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Abstract Utilization of adsorption process exhibits versatile applications for wastewater treatments due to its
simplicity and lower costs as compared to other traditional technologies. Among the alternative sorbent materials,
the use of abundantly available sorbent like clays for adsorption of volatile organic carbons like Benzene, Toluene,
Ethylbenzene and Xylene has drawn increasing attention worldwide. Clays, in its natural and modified forms, have
been extensively employed for the removal of organic contaminants from different wastewaters. The current review
appraises the sorption performance of natural and modified clays for application to environmental clean-up. The
adsorption capacity of volatile organic contaminants are comprehensively reviewed. The effect of the experimental
conditions (pH, initial concentration (Co), surfactant loading, etc.) on the adsorption capacity is also discussed.
Furthermore, Isotherms and Kinetic Models are also appraised. The current review exploits an attempt to draw a
prior knowledge about the technical viability of clay sorption process by assessing outcomes of the studies published
in the last two decades.
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1. Introduction

Mono-aromatic hydrocarbons — benzene, toluene, ethylbenzene and xylenes (BTEX) — are common pollutants found
in groundwater plumes and in other water resources, as a result of the disposal of contaminated industrial effluents
and accidental events such as oil spills and oil pipeline leakages [1-4]. Water is a vital resource for life but is
increasingly being polluted by anthropogenic activities including oil spillage, urbanization, population growth, poor
land use, and agricultural activities that have lead to rapid degradation of surface and ground water quality. Of these,
oil spillage remains a serious concern especially in oil producing regions of the world. Regulations [5] have done
much to prevent oil contamination of water. Egwaikhide [6] reported that yearly, both the government and various
multi-national private oil companies contend with hazards of crude oil spillage which affected both aquatic and
terrestrial ecosystems.

Most oil spills occur due to underground water well blowouts, tanker accidents, storage tank failures, production
platform blowouts, intensified petroleum exploration on the continental shelf, transfer operations between ships and
shores, economic sabotage and youth restiveness like the Niger Delta militias in South-South, Nigeria.

The negative health effects that result from the consumption of these compounds include cancer, liver lesions,
drowsiness and irritation of organs [7]. Mitra and Roy [8] further reported that human exposure to BTEX
compounds over a long period of time results in skin and sensory irritation, adverse respiratory health effects and
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central nervous system irritation. In spite of the negative effects they pose to human health, BTEX compounds
remain overlooked and untreated in municipal systems, thereby increasing the risk of water-related diseases through
their ingestion.

Recent remediation efforts have focused mainly on the compounds contained in heavy oil fractions, i.e., the poly-
aromatic hydrocarbons (PAHs) which are known to cause conspicuous environmental degradation, and are more
noticeable at pollution sites [9]. BTEX compounds on the other hand are often overlooked in remediation efforts due
to their obscure nature in water. Although their presence in water may not be as easily discernible as with PAHSs,
BTEX compounds are more abundant in the environment and can be found in a variety of sources [34,74,75], some
of which include petrochemical industry waste streams, household wastes and municipal landfills [71], as well as
groundwater plumes, especially when located at a considerable distance from an oil spill site [19,25]. In addition,
studies such as Grady and Casey [36], Schmidt [64], Mitra and Roy [8], and Reddy [63] have reported the presence
of BTEX compounds in drinking water, indicating extensive health risks that may not be immediately evident.
Zhang [7] have also highlighted the persistent presence of BTEX compounds in air, and have reported the
transportation of these compounds from air into water bodies as a result of rainfall. As a result, it is imperative that
the remediation of these compounds in water is prioritized in future water treatment systems.

Various methods have been reported for BTEX removal from aqueous solutions [14,15,53,54,80]. However,
adsorption processes have been shown to offer a more efficient way to remove pollutants in wastewater before
discharge into the environment. Organoclays, essentially 2:1 clays, have been widely used for the removal of BTEX
compounds from aqueous solutions [14,15,42,54,67].

1.1. Properties of BTEX Compounds

Benzene, toluene, ethylbenzene and xylenes are mono-aromatic ring compounds with a 6-carbon benzene ring as
their core structure. Due to their closed structures, these compounds, especially benzene, are generally considered to
be non-reactive species [95]. However, it is well-known that these compounds have the ability to undergo
hydrogenation and certain substitution reactions. At oil-spill sites, BTEX compounds can be transported through
several metres under favourable redox conditions causing them to be persistent pollutants in both soil and water
[96,97]. Their ability to dissolve in water, relative to their poly-aromatic counterparts, is due to low octanol-water
partition coefficient (Kow) values [98,99] which favour hydrophilic dissolution, in spite of their hydrophobic nature.
Furthermore, BTEX compounds are mostly found to coexist with one another or with methyl tert-butyl ether
(MTBE) — a common fuel oxygenate reported to be a common organic pollutant in water. The co existence of BTEX
compounds with one another suggests that their toxicity is amplified through their interactions with one another;
however, such interaction models have not been verified [14,84]. Interestingly, BTEX compounds are among the
most abundantly produced chemicals in the world, in spite of their ill effects on human health and resultant
environmental degradation [22]. They are utilized as solvents in many industrial processes, as well as used in many
household products including insecticides and paints [100].
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Figure 1: Structures of BTEX Compounds
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1.2. Sources and Reported Concentrations of BTEX compounds in Water

