceftriaxone using nanotitanium oxide/
chitosan/nano-bentonite were about 1.5 g/L and 10 g/L, respectively
(Mahmoud et al., 2020). This indicates that the properties and the
structure of the organic pollutant influence its uptake by an adsorbent.
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From our point of view, the chemical structure of Ceftriaxone compared
to levofloxacin is very complex, thereby it required a higher amount of
dosage.

It is important to carry out a column study to evaluate the adsorbent
performance in treating a large volume of wastewater. Vithalkar and
Jugade (2020) studied the performance of cross-linked chitosan-coated
bentonite towards crystal violet removal. The study was carried out in
two glass columns with a length of 20 cm and an internal diameter of 1.0
cm. The column was filled with 500 mg of the composite up to a height
of 4 cm to treat 10 mg/L and 20 mg/L of crystal violet solution. The
results suggested that around 2080 ml and 1070 ml of water can be
treated for inlet crystal violet solution concentration of 10 mg/L and 20
mg/L, respectively. Table 4 summarizes the adsorption performance of
bentonite /chitosan composites towards organic water pollutants.

3.2.2. Montmorillonite/carbohydrate composites

Montmorillonite/carbohydrate composites were fabricated and used
to remove organic dyes in several studies (Kittinaovarat et al., 2010; Wei
et al., 2019; El-Kousy et al., 2020; Mahmoud et al., 2020). The studies
show montmorillonite/chitosan composite shows a lamellar structure
with strong flocculation and a rough surface. While raw montmorillonite
exists in form of flakes or agglomerated flacks of various sizes. In
addition, the composite exhibits higher thermal stability compared to
the composite individual components. Also, the composite exhibited
enhanced stability in an acidic medium with insignificant mass loss (El-
Kousy et al., 2020). The adsorption capacity of montmorillonite/chito-
san composite towards organic dyes was enhanced compared to raw
chitosan. For instance, Kittinaovarat et al. (2010) reported that mont-
morillonite/chitosan composite attained an adsorption capacity towards
reactive red 120 of 5.60 mg/g, whereas raw chitosan attained 4.43 mg/
g. Also, El-Kousy et al. (2020) reported that montmorillonite/chitosan
composite attained adsorption capacity towards methylene blue of
167.5 mg/g in 8 min, which is higher than the adsorption capacity of
chitosan flakes (143.53 mg/g) that was obtained in 120 min.

Carboxymethyl chitosan (CMC) was linked to montmorillonite to
remove Congo red (Zhang et al., 2020b), tetracycline and chlortetra-
cycline (Li et al., 2019) from aqueous solution. CMC is one of chitosan
derivatives that has better solubility, anti-bacteria activity, adsorption
capability compared to raw chitosan (Musarurwa and Tavengwa, 2020).
It is produced by carboxylation reaction to yield CMC with OH™,NH,
and carboxyl (-COOH) functional groups, which enhances their
adsorption affinity (Shariatinia, 2018). In a recent study, Li et al. (2019)
reported that carboxymethyl chitosan/montmorillonite (CMC-MT)
attained an adsorption capacity of 48.10 mg/g in 2 h towards tetracy-
cline. Whereas chitosan/montmorillonite (CHI-MT) and montmoril-
lonite attained a tetracycline adsorption capacity of 42.45 mg/g in 4 h,
and 39.31 mg/g in 24 h, respectively. This confirms that CMC can
achieve high mass removal percentage compared to raw chitosan in a
shorter time.

The removal of organic hydrocarbons using montmorillonite/poly-
mer composites was also investigated. Dai et al. (2020) studied the
removing of polycyclic aromatic hydrocarbons (PAHs) including ace-
naphthene, fluorene and phenanthrene from aqueous solution using
montmorillonite sodium alginate (MSA) composite. The composite
attained adsorption capacity of 1.2 mg/g, 0.9 mg/g and 2.50 mg/g to-
wards acenaphthene, fluorene and phenanthrene, respectively. The
adsorption capacity could be attributed to the porous 3D internal
structure that MSA composite possesses as revealed by the SEM images
and the availability of surface functional group for adsorption.

The swelling behavior of adsorbents in aqueous solution depends on
the characteristics of aqueous soliton (e.g. pH, charge, ionic strength)
and the adsorbent nature (e.g. hydrophilic functional groups). Gener-
ally, the swelling characteristics of montmorillonite account for its high
uptake capacity towards organic pollutants as a result of the presence of
active adsorption sites in the interlayer region. When it comes to
montmorillonite/chitosan composites fabrication, it is important to
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optimize the quantity of montmorillonite integrated into chitosan
network as the swelling behavior of the composite is affected signifi-
cantly. In one of the adsorption studies, the highest adsorption capacity
and the highest swelling ability were achieved where the montmoril-
lonite content in the montmorillonite/chitosan composite is minimum
(Vanamudan et al., 2014). This is because montmorillonite acts as a
crosslinker, which causes the crosslinking density of the composite to
increase when it presents in higher amounts. Eventually, this leads to a
reduction in the polymer chain elasticity and restricts the penetration of
water molecules into the composite. It is worth noting that swelling
behavior is affected in presence of salts due to the ion effect on the
physiochemical properties of chitosan. In the same study, the swelling
was more after the addition of NaCl. Table 5 summarizes the adsorption
performance of montmorillonite/chitosan composites towards organic
water pollutants.

3.2.3. Kaolinite/carbohydrate composites

Few studies have been done on the utilization of kaolinite/carbo-
hydrates composites for organic water pollutants removal. Table 6
shows the adsorption performance of kaolinite/carbohydrate compos-
ites towards organic water pollutants.

Chitosan contains active adsorption sites including amino and hy-
droxyl group that is capable to remove organic water pollutants, espe-
cially dyes. However, the main limitation of using chitosan in water
pollutant removal is its high solubility in acidic environment (Jawad
et al., 2020). Some types of chitosan are readily soluble in a solution
with pH below 6.00 (Varum et al., 1994). The addition of kaolinite can
effectively enhance its physiochemical, structural and adsorptive prop-
erties enabling the composite to effectively adsorption pollutants in
extremely acidic medium. For instance, chitosan/kaolin/y-Fe;O3 com-
posite removal capability towards methyl orange reached about 85% at
pH 3.00 (Zhu et al., 2010).

Electrolytes have great influence on the adsorption process, espe-
cially dyes since they are mostly adsorbed by electrostatic interaction.
Zhu et al. (2010) reported that the adsorption of methyl orange onto
chitosan/kaolin/y-Fe303 composite reduced significantly by the addi-
tion of anions. The study revealed that the adsorption was reduced with
the addition of electrolyte of order: CI~ > NO3 > SO%’ > CO%’ > POj3 .
The maximum reduction was >46%, whereas the maximum reduction
was about >90%.

It is worth noting that the structural and physiochemical character-
istics of kaolinite/carbohydrate changes after adsorption. Originally the
composite shows a porous structure; however, after adsorption, the
surface becomes smoother and flaky with some porosity. Furthermore,
the elements weight percentages changes after adsorption in which new
elements that belongs to the water pollutant appears (Ahmad and
Ansari, 2021; Senol et al., 2022a). Fig. 1 shows the chitosan modified
hybrid Azadirachta indica leaves powder-Kaolinite composite structural
characteristics before and after adsorption.

3.3. Clay/minerals-polymer composites

Polymeric adsorbents are extensively utilized in wastewater treat-
ment as adsorbents due to their flexibility, high stability, and cost-
effectiveness (Md. Munjur et al., 2020). In addition, some polymeric
adsorbents have a relatively weak binding force with water pollutants,
which allow solute recovery through regeneration methods that depend
on the physiochemical properties of the adsorbate (Albatrni et al.,
2019). Several studies investigated the adsorptive performance and
physiochemical characteristics of clay minerals, mainly bentonite and
montmorillonite, embedded into polymeric materials including cellu-
lose (Shamsudin et al., 2019), extracellular (Ahmad and Mirza, 2018)
and synthetic polymers (Azha et al., 2017).

3.3.1. Bentonite/polymer composites
The key parameters that determine the adsorption performance of
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Table 4
Adsorption performance of bentonite/carbohydrate composites towards organic water pollutants.
Composite Pollutant Type of Specific Experiment conditions Adsorption Mechanism Surface Ref.
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) © concentration (min) C) 8/8 group
8 (mg/L)
25 434.8
Crosslinked chitosan/ . . (Yildirim and
polyacrylicacid/bentonite Malachitegreen Synthetic A 0.025 5.3 50-200 400 35 434.8 - - Bulut, 2020)
45 454.6
25 418.4 OH
35 584.8 Hydrogen bonding, NH
Zr([V)' surface»'lmmobmzed c.ross- Amido Synthetic - 0.03 natural 50-800 480 electrostatic CO:.N Ha (Zh‘ang etal,
linked chitosan/bentonite Black10B . . Amide 2016a)
45 588.2 interaction .
Si—O
Si-O-Si
20 246.3
i Liu et al.
Cross-linked chitosan/bentonite Am“i‘(’)BBlaCk Synthetic ) 0.05  Natural 100-400 250 30 304.0 - - ( 2‘31L5b‘) '
40 350.9
30 438.6
-1 ili - Zhang et al.
Zr(V) surface-immobilized cross Methyl orange ~ Synthetic - 0.03  Natural 100-500 300 40 438.6 - - (Zbang et al.,
linked chitosan/bentonite 2015)
50 425.5
25 500
Crosslinked chitosan immobilized . 35 578.0 (Huang et al.,
bentonite Congo red Synthetic - 0.04 Natural 100-800 360 45 641.0 - - 2016)
55 787.4
. . (Vithalkar
-link h
Cross-linked chitosan coated Crystal violet  Synthetic - 0.05 5 20-400 30 35 169.5 - - and Jugade,
bentonite
2020)
25 362.1
35 324.0
Amaranth Red 2 45 2893
. . . 55 271.0 (Dotto et al.,
Chitosan/bentonite Synthetic - 0.01 0-500 240 25 496.5 - - 2016)
35 496.4
Methylene Blue 10 45 4414
55 407.3
Nanotitaniumoxide/chitosan/nano- Levofloxacin . 0.03 4 90.9 (Mahmoud
bentonite Ceftriaxone Synthetic 16.385 0.2 5 5-100 10 B 90.9 - B et al., 2020)
d“;;‘iid +98.4% oH
NH
tap water *97.6%
Bentonite/chitosan@cobalt oxide Congo red round 100.5 0.02 4 100 720 Chemical bondin: CH (Abukhadra
& & : - - *91.3% 8 S$i—0 etal., 2019a)
water
Sewage A0
8 84.3% 0-Co
water
Dehghani
Bentonite—chitosan Humic acid Synthetic 80 0.07 4 10-70 115 25 91.4% - - C(T N ’gzt)'l"é)
Chitosan immobilized bentonite COD Industrial - 0.75 4.79 10,179 180 25 *83% - - (M’LZ)Z)[; g; al,
. . . 25 990.1 ‘
Quatermzesef;;";zn coated Amli‘(’)}‘; lack gy nthetic - 001  natural 100-300 300 35 1017.7 - - (Chz‘g 1?)“1"
45 1041.6
. . Methylene Blue ) 6.5 25-2000 1168.4 (Oussalah
Alginate/natural bentonite Congo red Synthetic 11.04 0.1 79 25800 2880 24 111.1 - - et al,, 2018)
2,4- . (Garmia et al.,
dichlorophenol Synthetic - 0.01 6.4 25-500 4680 24 392 - 2018)

(continued on next page)
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Table 4 (continued)

Ref.

Surface
functional

Mechanism

Adsorption

Experiment conditions

Specific
surface
area (m%/

Type of

Pollutant

Composite

water

capacity gmax
(mg/g)

Initial

concentration
(mg/L)

groups

Time
(min)

pH

Dosage

Temperature
()]

(€3]

)

Octadecyltrimethylammonium-

Bentonite/Alginate

beads
Hexadecyltrimethylammonium-

185

601.9

70

450

0-300

0.5

56.8

Crystal Synthetic

Bentonite —

Bentonite/Alginate

violet

alginate

beads
(Fabryanty et al., 2017)

OH
Al-OH
Si-OH
Si-O-Si

Electrostatic
interaction, chelation
via hydrogen bond, ion

(Ahmad and

7.6 5-50 300 20 167.9

0.01

Synthetic 5.533

Crystal violet

Guar gum/bentonite

Mirza, 2018)

exchange, surface

Si—0
NH

adsorption

12
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bentonite/polymer composites are the availability of surface functional
groups and the swelling capacity of the prepared composite. Herein, the
composite specific surface area and pore volume do not play a critical
role in determining the decrease or increase in the adsorption capacity of
the composite compared to its individual components. This is attributed
to the fact that polymers tend to block the porosity of bentonite, which
causes a reduction in specific surface area and pore volume, yet the
adsorption capacity of the composite is enhanced significantly. For
instance, Shamsudin et al. (2019) reported that bentonite-zeolite-acrylic
polymer-supported composite (Ben-Zeo-Acry) increased the rate of
adsorption of antiseptic dye compared to acrylic polymer supported
bentonite composite despite the decrease in specific surface area.

An investigation on eco-friendly polyvinyl alcohol/carboxymethyl
cellulose hydrogels reinforced with bentonite composite for methylene
blue adsorption has been conducted by (Dai et al., 2018). The prepared
composite showed high thermal stability and excellent removing capa-
bility of methylene blue (163.93 mg/g). The introduction of bentonite to
polyvinyl alcohol/carboxymethyl cellulose hydrogels caused the surface
to become relatively regular without obvious particle distribution. The
cross-linked structure and existence of hydrogen bonds within the
composite are responsible for the enhancement in thermal stability of
the composite compared to its individual components. Moreover, the
composite attained good swelling ability over pH ranged from 2 to 12.
The swelling ability of the said composite is a function of pH, which was
controlled by the degree of -COOH group dissociation. A similar study
confirmed that the degree of -COOH group dissociation and type of the
composite determines the swelling ability, which might vary signifi-
cantly over the entire pH values (Jana et al., 2019).

The solution ionic strength has a major effect on the adsorption ca-
pacity of bentonite/polymeric composites towards anionic and non-
ionic dyes. Similar to cases discussed for kalonite/metal oxides,
increasing the ionic strength (NaCl) enhanced the adsorption of anionic
and non-ionic dyes into positively charged bentonite/polymer compos-
ite (polyelectrolyte-poly Epicholorohydrin dimethyl Amine/Bentonite).
This can be attributed to the reduction in the repulsion forces between
the negatively charged functional group of dyes, which leads to the
dimerization of dyes in the aqueous solution. Also, it is possible that
increasing the ionic strength causes the compression of the diffuse
double layer on the composite, which facilitates electrostatic attraction
and leads to an increase in the adsorption capacity (Li et al., 2010; Peng
et al., 2006).

The swelling ability of the polymer is significantly affected by the
addition of bentonite and graphene oxide (GO). It is reported that the
addition of bentonite increased the swelling ability of the polymer due to
the hydrophilic groups available on bentonite. Also, upon the addition of
GO to bentonite/polymer composite increased the swelling ability
further due to the availability of hydrophilic surface functional groups
on GO and the formation of porous structure, which enhanced the
adsorption capacity further (Dai et al., 2018).

Within natural polymeric materials, lignin is three-dimensional, low
cost, ecofriendly, and able to have x- n interaction (Laurichesse and
Avérous, 2014; Ge et al., 2017). A recent study conducted by Kong et al.
(2019) reported that Lignin xanthate resin-bentonite clay composite
attained a removal capability of doxycycline hydrochloride antibiotic
3.6 times larger than bentonite. Table 7 illustrates the adsorption per-
formance of bentonite/polymer composites for organic water pollutants.

3.3.2. Montmorillonite/polymer composites

Extensive work has been done on montmorillonite/polymer com-
posites for organic water pollutants removal including oil, dyes, and
antibiotics. Table 8 shows the adsorption performance of montmoril-
lonite/ polymer composites towards organic water pollutants. Several
authors utilized montmorillonite/polymer composites for methylene
blue adsorption (Mahdavinia et al., 2014; Bermtdez et al., 2018; Tong
et al., 2018; Preetha and Vishalakshi, 2020; Wang et al., 2020c). Among
these studies, montmorillonite supported poly(acrylamide-co-acrylic
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Table 5
Adsorption performance of montmorillonite/carbohydrate composites towards organic water pollutants.
Composite Pollutant Type of Specific Experiment conditions Adsorption Mechanism Surface Ref.
t f i functional
water ar::i;(;e/ ) Dosage pH Initial Time Temperature cap(a[::lltir C)lmax unr(;lllor;a
8 (€3] concentration (min) Q) 8/8 group
(mg/L)
Hydrogen bonding, ligand OH
Chitosan/montmorillonite Reactive red 136 Synthetic - 0.02 3 50-400 180 20 474.8 exchange, V a.n de wa'als, NH (Li et al., 2019)
electrostatic interaction, Si—0
hydrophobic interaction -CONH,
Carboxymethyl-chitosan Tetracycline *95.2%
refo@ed ‘ Chlortetracycline Synthetic 119.53 0.0008 3 5-400 120 25 06.4% - - (Li et al., 2019)
montmorillonite
Chitosan-g-(N-vinyl
ane e
pyrrolidone)/ Rhoamine 6G Synthetic - 009 10 20-200 Room 36.7 - - (Vanamudan
. . temperature et al., 2014)
montmorillonite
Chitosan/modified Reactive Red 120 Synthetic - 0.05 5 60-140 480 30 5.6 - - (Kittinaovarat
montmorillonite beads et al., 2010)
hi
Chitosan/ 0.025 167.5 . OH
0.05montmorillonite Cation exchange,
Chitosan/ electrostatic interaction, -1 -NH, (El-Kousy et al
. Methylene blue Synthetic - 8 75-400 8 25 163.9 . R ’ C-0-C S v
0.07montmorillonite interaction between 2020)
Chitosan/0.1 0.05 adsorbed dye molecules N-c=0
e 159.6 4 5i-0-Si
montmorillonite
Carboxymethyl chitosan . (Zhang et al.,
hybrid montmorillonite Congo red Synthetic - 0.1 7 100-500 120 25 81.8 - - 2020b)
Acenaphthene 1.2 Si-O
Organic Montmorlllonlte Fuorene Synthetic 24 02 5.6 10 1500 25 0.9 hydrophobic interaction, OH (D:Ln etal.,
Sodium Alginate wan der waals forces. -CHy- 2020)
Phenanthrene 2.5 NH
illoni i i Barreca et al.
Montmorillonite/alginate Poly({hlonnated Synthetic B 25 55 0.002-0.015 360 25 0.3325 B B ( 'm' eca et al.,
gel Biphenyl 2014)
OH
i Tong et al.
Porous cellulose d?rlvefi Methylene blue Synthetic 41.8 0.05 8 60-160 60 Room 138.1 Electrostatic interaction ,CO ( O,n" et 2t
carbon/montmorillonite temperature Si—O 2018)
Si-O-Al
Reactive red 2 16.87 0.1 3 40-150 60 39.330 L . OH
Zr(IV) encapsulated Electrostatic interaction, L
carboxymethyl cellulose- Synthetic 50 surface complexation Metal atom (Sirajudheen
ymethy. ce’ Acid orange 7 4 30.320 plexation, centers et al., 2020)
montmorillonite hydrogen bonding )
ang and
Carboxymethyl cellulose/ Congo Red Synthetic - 0.1 26 800 - 60 171.37 - - (Wang anc
organic montmorillonite Wang, 2013)
. . . -NH .
Ch1tosan-monm'.u?rlllomte/ Methylene blue Synthetic B 0.05 _ 0-100 60 25 111 Hydr.ogen b(.md, - OH (lems{y et al.,
polyaniline interaction c=c 2021b)

™ 32 M7 °d

989901 (220Z) 62¢ 2ua1s Av]D panddy



D. Ewis et al.

Table 6

Adsorption performance of kaolinite/carbohydrate composites towards organic water pollutants.