BTEX compounds are priority pollutants according to the United States Environmental Protection Agency (US
EPA) [101]. These volatile organic compounds (VOCs) are often present in air, especially in areas where oil
spillages have occurred [11,12,102], and in closely-located groundwater plumes. They are also found to be dissolved
in high concentrations in oilfield produced water —and oil and gas industry effluent [103]. Industries that utilize
petrochemicals for the production of paints, adhesives, inks and rubber also produce BTEX compounds in their
effluents, although extensive studies have not been conducted to identify BTEX compounds in these effluent
streams or characterize their concentrations [2]. BTEX compounds are more abundant in the environment than their
poly-aromatic counterparts. They are present in either gaseous or liquid media in the environment, and their
presence has been reported in a number of studies. Most commonly reported is the detection of these compounds in
groundwater as a result of oil spills and oil pipeline leakages. Mitra and Roy [8] reported that the main source of
BTEX contamination in water is the release of petroleum products ranging from gasoline and diesel fuel to heating
oil from leaking oil tanks.

Meniconi [104] characterized the composition of hydrocarbons and other compounds released into water in different
regions of Brazil as a result of oil spills. The study reported that the concentration and persistence of BTEX
compounds was directly proportional to the scale and duration of the oil spill, highlighting high BTEX
concentrations in large-scale, long duration oil spills. Lu [105] reported the migration and dissolution of BTEX
compounds in groundwater due to a leak at a petroleum oil facility. Camili [97] tracked the hydrocarbon transport at
the site of the Deepwater Horizon oil spill and reported that a continuous and persistent plume of oil, more than 35
km in length (at a depth greater than 1 100 m from the surface of the water) was present. Samples obtained from this
oil plume contained high concentrations of mono-aromatic compounds, including BTEX compounds. Wang et al
[81] characterized near-surface groundwater (0 — 5 m), and deeper-level groundwater (15 — 60 m), and reported
BTEX concentrations of 155 pg/kg of water, and 2.6 pg/kg of water, respectively. This report showed that in spite of
the depth of groundwater, BTEX compounds were still present, albeit at low concentrations. Reddy et al [63]
examined the composition and fate of oil and gas that flowed from the Macondo well during the Deepwater Horizon
oil spill. The study highlighted that the most abundant hydrocarbons present in the water were BTEX compounds
(up to 78 ug/L). These findings have been reiterated in various studies, such as Essaid et al [106], Margesin et al
[107], and Das and Chandran [108].

The persistence of BTEX compounds in groundwater plumes is worrisome, especially in vulnerable regions like
Africa and South-East Asia where the direct reliance on groundwater in the form of drinking wells and boreholes for
potable and other uses is high [61]. The health risks posed as a result of such chemical persistence cannot be
overstated. In addition to groundwater, other water sources, including industrial effluents and drinking water, have
been investigated for the presence of BTEX compounds [64]. In industrial effluents, BTEX compounds are
undeniably present, especially in the effluents of industries that utilize one or more of the BTEX compounds as
solvents for their processes. The most commonly reported source of BTEX in terms of industrial effluents is oilfield-
produced water — an oil and gas effluent that is usually discharged into coastal bodies and other surface water
bodies, in regions where environmental regulations are not well-enforced. Ranck et al [109] reported the presence of
BTEX compounds in produced water at high concentrations. Dorea et al [110] reported concentrations of BTEX
compounds in produced water obtained from Brazil ranged from 96.7 to 1 397 pg/L. The values reported in [110]
flirt rather closely with the acceptable limits for these compounds (1.0 mg/L for benzene, 1.3 mg/L for toluene, 1.0
mg/L for ethylbenzene and 1.4 mg/L for xylenes) according to Australia’s Water Corporation (Australian [95]. It
can be estimated from the reported concentrations of these compounds in produced water that the concentrations of
these compounds are very often exceeded in other industrial effluents from petrochemical, inks and adhesives, as
well as rubber industries, though there are no studies reported in this regard [85,95].

Still, the health risks posed to human health through the ingestion of these compounds, considering benzene is a
confirmed carcinogenic, cannot by any means be exaggerated. Remarkably, household hazardous wastes have also
been reported to contain high concentrations of BTEX compounds. Ro et al [111] revealed that household products
such as garden pesticides, pharmaceuticals, paints, some detergents and personal care products contain BTEX
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compounds, hence resulting in an increase in the concentration of these compounds in municipal waste streams.
Chiriac et al [112] also reported the presence of BTEX compounds in municipal solid wastes. A study by Robinson
et al [113] highlighted the high pollution potential of trace organic compounds such as BTEX compounds in
household wastes that are disposed in landfills.