Ref.

Mechanism Surface
functional

Adsorption
€apacity qmax

Experiment conditions

Specific
surface area

Type of

Pollutant

Composite

water

Temperature
[§9)

Initial
concentration

Dosage
@

groups

(mg/g)

Time
(min)

pH

(m?%/g)

(mg/L)

-OH
NH2
C—N

Si-OH
Al(OH)3

(Senol et al.,
2022b)

electrostatic
interaction, surface

complexation

35.7

25

1440

10-1000

7.5

0.05

Synthetic

Auramine O

Tripolyphosphate-crosslinked

chitosan-kaolin

Si-O-Si

(Ahmad and

Sio

electrostatic
interaction, hydrogen

104.6

240

6

0.015

Congo red

Chitosan modified hybrid

Ansari,

-NH2
-OH

2021)

bond,

99.01

30

180

20-100

Synthetic

Methylene

Azadirachta indica leaves
powder-Kaolinite

blue

~
o))
S
N
N
&
Z.
&
oo}
588
UU
o §
Eo %
2 g
gog
R = =]
S g %
9 5 O
< =
©
BN
<
o
<
[o))

2.5 180 room
temperature

5

15g/L

synthetic

Methylene
blue

Alginate-kaolin-graphene

(Zhu et al.,
2010)

electrostatic attraction

71%

180 37

20

0.05

synthetic

Methyl
orange

Chitosan/kaolin/y-Fe;03

14
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acid) hydrogel attained the maximum adsorption capacity of 717.5 mg/
g within 20 min using only 0.1 g of adsorbent (Wang et al., 2020c). In
addition, the prepared composite possessed a reticular macroporous
structure, which enables methylene blue molecules to enter and interact
with the active sites available for adsorption. Hence, this structure
would also decrease the adsorption equilibrium time due to its open-
accessed structure and the availability of a wide number of active
sites. Interestingly, the temperature does not influence the methylene
blue removal using the said adsorbent. This is attributed to the 3D
network structure the composite possesses, which provides easy access
for methylene blue without the need to increase methylene blue diffu-
sion rate by increasing the operating temperature. Another study con-
firms that the porous structure of cellulose-derived carbon/
montmorillonite (CMt) was responsible for rapid and high methylene
blue adsorption even at higher initial methylene blue concentration (e.g
140 ppm) (Tong et al., 2018). The composite attained a specific surface
area of 41.8 mz/g, meanwhile, acid-activated montmorillonite attained
39.5 m?/g. The pore size of the composite was also higher than acid-
activated montmorillonite. The increase in pore size could be attrib-
uted to the introduction of carbonaceous materials into the interlayer
region, destroying some main basal spacing of montmorillonite and
causing the formation of new mesopores on the composite. These factors
resulted in increase in the adsorption capacity of CMt composite to be
138.1 mg/g compared to an adsorption capacity of 116 mg/g using acid-
activated montmorillonite. The mentioned studies proved the high
removal capabilities of various montmorillonite/polymer composites,
which can be achieved in a short time. However, not all montmoril-
lonite/polymer composites can achieve high removal capability in a
short time. A study showed that sodium montmorillonite/ureasil-poly
(oxyethylene) (CPN) nanocomposite reached equilibrium time in 58 h
with a 69% methylene blue removal (Bermitidez et al., 2018). This is due
to the electrostatic repulsion between methylene blue and CPN surface.
However, the composite exhibits a high macroscopic swelling capacity
(44%).

The Incorporation of montmorillonite into carboxylic containing
polymeric composite may increase the swelling ratio due to the exis-
tence of -OH groups that react with -OH and -COOH groups exist on the
polymeric chain. Consequently, the degree of the physical crosslinking
in the polymeric chain is reduced leading to relaxation of polymeric
network and enhance the water absorbency. Furthermore, the swelling
behavior of montmorillonite/polymeric composite is affected by the pH.
For montmorillonite/carboxylic containing polymeric composite, under
basic conditions, the attraction of the surface functional groups (car-
boxylic and quaternary ammonium groups) to each other results in a
shrinkage of the polymeric network, hence lower swelling ratio is
observed. On the other hand, at neutral pH conditions, the electrostatic
repulsion of carboxylic groups leads to the expansion of polymeric
network leading to higher swelling (Preetha and Vishalakshi, 2020). The
diffusion models showed that the highest swelling rate was observed at
the neutral pH.

The removal of organic hydrocarbons using montmorillonite/poly-
mer composites were investigated. For instance, the adsorption of motor
oil and dodecane oil using montmorillonite/polyvinyl alcohol/sodium
dodecyl sulfate aerogel were studied (Rotaru et al., 2014). The results
reveal that the composite attained high removing capability of motor oil
(25.84 mg/g) and dodecane oil (23.6 mg/g). The high adsorption ca-
pacity is mainly attributed to the mesopores and macropores domain as
confirmed in the above-mentioned studies.

Microwave technology has attracted a great deal of interest in
composites fabrication due to uniform energy distribution and lower
synthesis time compared to conventional synthesis techniques. Recently,
karaya gum-based montmorillonite nanocomposite was developed using
microwave-assisted synthesis technique (Preetha and Vishalakshi, 2020;
Ewis and Hameed, 2021). The synthesis process involved precursors
stirring for 2 h followed by exposing the solution to microwave irradi-
ation for only 2 min at 100 W power. The composite attained adsorption
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Fig. 1. SEM images of chitosan modified hybrid Azadirachta indica leaves powder-Kaolinite nanocomposite: (a) before adsorption; (b) after adsorption of congo red;
(c) after adsorption of methylene blue dye and EDX spectra: (d) before adsorption; (e) after adsorption of congo red; (f) after adsorption of methylene blue dye
adapted with permission from (Ahmad and Ansari, 2021). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)

capacity of 155.85 mg/g, 149.64 mg/g, 137.77 mg/g and 128.78 mg/g caused the formation of cracks and lamellae structure indicating the

for methylene blue, toluidine blue, crystal violet and azure B, respec- partial exfoliation of bentonite layers during the fabrication process. A
tively. This indicates that using microwave technology in clay minerals/ similar study showed the formation of lamellae during bentonite/bio-
polymer composites synthesis reduces the fabrication cost and enriches char (MSW-BC/bentonite) composite fabrication from ciprofloxacin
the composites with good adsorption capacity. removal, but no cracks were observed (Ashiq et al., 2019). The results

showed that MSW-BC/bentonite composite attained an adsorption ca-

pacity of 286.604 mg/, while MSW-BC attained 167.610 mg/g.
3.4. Clay/minerals-carbonaceous composites The addition of carbon material to bentonite affects bentonite’s
interlayer spacing. For instance, after the addition of 1 wt% GO to
bentonite, the interlayer spacing was improved from 1.26 nm to 1.46
tubes, graphene etc... have outstanding characteristics including high nm. Furthermore, upon the addition of 2 wt% of GO to bentonite, the
specific surface area, high mechanical and thermal stability, controllable interlayer spacing attained a value of 1.50 nm. These results indicate an
morphology, abundance, and high adsorption capacity (Duan et al., exfoliated structure (intercalation of GO within bentonite layers) (Xu
2020; Gusain et al., 2020). Consequently, they are utilized extensively in et al., 2019). It is worth noting that 2 wt% GO/bentonite composite
wastewater treatment. Even though carbonaceous adsorbents have  ,tained higher surface area, interlayer spacing compared to 1wt%GO/
relatively high adsorption capacities, combing clay minerals with bentonite, which is believed to be responsible for its enhanced adsorp-
carbonaceous materials could enhance the overall composite adsorption tion capacity. However, in some cases, the interlayer space may decrease
performance towards some types of organic water pollutants as well as  0n the addition of carbon material to bentonite. Such reduction could
their adsorption behavior after several regeneration cycles. Over the last be due to the changes to the internal structure of bentonite. Despite that,

decadei the focus was on combing .carbonaceous materials Wit_h the adsorption capacity of the composite is higher compared to raw
bentonite and montmorillonite for organic water pollutants. Hence, this bentonite (Ashiq et al., 2019).

section discusses their adsorption behavior as well as the composites

Carbon-based adsorbents such as activated carbon, carbon nano-

The performance of adsorbents in real industrial wastewater is
physicochemical properties. important to investigate due to the coexistence of multiple pollutants in
a relatively high concentration. A very efficient bentonite/carbon
3.4.1. Bentonite/carbonaceous composites composite was developed to treat alkaline wastewater from oil refineries
Few systematic studies have focused on the development of with chemical oxygen demand (COD) concentration of 79,834 mg/L
bentonite/carbonaceous composites for organic water pollutants (Liang et al., 2017). The composite was able to reduce the COD by 93%
removal. The introduction of carbonaceous material to bentonite could reaching a concentration of 5588 mg/L in 2 h in presence of sonication.
enhance its specific surface area, porosity, electrical conductivity and The composite had a slightly rough surface with a curly layered struc-
consequently enhance its adsorption capacity. Xu et al. (2019) fabri- ture. Table 9 summarizes the adsorption performance of bentonite/
cated graphene oxide/bentonite (BG) composite for toluidine blue carbonaceous composites towards organic water pollutants.
removal. Increasing graphene oxide content enhances the specific sur-
face area as well as the adsorption capacity; the study showed that