These compounds can readily dissolve in water and be carried in run-off to surface water bodies, thus posing major
risks to water resource health, marine life and subsequently human health. From the above it is evident that BTEX
compounds can easily be encountered in the environment. Although reported concentrations in treated drinking
water may seem low, the bioaccumulation effect cannot be ruled out, nor can the subsequent health effects that may
result. The presence of these compounds in groundwater plumes, and their ability to persistently be transported to
great depths in groundwater, increases the risks of water-related illnesses and deaths in highly vulnerable regions
like some parts of Africa and South-East Asia, where municipal treatment systems do not exist and residents rely
solely on groundwater for all their needs.

2.0 Natural Clay

Fuller’s earth has long been used industrially for its decolorising properties all the world over and it is an
inexpensive and readily available mineral. Mckay et al [114] reported the adsorption capacity of Fuller’s earth for
basic and Acid Blue to be 220 and 120mg g™, respectively. Thus, they proposed this adsorbent for the treatment of
textile effluents. The adsorption capabilities of clay were due to the negative charge on the structure of fine grain
silicate minerals [72,82]. This negative charge was neutralized by the adsorption of positively charged cations such
as dyes etc. Besides, the clays possessed large surface area ranging up to 800 m? g*, which contributes to its high
adsorption capacity [115]. There are many types of clays but montmorillonite clays are expected to have the highest
sorptive capacity in comparison to other. EI-Guendi [116] proposed a three step model for the adsorption of cationic
dyestuffs (Basic Blue 69 and Basic Red 22) from aqueous solutions on to natural clay. In another study, EI-Guendi
[116] studied the adsorption of cationic dyestuffs (Basic Blue 69 and Basic Red 22) from aqueous solutions by
natural and activated clays. The maximum adsorption capacities (qgmax) of basic blue (BB 69) and basic red (BR 22)
on to natural clay were 390 mg g™* and 365 mg g™, respectively. The natural clay was treated with H,O, and HCI to
enhance its adsorption capacity for dyestuffs. The efficiency of activation with H,0, was greater by 23% and 13% in
the case of BB 69 and BR 22, respectively, when compared to natural clay. The efficiency of activation with HCI
was greater by 30 and 16% in the case of BB 69 and BR 22, respectively relative to natural clay.

2.1. Active sites on clay surface

On clay mineral surfaces, active sites are a very important concept, because they determine the chemical reactions
that applicable to the clay [117]. These active sites or surface functional groups are defined by the geometric
arrangement of surface atoms of clays and their chemical composition. They can be described on the basis of their
location (edge or basal surface), geometric arrangement of surface atoms, chemical composition, and accessibility.
Generally speaking, there are six kinds of active sites which are important for explaining interactions of organic
molecules to the clay surfaces. They are isomorphic substitution sites, hydrophobic sites, broken edge sites, neutral
siloxane surface, metal cations occupying cation exchange sites and water molecules surrounding the exchangeable
cations [23, 33, 43, 117]. Among the active sites, the first four sites are more important for explaining clays to be
developed as sorbents. Firstly, isomorphic substitution within the tetrahedral and/or octahedral sheets can generate
negative charge on the layers. It is usually balanced by hydrated exchangeable cations in the interlayer (mostly Ca*,
Mg?®* and Na*). The extent of hydration varies greatly and depends on many factors related to the nature of interlayer
cations and composition of the layers [118]. Isomorphic substitution can create a kind of active site in the clay lattice
of 2:1 layer silicates. This phenomenon happens on the basal surfaces of charged 2:1 layers silicates including
smectites which include montmorillonite, hectorite, vermiculites and micas. In addition, isomorphic substitution can
occur in either the octahedral or tetrahedral sheet and many clay minerals are characterized by varying degrees of
substitution in both sheets [119]. As for sorption of polar and charged organic materials, the location of isomorphic
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substitution sites in 2:1 layer silicates for example on octahedral or on tetrahedral will have a great impact [117].
The extent and type of isomorphic substitution occurring in layered silicates can strongly influence the selectivity
for inorganic and organic cations, degree of swelling and accessibility of the interlamellar region. Although the
siloxane surface is considered unreactive due to the strong bond between the Si and O atoms, substitution of Si by
Al increases the reactivity and surface acidity. Yunfei [117] suggested that repulsion between non-bonding electron
pairs on the surface oxygen atoms increases due to Al substitution and that the overall basic strength of the oxygen
plane increases. As the extent of Al for Si substitution increases, the potential for polar organic molecules to
hydrogen bond directly to the clay surface increase [120].

Secondly, hydrophobic site is also one of the active sites. Sorption of organic molecules on clay surfaces can impart
a hydrophobic nature to the clay surface [90,117]. The most common example is the cation exchange of inorganic
cations, usually alkyl ammonium cations on montmorillonite. Smectite surfaces have a high selectivity for organic
cations such as hexadecyltrimethylammonium (HDTMA) cations. The modified organo-clays have significantly
different surface properties than the original unmodified clay. The presence of the organic cations between the layers
can serve as molecular pillars which allow organic solutes to be adsorbed (or absorbed) by the organo-clay. The
imparted hydrophobic property of the modified clay surface makes organo-clays efficient sorbents for non-polar
organic compounds [117].

Thirdly, the edges of the particles which bear broken-end hydroxyls such as Si-OH and A1-OH (or Mg-OH) are also
very important sites for adsorbing [121]. They are dependant on pH value as they became protonated or
deprotonated according to the pH value of the solution [117]. At low pH, these sites will develop a positive charge
due to the adsorption of protons, so organic acids and oxyanions can interact with these positive charged sites
strongly. With the increase of the pH, these sites will develop a neutral charge sites and finally will develop a
negative charge when taken to very high pH. At the same time, the contribution of these edge sites to the cation
exchange capacity (CEC) depends on the size and shape of the clay particles. If the particles are large, the CEC from
these sites are minimal. When the particles become small, the contribution of them will become large. In some
cases, an organic molecule does not replace the exchangeable metal cation, but coordinates directly to the metal
cations which occupy the exchangeable cation sites. Phenol for example, can interact with exchangeable alkali and
alkaline earth metal cations which occupy cation exchange sites [122].

In addition, the neutral siloxane surface which is considered to have a predominantly hydrophobic character [21] due
to strong bond formed between the Si and O atoms, the siloxane surface on clay minerals is unreactive [123]. This
surface has interesting sorption properties and is capable of polarizing water molecules surrounding the
exchangeable cations. The uncoordinated surface atoms which can donate protons to adjacent organic solutes [124]
are also important active sites for clay minerals. In general, the origins of charges on the clay mineral lattice are
believed to be mainly because of isomorphic substitution, lattice imperfections, broken bonds at the edges of the
particles, and exposed structural hydroxyls etc [117].

2.2. Organo-clay

Clay minerals consist of small crystalline particles with silica-oxygen tetrahedral sheets and aluminium or
magnesium octahedral sheet, where an aluminium or magnesium ion is octahedrally coordinated to six oxygens or
hydroxyls [74,75,84,85]. Because of isomorphous substitution of silicon ion by aluminium ion in the tetrahedral
layers or similar substitution of aluminium ion by magnesium ion, smectite minerals have a net negative charged.
Thus, cations like sodium, potassium and calcium may be attracted to the mineral surface to neutralize the layer
charge. Organo-clays are synthesized by grafting cationic surfactants [124] (Such a quaternary ammonium
compounds [(CH3)sNR]" or [(CH3),NRR’]" where R and R’ are alkyl or aromatic hydrocarbons etc.) onto clay
minerals. The interlaminar distance of the d001 plane of the clay which has not been organically modified, is
relatively small, and the interlayer environment is hydrophilic. Intercalation of organic surfactant between layers of
clays not only changes them from hydrophilic to hydrophobic, but also greatly increases the basal spacing of the
layers. The increased basal spacing together with hydrophobic surface makes organo-clays an effective material for
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adsorbing oil spills on roads [117].

2.3. Cation exchange mechanism

Because of isomorphous substitution of lower valence cations such as AI** substituting Si** in the tetrahedral sheets
or Mg?* replacing AI** in the octahedral sheets, 2:1 phyllosilicates usually contains a deficit of positive charge, so
they have net negative charge. In nature, the negative structural charge is balanced by exchangeable cations such as
Na*, Ca®* etc. at the aluminosilicate surfaces. Cation exchange reaction starts at the edges of clay particle and then
spreads toward the centre in a highly regular fashion. Kinetic studies have been undertaken by [125], which show
that when the temperature increases the reaction rate will increase. Secondly, this study has shown that the clay
minerals’ chemical and structural characteristics have profound influences on the rate of cation exchange reactions.
The charge on the clay layers and its location (octahedral or tetrahedral) will influence the strength of the
electrostatic attraction between layers and mobility of interlayer space. At the same time, reaction rates are
influenced by the size and valence of the exchanging inorganic cations [117]. When highly charged silicates are
saturated with larger, less hydrated, monovalent cations such as K*, Rb*, NH**, Cs", the attraction between layers is
greatest. When the layers are saturated with Na*, Li*, Ca®*, Mg®* which have larger hydration energies, then the
attraction between the layers will be overcome and the basal spacing will be increased even complete dissociation
can occur small highly hydrated cations are more mobile and easier to replace since inorganic cations have relatively
high hydration energies and usually several layers of water molecules will be associated with them. These clay
surface have a predominantly hydrophilic character which makes them ineffective sorbents for hydrophobic organic
contaminants. This is a direct result of the presence of hydrated cations near the clay surface.