3.4.2. Montmorillonite/carbonaceous composites
increasing graphene oxide content from 1 wt% to 2 wt% increases the

- 5 5 Extensive work has been carried out regarding the fabrication of
specific surface area from 56.8 m“/g to 63.4 m“/g. Consequently, the graphene oxide/montmorillonite composite for organic water pollutants

adsorption capacity of the composite increases from 458.7 mg/g to removal. An extraordinary removal capability of malachite green (1721
471.7 mg/g. Moreover, the addition of graphene oxide to bentonite

15
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Table 7
Adsorption performance of bentonite/polymer composites towards organic water pollutants.
Composite Pollutant Type of Specific Experiment conditions Adsorption Mechanism Surface Ref.
f: i fi ional
water sur(;lcze/ a)r e Dosage pH Initial Time Temperature Cap(a[fllti/ %max unrc;llm;a
g (€3] concentration (min) Q) &8 group
(mg/L)
Disperse Blue
SBL 8.3 5-100 9.9
Cationic polyelectrolyte-poly Vat Scarlet R 8.5 25-330 20.0
Epicholorohydrin dimethyl Reactive Violet Synthetic - 0.2 81 B 120 25 43.6 - - (Li et al., 2010)
Amine/bentonite K-3R ’ ’
Acid Dark Blue
26 7.9 - 35.1
Acryli 1 Isi Azha et al.
Crylic polymer emusion Brilliant Green  Synthetic - 004 35 50-250 300 30 526 - - (Azha etal,
supported bentonite clay 2017)
Poly-epichlorohydrin- Acid Scarlet GR 7.5 63
dimethylamine,/bentonite Acid Dzaék Blue Synthetic - 0.1 79 70 120 30 43.8 - - (Li et al., 2011)
Polyvinyl alcohol/carboxymethyl
cellulose hydrogels Methylene blue  Synthetic 0.03 8 50-250 140 30 172.1 (Dai et al,
reinforced with graphene oxide Y 4 - ’ B ’ - a 2018)
and bentonite
Hydrogel based on katira gum-cl- Methylene blue 8 165.3
poly(acrylic acid-co-N, N- Crystal violet 7.5 158.7 Electrostatic -COO™ (Jana et al
dimethylacrylamide) Synthetic - 0.11 20-80 80 50 interaction, -NH ( 2;) 1 9)( v
incorporated bentonite (BT) nano Auramine-O 10 152.7 hydrogen bonding Amine
clay
Bentonite/Co-Poly 2- i
hydroxyethyl methacrylate- 5-fluorouracil Synthetic - 0.02 8 100-700 1440 50 369 - - C(téﬁuk; [;d;]it )
methyl methacrylate o
. . (Anirudhan
Polymethacrylic acid g.r afted Methylene blue Synthetic - 1.0 6.5 0-400 240 30 371.7 - - and Tharun,
cellulose-bentonite
2012)
OH
Si-O-Si
Doxycycline Chemical bond, x-x Me-OH (Kong et al
Lignin xanthateresin-bentonite yeyeln Synthetic - 0.1 6 0-1000 60 25 438.8 interaction, Si-0-Al g et ab,
hydrochloride . 2019)
hydrogen bond Si-O-Mg
c—0
C=S
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Table 8
Adsorption performance of montmorillonite/polymer composites towards organic water pollutants.
Composite Pollutant Type of Specific Experiment conditions Adsorption Mechanism Surface Ref.
water surface . X capacity qmax functional
area (m2/ Dosage pH Initial Time Temperature (mg/g) groups
) (€3] concentration (min) Q)
(mg/L)

Bacteria immobilized on (Zvulunov et al
montmorillonite/ Formaldehyde Synthetic 0.085 8.7 90-1100 60 25 62 - - v 210 ‘1;) o
polyethyleneimine

. Al-O
Electrostatic .
Polymeric Fe/Zr pillared Cupper/ interaction, inner- Si—0
Y . P . Ethylenediaminetetraacetic Synthetic 145 0.05 6 10-100 60 25 16.7 ’ Metal atom (Wu et al., 2011)
montmorillonite . sphere
acid complex X centers (Fe,
complexation P
')
Kappacarrageenan/ ..
Mahda aetal.,
sodium Methylene blue Synthetic - 0.05 - 10-700 1440 - 344 - - (Ma ‘d;z']"g eta
montmorillonite
Montmorillonite
nanosheet/poly Ton exchange. -COOH
(acrylamide-co-acrylic Methylene blue Synthetic - 1g/L 6.83 50-450 1400 30 407.07 R 8 N (Wang et al., 2022)
. X . chemical bonding -OH
acid)/sodium alginate
hydrogel beads
n-m interaction C=0
Montmorillonite between adsorbed C—N
supportedpoly . B dye molecules, c—S (Wang et al.,
(acrylamide-co-acrylic Methylene blue Synthetic 0.1 8 200 20 30 717:5 electrostatic c—=C 2020¢)
acid) hydroge interaction, C=S"
hydrogen bond =N"(CHz3),
=N-H
Polyaspar}ate{ Methyl blue Synthetic 10.79 0.006 25 B 120 25 %0 Ellectrost.atlc Cic (E]shc‘rbmy et al.,
montmorillonite interaction C=N 2017)
S=0
Methylene blue 155.9
Karaya gum based Toluidine blue . 149.6 (Preetha and
montmorilloni Crystal violet Synthetic B 0.05 nature 10-100 550 28 137.8 B - Vishalakshi, 2020)
Azure B 128.8
Montmorilonite/ Dodecane oil 15 23.6 (g/8)
polyvinyl alcohol/ . Liquid Lo (Rotaru et al.,
sodium dodecyl sulfate Motor oil Pure ol 88.98 01 pH Pure liquid 1440 2 (25/8) - - 2014)
aerogel 8’8
electrostatic OH
Carboxymethyl cellulose- interaction, Coo- (Peighambardoust
gpolyacrylamide/ Malachite green Synthetic - 0.05 7 30-300 120 25 172.4 hydrogen bond, n-n Si-0-Si j -1(1 22) 20) )
montmorillonite interaction and n-n . o
Si-0-Al
bond.
Sodium montmorillonite/ (Bermdidez et al
ureasil-poly Methylene blue Synthetic - 0.01 - 4-10 2160 25 39.6 - - o

(oxyethylene)

2018)
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Table 9
Adsorption performance of bentonite/carbonaceous composites towards organic water pollutants.
Composite Pollutant Type of Specific Experiment conditions Adsorption Mechanism Surface Ref.
f: i fi ional
water sur(;lcze/ a)r e Dosage pH Initial Time Temperature cap(ancllti/ q)mx unrcotlllor;a
8 (® concentration (min) (O] &8 grotp
(mg/L)
Polyvinyl alcohol/carboxyl .
methyl hydrogels Methylene (Dai
. : Synthetic - 0.03 8 50-250 140 30 172.1 - - etal.,
reinforced with graphene blue
. . 2018)
oxide and bentonite
OH
. . Toluidine . Electrostatic interaction, Si-OH (Xu et al.,
Graphene oxide/bentonite blue Synthetic 63.4 0.05 8 200-800 1440 25 471.7 intermolecular interaction, Si-0-Si 2019)
Si-O-Al
NH
NH3 (Ashiq
Biochar-bentonite Ciprofloxacin Synthetic - 1g/L 7-8 10-250 720 25 190 Electrostatic interaction, COO0 etal.,
Si—O 2019)
Al-OH
cop Alkaline - 13.4 79,834 120 25 *92% (Liang
. water
Bentonite/carbon Methylene 23.3 - - etal,
blze Synthetic 0.01 Natural 20-300 65 25 270.1 2017)
Magnetic bentonite
supported reduced 145.3 81.65 Hydrophobic interaction, O-H (Ewis
graphene Diesel Synthetic 0.1 6.5 10-150 210 25 electrostatic interaction, Si-0-Si etal,
Magnetic bentonite chemical bonding, ©-n Al-O-Si 2022b)
supported multiwall 156.3 77.12 interaction Fe-O

carbon nanotubes
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Table 10
Adsorption performance of montmorillonite/carbonaceous composites towards organic water pollutants.
Composite Pollutant Type of Specific Experiment conditions Adsorption Mechanism Surface Ref.
water sur(f:rxlcze;;)r ea Dosage pH Initial Time Temperature cap?;lgtig(;max fu;:(::]l:al
(€] concentration (min) Q)
(mg/L)
Graphene oxide — P- Synthetic - 0.1 6 0-150 60 55 60.28 - - (Zhang et al.,
montmorillonite Nitrophenol 2019)
Montmorillonite/carbon 17p-Estradiol Synthetic 50.58 0.005 7 0.2-6 1440 25 81.74 Lewis acid-base interaction, OH (Liu et al.,
hydrogen bond, r-n interaction, Si-O-Si 2019b)
electrostatic interaction, van der Si—O
waals interaction, hydrophobic Cc=C
interaction
Graphene oxide/sodium Malachite Synthetic 230 0.004 - 15-300 20 30 1721 Electrostatic interaction, cation COOH (Arabkhani
montmorillonite Green exchange, hydrogen bonding, n-n OH et al., 2020)
interaction and n-t bond Cc=0
Cc=C
C-OH
Graphene oxide- Methylene Synthetic 266.3 0.1 5.99 30-200 60 30 150.7 Chemical bond, electrostatic C=C (E et al,,
montmorillonite/ Blue interaction, hydrogen bond, n-n OH 2020)
sodium alginate interaction Al-OH
aerogel Si-O-Si
COO™
Montmorillonite/ Rhodamine B Synthetic 171 0.3 7 0-1000 90 30 178.6 Hydrophobic interaction, n-n OH (Neelaveni
graphene oxide (in presence interaction, electrostatic interaction Si—O0 et al,, 2019)
of Nit?) c=0
COO™
-CH=
Montmorillonite/ Methyl Violet Synthetic 194.94 0.1 8 10-300 60 25 97.3 Electrostatic interaction, 1-n OH (Foroutan
graphene oxide/ interaction COO et al., 2020)
CoFey04 C—0
NH
Si—O
Al—O
Cc=C
C=0
Montmorillonite/ Methylene Synthetic 74.61 0.1 - 750 5 Room 94.3%* - - (Yang et al.,
graphene oxide Blue temperature 2019b)
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Table 11

Adsorption performance of kaolinite/carbonaceous composites towards organic water pollutants.