When hydrophobic modification of clay mineral’s surface is undertaken, a variety of organo-clays can be formed.
An important consequence of replacing inorganic cations with organic cations is that the clay surface will take on a
hydrophobic character instead of hydrophilic [126]. Usually, active sorption sites on clay surfaces such as
isomorphic substitution sites, neutral siloxane surface, broken edge sites are important for explaining the sorption.
Because of electrostatic and non-coulombic forces, organic cations are attached on 2:1 layer silicate surfaces. In this
process, the Gibbs free energy for the cation exchange reaction on clays increase as the chain length of the alkyl
chains increased. This was first reported by Jouary and Chassin [127]. The additional stabilization energy gained
with increasing chain length is attributed to van der waals interactions between the alkyl chains and clay surface. On
the other hand, in terms of active sites, the alkyl ammonium cations are stabilized by electrostatic interaction of the
protonated amine with isomorphic substitution and broken edge sites via ion exchange and through van der waals
interactions of the hydrophobic portion of the organic cation (i.e., alkyl chains) with the neutral portion of the
siloxane surface. But if the molecules are too large, steric hindrance will limit the amount sorbed when the organic
cations become too large to fit in the interlamellar region. This occurs when the projected surface area of the organic
cation approaches the charge density of the clay mineral [128]. Except steric effects, the charge density of the clay
will influence the accessibility of interlamellar sorption sites. In general, if the organic cation has a diameter of less
than 6A as its smallest dimension, it can participate in most ion exchange reactions. The size of the clay particles,
type of exchange cations, total layer charge and the type of isomorphic substitution (i.e., tetrahedral vs. octahedral)
have all been known to influence the interaction of organic cations with 2:1 layer silicates [128].

The arrangement of the intercalated organic cations in the interlamellar region depends strongly on the size and
shape of the organic cations as well as the charge density of the clay. Using infrared spectroscop, Yunfei [117]
observed that if the layer charge is low, then the preferred orientation of the organic cations in the interlayer region
is parallel to the silicate layer. With the increasing of charge density, however, the organic cations are oriented
nearly perpendicular to the clay layers. The orientation of the alkyl ammonium cations in the interlayer region has a
large influence on the hydrophobic properties of the modified clay.

In addition, the concentration of organic cations sorbed usually can reach as much as cation exchange capacity
(CEC) of clays. Some authors have however reported that the organic cations are generally sorbed on charged 2:1
layer silicates in excess of the cation exchange capacity (CEC) of the clay [117]. When organic cations replace
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hydrated inorganic cations, the silicate surface is changed from hydrophilic to hydrophobic, the organic cations can
adhere to isomorphic substitution sites via electrostatic interactions or they can adhere to the sorbed organic cations
by van der waals forces [129]. If they are bonded to sorbed organic cations by van der waals forces then the sorbed
organic cations will increase even excess the cation exchange capacity (CEC) of the clay; For example, Jaynes et al
[126] reported hexadecyltrimethylammonium (HDTMA) sorption at 150% of the cation exchange capacity on
montmorillonite. A similar sorption which is excess the CEC was reported by Rytwo et al [130] on montmorillonite.
Depending upon the size of the alkyl substituent on the organic cations and the nature of their interaction with
neutral hydrophobic compounds, there are two classes of organic clays to satisfy different requirements. One is
adsorptive clays while the other is Organophilic clays [20,39,48,117].

2.4. The difference of sorption behaviour between two organo-clays

The sorption behaviors of hydrophobic compounds on short chained quarternary ammonium cation modified clays
(adsorptive clays) and long chained organic cation exchanged clays (hydrophobic clays) are very different. In larger
organic cations such as HDTMA, the organic cations are anchored to the clay surface by electrostatic forces between
the positive charge on the organic cation and isomorphic substitution sites on the surface of clay. The long
hydrophobic alkyl chain of the organic clays can interact with each other to create a hydrophobic or organophilic
phase which functions as a partitioning medium. As for small organic cations such as TMA and TMPA, they have
no long alkyl chains which can interact with each other, so at maximum adsorption on smectite clays, they are
discrete entities on the siloxane surface of smectities and are arranged in monolayers, hence they do not form a
partition phase as that exist in the organophilic clays [117].

2.5 Arrangement of organic cations in the organo-clays

The arrangement of organic cations in organo-clays depends on the size of organic cation, for instance the length of
alkyl chain and layer charge of the clay minerals [128]. Generally speaking, in adsorptive clays, the organic cations
only form monolayers. In the case of organophilic clays, the organic cations may form monolayers, bilayers,
pseudotrimolecular layers or paraffin complexes [117]. These three arrangements of organic cations also affects the
basal spacing of organic clays which can be analysed by XRD. For example, in the case of HDTMA, the C-16 alkyl
chain may form from monolayers to paraffin complexes which correspond basal spacing of d001 are 13.7A, 17.7A,
21.7A and >22A. Different interlamellar arrangements of alkylammonium ions are as follows [30,49,70]:
Monolayers: When the packing density of the chains is low, the chains are assumed an arrangement with the C-C-C
plane parallel to the layers, i.e. the chains will lie parallel to the silicate layers. The characteristics basal spacing is
13.6 A. This spacing is often observed for short alkylammonium ions (n<8).

Bilayer: chains parallel to the silicate layer. Typical basal spacing is 17.6 A Pseudotrimolecular layers: The polar
end groups of the alkylammonium ions remain attached to the layers. By formation of kinks the unpolar chain ends
are shifted one above the other and the interlayer separation is determined by the thickness of three alkyl chains. The
basal spacing is about 22 A. Paraffin-type layers: The ammonium groups remain attached to the silicate layer, the
chains in all-trans conformation point away from the surface. As the orientation of the methyl end group is different
for n=even and n=odd, the basal spacings increase stepwise (alternating spacings) [126]. The theoretical spacings
are (]= angle of tilt):

n=even: dL=11.3 +1.27 n sin]

n=odd: dL=11.3 + 1.27 n sin] + 0.88 cos]

These four types of arrangements are shown in figure 2.
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Figure 2: Four types of arrangements
a) Monolayer (about 1.37 nm), b) Bilayers (about 1.77 nm), ¢) Pseudotrimolecular layer (about 2.17 nm), d) Paraffin
complex (>2.2 nm) [125].

2.6. Clay Modification Methods

2.6.1. Thermal treatment

The use of thermal treatment has been recognized as one route to enhance the adsorptive characteristics of raw clays
[10]. Whereby the microstructure of the clay (the octahedral sheet), cation exchange capacity, and clay wettability
can be changed to enhance the adsorption capacity [94]. Yu et al [91] reported a significant increase in the
adsorption capacity of pesticide (dicamba) onto calcined anionic clays (Layered double hydroxides (LDHSs)). Whilst
the untreated LDHSs had no affinity for dicamba, the calcined clay showed S-type adsorption isotherm with a rapid
adsorption process (reached the equilibrium in 30 min). The adsorption mechanism was based on combined
electrostatic attraction and hydrophobicity. In another study, Abdelrahaman [10] investigated the combined surface
modification and thermal treatment of vermiculites for sulfamethoxazole removal from water. The adsorption
experiments revealed that combined thermal pretreatment and surface modification of the clay resulted in higher
SMX removal (98%), cf. 95% for single step surface modification. Bamidele [58] investigated the structural
properties and adsorption capability of thermally treated kaolinite-biomass composites. Although the specific
surface area of the calcined kaolinite-biomass composite was reduced after the thermal treatment, a significant
increase was observed in the cation exchange capacities after the calcination at 300 °C. Which resulted in 52-250%
enhancement in the amount of 2,4,6-trichlorophenol adsorbed onto the calcined composite. In fact, the effectiveness
of the thermal treatment depends on the nature of the adsorbates and the adsorption mechanism [10].

2.6.2. Acid activation

Acids such as HCI, NH,CI, and H,SO, have been used to remove mineral impurities and aggregate the clay, which
increases the specific surface area. Yu [91] demonstrated the use of aqueous ammonium chloride to activate
Algerian clay. The resultant acid activated clay was used for the removal of phenol from industrial wastewater (e.g.
textile). The adsorption experiments showed a significant increase (~160%) in the specific surface and the
adsorption capacity enhanced to 48.8 mg/g at an initial concentration of 400 mg/L. In another study, Safoora [51]
compared the adsorption capacity of phenol onto acid modified and surfactant (HDTMA) modified clays. A 40%
higher specific surface area (SSA) was observed for bentonite activated with HCI, as compared to HDTMA
modified bentonite. Due to the larger SSA, an order-of-magnitude higher phenol removal was reported for HCI
activated clay. In another study [46], the adsorption capacity of HCI activated clay for 2,4,6-trichlorophenol was
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also reported as a function of pH, contact time and temperature. However, Schouten [65] showed that although the
surface area of activated bentonite (with H,SO,) was ~2 times higher than untreated clay and the total pore volume
increased from 0.9095 to 0.505 cm®/g, the activated bentonite showed negligible improvement in the adsorption
capacity of linear alkyl benzene sulfonate (LAS) due to the acidic (negatively charged) surface which had no affinity
to interact with the LAS molecules.

2.6.3. lon exchange

lon exchange has been widely used to produce intercalated clays by exchanging the inorganic cations of the clays
with either metal/transition metals or organic cations (surfactants). Whilst the latter has been widely acknowledged
as the most commonly used method and has been demonstrated for the removal of various organic pollutants, a
limited number of studies have been reported for the use of transition metal complexes and metal species for the
removal of phenol and phenolic compounds [10]. Zeng [93] found that polymeric Fe/Al metal exchanged bentonite
had lower adsorption affinity toward phenol, compared with HDTMA modified clays.