Ref.

Surface
functional

Mechanism

Adsorption
capacity qmax
(mg/g)

Experiment conditions

Specific
surface area

Type of

Pollutant

Composite

water

Initial
concentration

groups

Temperature
[§9)

Time
(min)

pH

Dosage
®

(m%/g)

(mg/L)

I}
S
=)

35.46

30

2750

1-15

6.95

Synthetic

Methylene blue

Kaolinite/carbon

(Carica papaya

seeds)
Kaolinite/carbon

(Olu-Owolabi

etal.,

Si-O
Al-OH
-NH

Electrostatic interaction,

60 20 14.1

30-150

0.1

Synthetic 10.9

2,4,6-
Trichlorophenol

2017)

n-n interaction, Van-der

(Carica papaya

Waals forces

seeds)
Kaolinite/carbon

CN
Si-0-Si

6.3

10

2,4,6-
Trichlorophenol

Synthetic

(Pine cone)
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mg/g) using graphene oxide/sodium montmorillonite composite was
achieved in 20 min (E et al., 2020), which is more than triple the
adsorption capacities of montmorillonite clay and reduced graphene
oxide (Liu et al., 2015a; Fil, 2016). The high composite specific surface
area, as well as the availability of active sites available for adsorption are
responsible for the increase in the adsorption capacity. Another study
reported that montmorillonite/graphene oxide attained an adsorption
capacity of 641.1 mg/g within only 5 min towards methylene blue (Yang
et al., 2019b). The enhancement in specific surface and the availability
of active sites could be also responsible for such high adsorption. More
importantly, graphene oxide in the composite played a secondary role in
the adsorption process and montmorillonite contributed to the rate of
adsorption by >80%.

The adsorption performance of graphene oxide/montmorillonite
composite in a binary system that consists of p-nitrophenol (PNP) and
lead ions (Pb?") was assessed in a recent work (Yang et al., 2019b). The
study showed that in single adsorption system, the composite attained
adsorption capacity of 60.28 mg/g towards PNP, and 44.96 mg/g to-
wards Pb?". However, these values decreased in the binary system due
to their competitive adsorption. The composite attained adsorption ca-
pacity of 33 mg/g and 28.02 mg/g towards PNP and Pb?", respectively.
Moreover, the composite attained adsorption capacity towards PNP
compared to montmorillonite and graphene oxide. This is attributed to
the reduction in graphene oxide agglomeration as a result of montmo-
rillonite addition.

Similar to bentonite/carbon composites, intercalating GO with
montmorillonite results in a larger interlayer space compared to mont-
morillonite and GO, which is required to enhance the adsorption ca-
pacity. However, unlike the situation mentioned in (Xu et al., 2019),
intercalating GO to montmorillonite required a crosslinker that acts like
a barrier due to similar interlayer space of Mt. and GO (Zhang et al.,
2019). Table 10 summarizes the adsorption performance of montmo-
rillonite/ carbonaceous composites towards organic water pollutants.

3.4.3. Kaolinite/carbonaceous composites

The adsorption performance of kaolinite/carbonaceous composites
were investigated. The chemical and physical properties of the carbon
material play an important role in determining the adsorption perfor-
mance of the composite, but not necessary the kaolinite structural
characteristics. For instance, Olu-Owolabi et al. (2017) studied the
performance of two kaolinite/carbonaceous composites for 2,4,6-tri-
chlorophenol removal in which the carbon material originates from
two different biomasses, which are Carica-papaya-kaolinite (CPK) and
pine-cone-kaolinite (PCK). The results showed that the adsorption was
enhanced by >250%, and 52% for CPK and PCK. In addition, the specific
surface area for the composites were less than the specific surface area of
pure kaolinite by >50%, yet the CEC was increased by >293% compared
to pure kaolinite. Also, the study revealed that the addition of the carbon
source material did not affect the structure of the kaolinite. However,
the carbon material impregnated on the kaolinite surface and pores,
which is responsible for the reduction in the specific surface area for CPK
and PCK. Furthermore, the superior adsorptive performance of CPK
compared to PCK is mainly the higher carbon content and availability of
amide II groups abundantly. On pilot-scale, the use of kaolinite/carbo-
naceous seems a promising composite for the treatment of methylene
blue from economic point of view. It is reported that 1 kg of kaolinite/
carbonaceous composite would cost around $6.31, which is much lower
than commercial activated carbon that costs $31.25 per kg (Unuabonah
et al., 2015). Besides, the adsorption capability of kaolinite/carbona-
ceous composites, they attain a disinfection capacity that can adsorb and
inhibit bacteria growth (Diagboya et al., 2020). Table 11 summarizes
the adsorption performance of kaolinite/carbonaceous composites to-
wards organic water pollutants.
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4. Comparison of adsorbents

Adsorption technology is a cost-effective process, which can reduce
the concentration of contaminants to a very low concentration making it
stand out among other technologies. The selection of the suitable
adsorbent is a crucial parameter when designing the adsorption unit as
the adsorption process cost depends significantly on the adsorbent cost.
Generally, the desired adsorbent should attain high adsorption capacity,
reach equilibrium in a short time, can be re-generated and used for
several cycles, have an environmentally friendly nature, high selectivity
towards specific pollutants and relatively low cost.

Dye effluents are associated with paper, dye manufacturing and
textile industry (Bhattacharjee et al., 2020; Ihsanullah et al., 2020).
They are considered a serious source of water pollution as they possess
toxic and carcinogenic properties (Sarkar and Dey, 2021). Among dyes,
the removal of methylene blue using clay minerals composites has been
studied extensively. The highest adsorption capacity attained was using
montmorillonite supported poly(acrylamide-co-acrylic acid) hydrogel,
which attained 717.5 mg/g adsorption capacity within 20 min for an
initial dye removal of 200 mg/L. montmorillonite/graphene oxide has
also achieved an adsorption capacity of 641.1 mg/g for initial dye
removal 750 mg/L within 5 min only. Both adsorbents attained high
adsorption capacity and have reached equilibrium in a short time.
However, the recyclability, non-toxicity nature and initial methylene
blue concentration in the effluent are important factors that determine
which adsorbent can be used.

Treatment of oily produced water was investigated, and reported
in a very limited number of studies, where different types of oil
including motor, diesel and dodecane oil were used a representative for
the produced water concentration. Among the above-mentioned studies
related to oily produced water treatment, montmorillonite/ polyvinyl
alcohol/sodium dodecyl sulfate aerogel composite showed a high
adsorption capacity. Besides, the adsorbent attained high adsorption
capacity through 9 cycles, had non-toxicity nature, and can be degraded
biologically.

Treatment of real industrial wastewater was also studied using
clay minerals composites. Among the mentioned studies, bentonite/
carbon composite showed the highest ability in the treatment of alkaline
wastewater (92% removal) with an initial COD concentration of 79,834
mg/L in presence of sonication. On the other hand, Fe304/ bentonite
composite was able to treat wastewater with an initial COD concentra-
tion 1875 mg/L by 88% only. This indicates that the combination of
bentonite with carbon source can achieve high treatment efficiency and
reduce the treatment cost, as both adsorbents are inexpensive and
available abundantly.

Antibiotics are a serious concern in wastewater treatment because
they cannot be easily degrade biologically and tend to accumulate in the
environment. Adsorption of antibiotics using clay minerals composites
was investigated in limited number of studies. Within the mentioned
studies, bentonite-Fe/Pd and carboxymethyl-chitosan reformed mont-
morillonite were highly efficient in tetracycline removal. The composite
showed good adsorption capability using lower adsorbent dosage and
higher initial concentration compared to bentonite-Fe/Pd.

Overall, clay and minerals composites showed excellent removal
capability of various types of organic water pollutants. Bentonite/car-
bon composites are promising adsorbents as they showed an excellent
COD reduction of highly alkaline real wastewater for several cycles. In
addition, bentonite/carbon and montmorillonite/carbon composites
showed an acceptable removing capability of dyes and antibiotics be-
sides being inexpensive adsorbents. Besides their excellent adsorption
capability towards organic pollutants, clay minerals and activated car-
bon are inexpensive. Table 12 shows the cost of commercial, raw ad-
sorbents obtained from Sigma-Aldrich. It can be observed that clays and
clay minerals are the cheapest adsorbents followed by activated carbon.
It is worth mentioning that the final composite cost may doubled or
tripled due to the influence of other factors such as energy cost, tax cost
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Table 12

The cost of commercial, raw adsorbents obtained from Sigma-Aldrich.
Material Cost (US dollar/g)
Bentonite 0.079
Kaolinite 0.12
Montmorillonite 0.25
Activated carbon 0.35
MWCNTs (98% carbon basis) 202
GO 191
Cellulose triacetate (Polymeric adsorbents) 6.02
Karaya gum (polymeric adsorbent) 0.2
Chitosan (from rom shrimp shells, >75% (deacetylated) 6.5
Iron oxide nanoparticles 3.36
Titanium dioxide nanoparticles 4.79
Zinc oxide nanoparticles 3.79

and labor cost. For instance, the raw materials in chitosan composites
fabrication comprise about 16-25% of the total cost (Gkika et al., 2019).
However, still the raw clay minerals cost is minimal, and following a
cost-effective synthesis procedure considering the above-mentioned
factors might result in a low-cost effective clay mineral composite.

It is worth noting that there are several factors affecting the
adsorption of organic pollutants onto clay/minerals composites and
needs to be investigated to understand the adsorption process. These
factors are specific surface area, pore volume, interlayer space, com-
posite surface functional groups, composite swelling ability, solution
pH, composite dosage, the ratio between clay mineral: material, initial
pollutant concentration, temperature, contact time, solution ionic
strength, the reactivity of interfering ions, structure of organic pollutant
and hydrophobicity of the organic pollutant, water matrices and pres-
ence of NOM.

As a final conclusion, the integration of metal oxides and carbona-
ceous materials into clay/minerals enhances the clay/minerals surface
hydrophobicity. In addition, to overcome the high dispersity of clay/
minerals in aqueous solution that limits their separation, magnetizing
clay/minerals are used to facilities the clay/minerals separation from
aqueous solution. However, they can be used within a narrow pH range
with a modest adsorption capacity. The mechanical strength and ther-
mal stability are also enhanced for clay/minerals composites compared
to the composite individual components. As for clay/minerals compos-
ites adsorptive behavior, the increase in specific surface area of the
composite compared to its individual components does not always imply
that the composite adsorption capacity increases. In some cases, the
composite specific surface area was reduced, but attained a higher
adsorption capacity compared to its individual components. This is
because other factors such as surface functional groups and interlayer
space play an important role in the adsorption process. Furthermore, the
swelling ability of the composites contributes to its adsorption capability
due to the presence of active adsorption sites within the interlayer space.
The swelling capacity is greatly influenced by solution pH and ionic
strength. The interlayer space can be calculated by the help of XRD
analysis. However, it is important to consider that in some cases it is
difficult to join two materials of similar interlayer space such as GO and
bentonite; therefore, a crosslinker should be used. Also, the ionic
strength plays a deceive role in the adsorption process. Increasing the
ionic strength might reduce or increase the adsorption capacity. It is
important to investigate the ionic strength effect on the adsorption
process as it gives insights on the adsorption mechanism as discussed
above. In addition, the reactivity of interfering ions should be investi-
gated as in some cases the interfering ion might not influence the
adsorption process. Finally, the solution pH affects the adsorption pro-
cess significantly as it influences the structure of organic pollutant, the
charge on the clay/minerals composite, and the swelling ability of the
clay/minerals composite. Finally, all above-mentioned studies
confirmed that increasing the ionic strength of the solution enhances the
adsorption of organic pollutants when the adsorption mechanism is
controlled by electrostatic repulsion and ionic exchange.
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5. Adsorption mechanism

The adsorption mechanism is directly linked to the adsorbent surface
properties and the nature adsorbate. The incorporation of other mate-
rials into adsorbent changes the surface properties and affects the
interaction, which eventually influences the adsorption mechanism. In
this review, the most common reported adsorption mechanism for clay/
minerals towards organic water pollutants: chemical adsorption (e.g.
covalent bond), electrostatic interaction, van der waals, hydrophobic
interaction, hydrogen bonding, ion exchange, n-n interaction, surface
complexation and n-n interaction. The dominate adsorption mechanism
depends on the chemical properties of the organic pollutant and the
structure, surface properties, and functional groups of the clay mineral
composites. Furthermore, the adsorption conditions including pH, and
ionic strength affect the adsorption mechanism since these conditions
have the ability to alter the adsorbent surface properties. Fig. 3 shows
the common adsorption mechanism of organic pollutants onto clay/
minerals composites. Tables 1-11 show the interaction type of clay/
minerals composites with adsorbed organic water pollutants along with
the surface active functional group.

It can be seen from Tables 1-11 that electrostatic interaction is the
most common adsorption mechanism. It is the ionic bond formation that
includes electrostatic attraction and repulsion. It is formed between
anions and cations after the process of atoms gaining and losing elec-
trons. It is significant to examine the influence of solution pH on the
clay/minerals uptake capacity. This is because the solution pH can alter
the charges on the clay/minerals composite, which influence the elec-
trostatic interaction. Fig. 2 shows the electrostatic interaction between
montmorillonite/graphene oxide/CoFe;04 and methyl violet in both
acidic and alkaline medium. The main functional groups on the clay/
minerals composites that contribute to the electrostatic interaction are
Si—O and Al—O, which exist on the clay/minerals. The modification of
clay/minerals through Fes04 NPs and acrylic acid containing polymer
can add functional groups such as Fe—O, and -COO, respectively (Jana
et al., 2019; Ouachtak et al., 2020). However, in some cases the elec-
trostatic interaction through surface functional groups is insignificant
despite the presence of these functional groups. This is because of the
presence of other interactions provided by the composite that diminish
the strength of electrostatic interaction. For instance, electrostatic
interaction had an insignificant effect on the adsorption of malachite
green onto graphene oxide/sodium montmorillonite composite
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(Arabkhani et al., 2020). Other interactions including n- © interaction
and 77 interaction were responsible for the adsorption process due to
the availability of benzene ring provided by graphene oxide.

Ion exchange is defined as the exchange of ions of the same charge
between the adsorbent and the adsorbate. It occurs when the adsorbent
adsorbs ions from the solution and releases equivalent ions back to the
solution in order to maintain the solution electrical neutrality. Ion ex-
change is a common adsorption mechanism especially in clay/minerals-
chitosan and clay/minerals-polymeric composites, which can occur
through the exchange of Na* or ligands (Li et al., 2019; Arabkhani et al.,
2020).

n-n interaction is a weak interaction that occurs between unsaturated
bonds that exist on both aromatic rings in the adsorbent and the
adsorbate (Chua et al., 2021). It is a common adsorption mechanism for
clay/minerals-carbonaceous composites and clay/minerals-polymeric
composites. The solution pH influences the =n-n interaction. For
instance, the adsorption of methyl violet by montmorillonite/graphene
oxide/CoFe,04 increased with increasing the initial pH, which is mainly
attributed to the formation of - interaction (Foroutan et al., 2020). The
dye molecules containing the aromatic ring can form n-n bonds with
each other to form multilayers on the adsorption surface (El-Kousy et al.,
2020). Furthermore, n-n interaction is a possible adsorption mechanism
for clay minerals composites. The interaction can occur through func-
tional groups including -OH, COOH and -COH, which interact with the
aromatic ring to yield n- x interaction. From the FTIR spectra, the ex-
istence of C—O peak indicates the existence of such interaction at 1050
em™! (Arabkhani et al., 2020; Peighambardoust et al., 2020).

Hydrogen bonding is a type of dipole-dipole attraction in which a
hydrogen (H) atom is bonded to an electronegative atom (Nitrogen (N),
Oxygen (0O) and Fluoride (F)). As shown in Tables 1-11, most of clay/
minerals composites tend to form a hydrogen bonding with the organic
pollutant, which is a very strong type of interaction.

Hydrophobic interaction refers to the interaction between nonpolar
substance in a water-based system (Xie et al., 2020). Clay/minerals are
generally hydrophobic, and they tend to have some degree of hydro-
phobicity after combining them with other materials, especially metal
oxides. In fact, some studies integrate metal oxides with clay/minerals to
enhance the hydrophobicity, which enhances their adsorptive capacity
(Zhang and Xu, 2012; Ewis et al., 2020; Olusegun and Mohallem, 2020).
Also, most of the organic pollutants have low water solubility; therefore,
the organic pollutants can be easily adsorbed on the clay/minerals

MMt @

Fig. 2. The electrostatic interaction between montmorillonite/graphene oxide/CoFe,O,4 and methyl violet in (A) acidic and (B) alkaline medium adapted with
permission from (Foroutan et al., 2020). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Common adsorption mechanism of organic pollutants onto clay/minerals composites.
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Fig. 4. The regeneration methods used for clay/minerals composites.

composite surface. The hydrophobicity is defined as n-octanol/water
partition coefficient (Kow/log Kow). Organic compounds with a higher
value of Log K,y tend to be more hydrophobic; thus, can be easily
adsorbed on a hydrophobic surface through hydrophobic interaction
(Zhang and Xu, 2012; Olusegun and Mohallem, 2020).

Surface complexation could be involved in clay/minerals interaction
with organic pollutants. Surface complexation is the electrostatic
interaction of the adsorbent with the adsorbate while the adsorbate ions
retain their hydration sphere (Yang et al., 2019a). It occurs as the clay/
minerals composites contain metal ions with unfilled electron orbit,
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which may adsorb organic pollutants through coordination with the li-
gands. Tables 1-11 show that two studies mentioned surface complex-
ation as the adsorption mechanism due to the existence of metal ions in
their composite structure; which mainly are the adsorption of levo-
floxacin using iron-pillared montmorillonite composite and the
adsorption of Reactive red 2 and Acid orange 7 using Zr(IV) encapsu-
lated carboxymethyl cellulose-montmorillonite.

Lewis interaction is also proposed as an adsorption mechanism for
clay/minerals towards organic water pollutants. This interaction is the
existence of lone pair of electrons on the adsorbent that act as a lewis-
base site to interact with the strong lewis-acid, which is the adsorbate
(Xiong et al., 2020). For instance, nitrogen atom of Rhodamine B acts as
a lewis base and interacted with Al™3, which is the lewis acid in mag-
netic montmorillonite composite (Ouachtak et al., 2020). It is worth
mentioning that lewis interaction depends on the pH as the solution pH
affects the charges available on the composite (Liu et al., 2019a).