2.6.4. Cationic surfactants

The adsorption capability of raw clays can be improved by exchanging its interlayer inorganic cations (e.g. Na*, K%,
Ca’") with Quaternary ammonium cations (QACs). The enhanced adsorption properties of the resultant organo-clays
are caused by both the hydrophobic surface property as well as the expanded interlayer spacing of swelling clays.
The organic cations employed to modify natural clays are generally categorized into either (a) organic surfactants
with  benzyl, phenyl, and/or short-chain alkyl groups such as tetramethylammonium (TMA),
trimethylphenylammonium (TMPA), and benzyltriethylammonium (BTEA), or (b) Cationic surfactants with one or
more long-chain alkyl groups such as hexadecyltrimethylammonium (HDTMA), cetyltrimethylammonium (CTMA),
and didodecyldimethylammonium (DDDMA) [10]. The use of cationic surfactants such as Gemini surfactants, and
natural amine, have been reported for the removal of pesticides and phenolic compounds [29]. Gemini surfactants
are kind of surfactants that comprise both aromatic rings and alkyl chain. Clays modified with such surfactants have
the benefit of surface hydrophobicity as well as the special n-m interactions with the adsorbate. Clays intercalated
with Gemini surfactants demonstrated high adsorption affinity for organic pollutants [10,59,68]. According to the
length of the organic cations, the uptake mechanism of the organic contaminants by organoclays has been based on
either physical/surface adsorption (driven by van der Waals forces) or partitioning between phases.

Moreover, it has been reported that the longer the modifier alkyl chain (e.g. DDDMA), the more hydrophobic
partition medium, and thus the higher adsorption capacity [88]. The adsorption properties of organic- intercalated
clays are significantly affected by the chemical structures and molecular arrangements of the organic modifier, as
well as the layer charge density of the organoclays [47]. Yu [91] has claimed that compared to low-charge smectite,
HDTMA intercalated clays with high-charge density have a higher adsorption affinity towards phenol due to the
increased nonpolar interactions with the adsorbates. On the other hand, for the use of small cation chain modifier
(TMA, and BTMA) higher adsorption capacities were recorded for organoclays prepared at lower charge density.
Whilst the adsorption of aromatic compounds (phenol, benzene, and toluene) onto clays intercalated with small
organic cations (BTMA, TMA) usually results in higher adsorption capacity [27].

Moreover, compared to TMA, surfactants with benzyl chain (e.g BTMA) has higher adsorption affinity toward
aromatic molecules due to m-m interactions between the benzene ring of BTMA and the aromatic rings of the
adsorbate [69]. The adsorption capacity is not only dependent on the type and size of the organic modifier but also
on the structure of the organic molecules. Zhongxin [50] found that montmorillonite modified with hexamethylene
bispyridinium dibromides (HMBP) exhibited the highest adsorption capacity for phenol among other phenol
derivatives (chlorophenol and nitrophenol). Which was attributed to the n-n polar interaction between the pyridine
ring and benzene ring in phenols. Therefore, special functional groups within the chemical structure of the organic
surfactant control the affinity for specific pollutant molecules and one possible route to enhance the removal of a
specific organic molecule is to use a specific modifier having a special functional group [10].
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2.7. Adsorptive characteristics of surfactant modified clays

Discrepancies in the adsorption capacity of modified clays were reported for the removal of similar organic
adsorbates across the different studies which is attributed to the differences in either the preparation process
(including organic matter removal, cationic exchange capacity (CEC)/ surfactant loading, and the properties of the
natural clay used to be modified), or the experimental conditions (solution pH, temperature, initial concentration,
adsorbent dosage, and contact time). Across different reported studies [10,48,56,66], the general trends of these
factors for data sets within a specific study can be explained as the follows:

(a) Surfactant loading (% CEC): the amount of surfactant loading is found to have a significant effect on the
degree of the adsorption [16,17]. Generally, the adsorption capacity increases with the surfactant loading (usually
expressed as (% CEC) due to either the stronger VVan der Waals interactions between the adsorbate and the modified
clay surface or increased partitioning effect at higher loading [60]. Nonetheless, it was demonstrated that the rate of
change decreasing towards a plateau after which the adsorption capacity was observed to decline with a further
increase in the surfactant loading, as other factors become mass-transfer limiting at higher surfactant concentration
[95]. Moreover, the rate of change in the adsorption capacity is also controlled by the number of the alky groups of
the surfactant [68,76,77,81,86].

(b) pH: The adsorption process on modified clays is significantly influenced by the solution pH. The extent of the
pH influence on the adsorption capacity is controlled by the clay surface charge and the ionic (anionic, cationic, or
neutral) form of the organic adsorbates [7]. pH is known to control the dissociation of the organic adsorbate, with
organic molecules being an anion, cation or neutral at different pH. Whilst the adsorption capacity remains
unaffected by pH for neutral molecules, the adsorption dramatically declines in the range of pH when the organic
compound deprotonated to anionic form due to the repulsive electrostatic interactions between the anion adsorbate
and the negatively charged clay surface.

However, it has been claimed that as the surfactant concentration loading increases the adsorption capacity becomes
less influenced by pH [62]. Moreover, Yuri [91], reported that the degree of the pH effect is dependent on the size of
organic cations (molecular weight of the surfactant), as the clay intercalated with larger surfactants (e.g. DDDMA)
develops more positively charged surface and attracts imazaquin (in its anionic form) at low pH.