6. Regeneration methods

The capability of the adsorbent to be regenerated is an important
aspect in the selection of suitable adsorbent. Generally, adsorbent that
adsorbs high amounts of contaminant on its surface at equilibrium
greater than the residual amount in water solution shows an ineffective
or slow desorption/regeneration, which limits its application in water
remediation (Vakili et al., 2019). Without adsorbents regeneration, the
cost of the adsorption process increases, and the contaminant might be
released to the environment if the spent adsorbent is disposed or stored.
The contaminant recovery from the spent adsorbent allows continuous
utilization of the regenerated adsorbent, and subsequently reduces the
adsorption process cost (Zhang et al., 2016b; Ifthikar et al., 2018).
Therefore, the use of an adequate regeneration method to recycle the
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Fig. 5. The efficiency re-generation methods used for clay/minerals composites re-generation.

spent adsorbent provides substantial economic and environmental
benefit. In this section, the used regeneration methods of clay/minerals
composites reported in this review are identified and critically sum-
marized. Fig. 4 shows the regenerating techniques used for clay/min-
erals composites along with Table 13 that summarizes the adsorption
performance of clay/minerals composites towards organic pollutants
after regeneration process.

6.1. Chemical regeneration

Chemical regeneration involves the application of specified tem-
perature and pH value of the solvent, hence breaks the adsorption
equilibrium between the adsorbent, solvent, and adsorbate. The chem-
ical solvent can be inorganic such as hydrochloric acid (HCI) and sodium
hydroxide (NaOH) or organic, such as methanol. Chemical regeneration
is a suitable regeneration method for organic pollutants, which exist in a
high concentration and have a relatively low boiling point. In addition,
the solubility of the adsorbate in the solvent is the main factor that
determines the regeneration process efficiency. The main issue associ-
ated with solvent regeneration is that the solvent can alter the adsorbent
structure, which affects the adsorbent efficiency in the subsequent
adsorption cycles (Momina and Suzylawati, 2020).

Extensive number of studies regenerated clay/minerals composites
through chemical regeneration. Around 92% of the studies related to
clay/minerals composites regeneration used chemical regeneration
method. The process involves adding a predetermined amount of spent
adsorbent in a solvent with specified pH under continuous mechanical
stirring for several hours. After that, the adsorbent is dried and used for
several cycles. The performance of the adsorbent in the subsequent cy-
cles depends on the adsorbent physiochemical characteristics, which
might be affected significantly during the regeneration process and thus
affects its adsorption capacity.

Among clay/minerals composites, bacteria immobilized on mont-
morillonite/ polyethyleneimine (Zvulunov et al., 2019), graphene
oxide/sodium montmorillonite (Arabkhani et al., 2020), and montmo-
rillonite/graphene oxide/CoFey04 (Foroutan et al., 2020) attained the
highest regeneration cycles as they were utilized for 10 cycles. The
desorption process depends heavily on the type of solvent that is used to
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leach the pollutant from the adsorbent. The interaction type between the
pollutant and adsorbent is a crucial parameter to consider when
selecting the suitable solvent. For instance, Arabkhani et al. (2020) used
different solvents (ultrapure water, acetone, methanol, acetic acid, and
acetic acid/methanol) for the desorption process of malachite green
from graphene oxide/sodium montmorillonite composite. The results
indicated that the adsorption between malachite green and the com-
posite is a chemisorption process. Consequently, ultrapure water was
able only to desorb malachite green that is bonded physically to the
composite. On the other hand, acetone, methanol, acetic acid, and acetic
acid/methanol were efficient in the regeneration process due to the
availability of hydrophobic CHj3 group, and hydrophilic OH and CO
groups that interact with the adsorbent surface functional groups
chemically and blocking the interaction between the adsorbent and
malachite green. The adsorbent attained 90% removal of malachite
green until the 6th cycle and then started to decrease until the 10th
cycles reaching a 60% removal efficiency. It is worth noting that as the
interaction complexity between the adsorbent and the adsorbate in-
creases, the desorption efficiency decreases despite of using strong el-
uents such as HCl (Minisy et al., 2021a).

Thus, the regeneration efficiency is determined by the type of the
interaction between the adsorbate and the adsorbent, which vary ac-
cording to the type of the adsorbent and the adsorbate. An important
issue to consider is that when the pollutant is strongly adsorbed on the
composite surface and within its microspores, the chemical regeneration
process is hindered and/or inefficient in regenerating the composite.
This issue is crucial for composites that attain highly microspores
structure, and strongly bonded to the organic pollutants (Kilduff and
King, 1997; He et al., 2013). Thus, alternative regeneration techniques
should be considered.

The solvent concentration is an important factor to consider in the
regeneration process. Higher solvent concentration enhances the
regeneration process. However, extremely high solvent concentration
are ineffective in adsorbents regeneration (Salvador et al., 2015).
Therefore, the effect of solvent concentration should be studied
accordingly. For instance, a study revealed that increasing the HCl
concentration from 0.001 M to 0.1 M enhances the desorption of
methylene blue (Anirudhan and Tharun, 2012).
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Table 13
The adsorption performance of clay/minerals composites after regeneration.
Adsorbent Pollutant Regeneration method No. of Adsorption%, where n = number Ref.
cycles of cycles
Magnetic 3-acrylamidopropyltrimethylammonium Crystal violet Ultrasound 5 nl = 90%, n5 = 78% (Ain et al.,
2020a)
Bentonite-Fe/Pd Tetracycline Chemical 5 nl = 99%, n5 = 45% (Gopal et al.,
regeneration/ HCL 2020)
Magnetized bentonite (APTES-Fe304/bentonite) Methylene Blue Gamma-irradiation 9 nl = 73%, n9 = 63% (Lou et al., 2017)
Fe304/bentonite Methylene Blue Gamma- irradiation 10 nl =nl0 = 45.3% (Lou et al.,
2015a)
Iron oxide/activated montmorillonite Methylene Blue Chemical 5 nl = 99.8%, n5 = 84% (Chang et al.,
regeneration/HCl 2016)
Sodiumeicosenoate(SEIA, anionic surfactant) and Methylene Blue Chemical 3 nl = 89%, n3 = 65% (Rahmani et al.,
cetyltrimethylammoniumchloride modified magnetic regeneration/HCl 2020b)
montmorillonite
Ti-pillared montmorillonite Amoxicillin Chemical 3 nl = 100%, n3 = 62% (Chauhan et al.,
regeneration/NaOH 2020)
Imipramine Chemical 3 nl = 100%, n3 = 75%
Diclofenac-sodium regeneration/HNO3 3 nl = 100%, n3 = 58%
Paracetamol 3 nl = 100%, n3 = 62%
7% Fe304/kaolinite Methylene Blue Chemical 4 nl = 70%, n4 = 45% (Fei et al., 2020)
Congo red regeneration/NaOH 4 nl = 93%, n4 = 79%
Magnetic molecularly polymers (MMIPs) based on Bisphenol A Chemical 4 nl > 85%, n4 = 79.04% (Guo et al.,
kaolinite/ Fe304 regeneration/ 2011)
methanol & acetic acid
mixture
Bentonite/chitosan@cobalt oxide Congo red Chemical regeneration 6 nl = 98.44%, n6 = 74.33% (Abukhadra
et al., 2019a)
Quaternized chitosan coated bentonite Amino black 10B Chemical 3 nl = 99.9%, n3 = 99.7% (Chen et al.,
regeneration/NaOH 2016)
Chitosan/montmorillonite Reactive red 136 Chemical 15 After 15 cycles the desorption (Li et al., 2019)
regeneration/NaOH ratio and regeneration ratio
decreased to 61.3%, and 60.5%,
respectively.
Chitosan/0.05montmorillonite Methylene Blue Chemical regeneration 3 nl = 82%, (El-Kousy et al.,
/HCl1 n3 = 7% 2020)
Chitosan/0.07montmorillonite 3 nl = 87%, n3 = 85%
Chitosan/0.1 montmorillonite 3 nl = 97%, n3 = 80%
Alginate/natural bentonite Methylene Blue Chemical 6 nl = 100%, n6 = 94% (Oussalah et al.,
regeneration/DI water 2018)
atpH =2
Congo red Chemical 5 nl = 85%, n5 = 45%
regeneration/DI water
atpH =10
Polyvinyl alcohol/carboxymethyl cellulose hydrogels Methylene Blue Chemical 4 *nl =137 mg/g, n4 = 125mg/g  (Dai et al., 2018)
reinforced with graphene oxide and bentonite regeneration/HCl
Hydrogel based on katira gum-cl-poly(acrylic acid-co-N, ~ Methylene blue Chemical 5 nl =n5 = 90% (Jana et al.,
N-dimethylacrylamide) incorporated bentonite (BT) Crystal violet regeneration/HCl nl = 90%, n5 = 80% 2019)
nano clay Amino black nl = 91%, n5 = 83%
polymethacrylic acid grafted cellulose-bentonite Methylene Blue Chemical 6 nl =n6 =98 (Anirudhan and
regeneration/HCl Tharun, 2012)
Guar gum/bentonite Crystal Violet Chemical 5 - (Ahmad and
regeneration/HCl Mirza, 2018)
Organic Montmorillonite Sodium Alginate Acenaphthene Chemical 4 nl = 80%, n4 = 34% (Dai et al., 2020)
Fluorene regeneration/Methanol nl = 70%, n4 = 30%
Phenanthrene nl = 75% n4 = 33%
Karaya gum based montmorillonite Methylene Blue Chemical regeneration 2 nl = 99%, n2 = 79% (Preetha and
Toluidine blue nl = 99%, n2 = 75% Vishalakshi,
Azure B nl = 93%,n2 = 70% 2020)
Crystal violet nl = 90%, n2 = 70%
Carbonized montmorillonite/carboxymethyl cellulose 17p-Estradio 5 “nl = 53 mg/g, n5 = 42 mg/g (Liu et al.,
2019a)
Graphene oxide/bentonite Toluidine blue Chemical 6 nl = 99%, n6 = 50% (Xu et al., 2019)
regeneration/
ethanol&HCl
Bentonite/carbon Alkaline water (COD Carbonization 9 nl = 68%, n9 = 90% (Liang et al.,
= 79,834 mg/L) 2017)
Graphene oxide/sodium montmorillonite Malachite green Chemical 10 nl = 95%, n10 = 60% (Arabkhani
regeneration/ Acetic et al., 2020)
acid &methanol
Montmorillonite/graphene oxide Rhodamine B Chemical 5 nl = 99%, n5 = 85% (Neelaveni et al.,
regeneration/HCl 2019)
Montmorillonite/graphene oxide/CoFe;O4 Methyl Violet Chemical 10 nl = 98%, n10 = 88% (Foroutan et al.,
regeneration/HCl 2020)

" Adsorption capacity in mg/g.
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Besides the above-mentioned factors that affect clay/minerals com-
posites regeneration, temperature is an important factor. Temperature
can increase the desorption rate by altering the adsorbate molecular
activity and weakening the interaction between the adsorbate and the
adsorbent (Mansour et al., 2018). In addition, temperature enhances the
solubility of organic pollutants in the solvent. In most of the studies
reported in this review, regeneration process is conducted at room
temperature. Desorption time is another important factor. Generally,
increasing desorption time increases the desorption rate since it allows
more contact between the adsorbate and the solvent. After reaching the
desorption equilibrium in which no more adsorbate is released into the
solvent, the desorption rate remains constant and further increase in the
desorption time does not affect the desorption process. The range of
estimated time for clay mineral composites reported in this review
varied between 3 and 24 h. However, most of these studies kept the
desorption time long intentionally to ensure the system reaches the
desorption equilibrium. Therefore, solvent concentration, temperature,
type of interaction between the adsorbate and the adsorbent (chemical/
physical interaction) and contact time are important factors in the
regeneration process that need to be investigated to reach the maximal
desorption efficiency.

6.2. Ultrasound sonication

In a recent study conducted by Ain et al. (2020a) 3-acrylamido
propyl trimethyl ammonium chloride intercalated bentonite composite
was regenerated by ultrasound technique. The process involved
immersing the spent adsorbent in 10 ml of pure ethanol for an hour
followed by 30 min of ultrasound sonication. The recycled composite
showed a constant adsorption capacity towards Congo red over five
consecutive cycles. However, there was a slight decrease in crystal violet
adsorption in the second cycle by around 2%, after that the adsorption
was constant until the 5th cycle. This indicates that the composite
attained a good stability after several regeneration cycles.

6.3. Thermal regeneration

Thermal regeneration involves exposing the adsorbent to high tem-
perature that is capable of destroying the bond between the adsorbate
and the adsorbent. However, the thermal heat generated might reduce
the adsorbent weight and alter its morphology. Besides, adsorbents that
attain a low mechanical strength and low thermal stability cannot be
regenerated thermally since thermal regeneration apply extremely high
temperature. In clay/minerals composites, only one study used thermal
regeneration. The study used carbonization of the bentonite/carbon
composite at a heating rate of 5 °C/min to 500 °C for 9 cycles (Liang
et al., 2017). The removal did not attain a defined pattern; however, the
minimum COD removal was 46,942 mg/L for an initial COD concen-
tration of 79,834 mg/L. Despite the high removal efficiency over the
entire regeneration cycles, the composite morphology and physi-
ochemical structure after regeneration were not investigated.

6.4. Gamma-irradiation regeneration

Gamma-irradiation regeneration method involves the dispersion of
the saturated composite in water via ultrasound sonication followed by
exposing the composite to gamma source. Usually, ®°Co is used as the
gamma-irradiation source at rate of 1 kGy.H™!. The required irradiation
does depend on the amount of the saturated adsorbent, which is deter-
mined by pre-experiments to ensure full degradation of the adsorbate.
Lou et al. (2017) studied the regeneration of magnetized bentonite that
used for methylene blue adsorption through gamma-irradiation. The
study reported that the process of regeneration occurs in multi-steps.
Firstly, exposing the solution to gamma irradiation produces radiolytic
products eOH and eeq. Secondly; the electrons are trapped at the
adsorbent surface and react with adsorbed molecular O; to form
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superoxide anion radical eO,. Both ¢OH and O, are strong oxidizing
species that can decompose methylene blue adsorbed on the composite
surface. The magnetized bentonite attained nine regeneration cycles
with a slight decrease in the adsorption capacity from 75 mg/g to 60
mg/g. The reactions are shown below.

HzO gamma irradiation e;e + H;O (1)
HfO— e OH+ H* )
€, +0:—>e0; 3

Similarly, a study showed that Fe304/Bentonite composite used for
methylene blue removal was regenerated through gamma irradiation
(Lou et al., 2015a). The study showed that the composite adsorption
capacity remained constant over the entire 10 cycles. Thus, gamma
irradiation is very effective in clay minerals composites regeneration as
it can achieve complete degradation of the organic pollutant adsorbed
by the adsorbent and retain constant adsorption capacity through
several cycles. However, the effect of gamma-irradiation on the adsor-
bent physicochemical properties, morphology as well as structure was
not addressed. Fig. 5 summarizes the re-generation methods perfor-
mance for clay minerals composites regeneration. Whilst Fig. 6 illus-
trates the performance of regenerated adsorbents for methylene blue
removal through several cycles.

7. Summary and future perspective

This review highlighted the performance of clay/minerals compos-
ites for the removal of organic water pollutants, focusing on the
enhancement in their physiochemical and structure characteristics
compared to their individual components. Also, the paper discussed the
uptake mechanism of various clay/minerals composites and their per-
formance after several regeneration cycles.

The literature showed that clay/minerals composites have great
potential in organic pollutants removal from wastewater, which can lead
to considerable innovations in wastewater treatment processes. Clay/
minerals composites showed an increase in the adsorption capacity to-
wards organic water pollutants compared to those raw and modified.
The key elements responsible for such enhancement are the surface
functional groups and the increase in the swelling ability. The reduction
in specific surface area of the composite compared to its individual
components does not necessarily imply that the adsorption capacity is
reduced. Besides adsorption, clay/minerals composites have a degra-
dation capability, which is mostly a property for clay mineral/metal
oxides composites. In addition, the intercalating of other material into
clay/minerals matrix influence the basal spacing, pore volume, hydro-
phobicity and swelling behavior, which affects the composite adsorption
capacity. It is worth noting that the solution pH affects the swelling
ability, and the uptake mechanism, especially when the electrostatic
interaction is the main adsorption mechanism. The water matrices in-
fluence the composite uptake efficiency. From the above-mentioned
studies, it was noticed that the adsorption is highest in distilled water
> tap water > groundwater > industrial wastewater> sea water. The
ionic strength may decrease or increase the adsorption depending on the
uptake mechanism, but in some cases, the interfering ions do not in-
fluence the adsorption process due to the reactivity of these ions with the
aqueous solution. Furthermore, clay/minerals composites attained
higher thermal and mechanical stability, especially for clay/minerals-
chitosan composites, which enhances their performance during the
adsorption process. Desorption and regeneration studies indicated that
clay/minerals composites could be utilized up to 10 regeneration cycles.
Among the used regeneration methods, a constant adsorption capacity
over several cycles could be achieved through gamma-irradiation
regeneration technique. However, the high cost of gamma-irradiation
technique limits its application. It is worth mentioning that the use of
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water as an eluent in the chemical regeneration process is not efficient in
case the adsorption is a chemisorption process.

The literature research showed a lack of studies related to kaolinite/
polymeric, kaolinite /chitosan and kaolinite/carbonaceous composites
for organic water pollutants removal. An interesting area of research is
the synthesis of clay minerals composites or modification of clay/min-
erals using microwave assisted procedures. Also, the effect of microwave
parameters on the clay/minerals morphology and physiochemical
properties should be investigated. In addition, the majority of the
adsorption studies focused on dye effluents. Therefore, a great deal of
work is still needed to predict the performance of clay/minerals com-
posites towards phenolic, antibiotics, herbicides, pesticides, oil, and real
wastewater, besides their performance in a multipollutant system. In
addition to adsorption, clay minerals composites showed a decent
photocatalytic degradation capability. This implies that investigations
on clay mineral composites degradation capability is needed. Besides,
more work is needed to explore the capability of clay/minerals com-
posites in other applications such as incorporating them into membrane
matrix to enhance the membrane physiochemical properties and
contribute to the treatment process by adsorption. Also, few studies
showed that clay mineral composites attain good antibacterial activity,
but more work should be done to draw a conclusion about their anti-
bacterial activity. In addition, most of the studies are lab-scale. There-
fore, the feasibility of clay/minerals composites on commercial scale
should be investigated. More work is needed to increase the selectivity
of clay/minerals composites towards specific organic pollutant.
Currently, most of the studies focus on increasing the adsorption ca-
pacity without considering the selectivity. In our opinion, considering
the adsorption capacity and performance after regeneration, clay/min-
erals-carbonaceous composite seems promising and worth further
research to enhance their selectivity, economic viability, and perfor-
mance on the commercial scale. In addition, the regeneration of clay/
minerals composites was mainly implemented through chemical
regeneration followed by gamma-irradiation, ultrasonic and thermal
regeneration. However, the effect of the regeneration method on the
composite morphology, structure and physiochemical properties was
not investigated. Hence, future research should address the changes
imposed by the regeneration method and consider evaluating other
more modern regeneration techniques, such as electrochemical oxida-
tion, microwave and photo-Fenton methods. Finally, it is important to
combine the data of the composite characterization, adsorption experi-
ments and molecular simulation to have better insights into the clay/
minerals composites adsorption mechanism. The density functional
theory (DFT) is a strong technique that can help in understanding the
adsorption mechanism. The available research results hold significant
promise for the use of clay minerals composites for organic water pol-
lutants removal, especially bentonite/carbonaceous composites due to
their high stability, adsorption capacity and regeneration capability.
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