(c) Adsorbent dosage: the effect of the adsorbent dosage on the removal efficacy of chlorophenol was investigated
by Zhang and his coworker [7], where dodecyltrimethylammonium bromide (DTAB) and (CTAB) were used to
modify MMt. Whilst the adsorption amount onto the unmodified clay (MMt) remained unaffected by the increase in
the adsorbent dosage the removal of chlorophenol steadily increased for the modified clays due to the more vacant
sites being available to adsorb the organic molecules. Similar findings were observed by others for the removal of
phenolic compounds [31]. However, Jaynes [42], reported that the adsorption capacity of phenol and phenolic
derivatives decreased when the adsorbent dosage increased.

(d) Contact time: the required contact time to achieve a target removal amount of the organic pollutants is of
economic importance for the real-world applications. It has been widely acknowledged that the adsorption process
starts to increase sharply for a short time period till the equilibrium concentration is reached then a considerable
decline is observed for the adsorption amount, as the repulsive electrostatic interactions between the occupied
adsorption sites and the adsorbates increases [26,31, 37].

(e) Initial concentration: The trend of the equilibrium uptake increases with the initial concentration of the organic
solution as a direct result of the increased driving force (concentration gradient between the bulk solution and the
clay surface). Nonetheless, and simultaneously the %organic removal declines [31].

2.8. Adsorption Kinetics

Many attempts have been made to formulate a general expression describing the kinetics of sorption on solid
surfaces for liquid-solid phase sorption systems. Existing kinetic models in the literature are easily grouped into two:
empirical models and mechanistic models [131].
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2.8.1. Empirical Models (Global Rate Models)

The sorption of organic compounds, such as (BTEX), onto natural sorbents has been described on a molecular level
as a complex process by models which involve complicated mathematical computations [78]. Thus, attempts at
simplification have been considered on a macroscopic scale for practicality and ease of understanding the
mechanism of sorption and potential rate controlling steps such as mass transport and chemical reaction processes.
From a macroscopic point of view, three global kinetic rate models are often used in the literature: pseudo-first-
order kinetics; pseudo-second-order kinetics and the Elovich model.

2.8.1.1. Pseudo-first-order
The pseudo-first-order equation was first represented by Lagergren for the sorption of oxalic acid and malonic acid
onto charcoal [44]. The model is generally expressed

as: ™ = ky(qe — q0) (2.1)

where g, and g are the sorption capacity at equilibrium and at time t, respectively (mgg™) and k; is the rate constant
of pseudo-first-order sorption (min™). After integration and applying the

boundary conditions gt =0 att =0 and gt at t = t, equation (2.1) yields:

log(qe — q1) = log qe — (52t (2.2)
The rate constant is obtained by a linear regression analysis of the log(ge — q;) = f(t) function in equation 2.2 above.
Ho and McKay [114] observed that in most cases in the literature, the pseudo-first-order equation of Lagergren [44]
does not fit well for the whole range of contact time, and is generally applicable over the initial 20 to 30 minutes of

the sorption process.

2.8.1.2. Pseudo-second-order

Chang et al [17], Valderrama et al [78], Anirudhan [24], Nourmoradi et al [54] and Chidi et al [55] are some
examples of researchers who have used the pseudo-second-order equation based on the sorption equilibrium
capacity. The equation is of the form:

d
- = ko(qe — 0’ (23)
Integrating equation (2.3) with the boundary conditions earlier stated gives:
1 1 t
(2.4)

a kea? ' qe
where k; is the pseudo-second-order rate constant (gmg'min™) and together with the g is obtainable by a linear
regression analysis of the t / gt = f(t) function. Ho and McKay [114] introduced two new parameters viz: initial
adsorption rate ho = k,q.? which defines the rate of adsorption as time tends to zero; and adsorption half life t,, =
1/k,qe Which defines the time required for adsorption to reach half of the equilibrium capacity. Thus, equation 2.4

can also be written as:
qt = ﬁ (2.9)
ho qe
2.8.1.3. The Elovich Model
This model is based on adsorption capacity as established by the work of Zeldowitsch [92]. It is of the form:

% = aexp(—bgq,) (2.6)
where qt is the sorption capacity at time t (mgg™), a and b are the Elovich parameters referring to the initial sorption
rate (mgg™*min™) and the desorption constant (gmg™) during any one experiment, respectively.

On integrating equation 3-6, applying the earlier stated boundary conditions, Chien and Clayton [26] further

simplified the Elovich equation by assuming a, b, t > 1, thus arriving at:

a. = (3)In(@ab) + (5) n(® (2.7)

a and b are gotten by the linear regression analysis of the function gt = f(t).
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2.8.2. Mechanistic Models

From a molecular standpoint, the adsorption of PAH molecules (and indeed any adsorbate) from an aqueous phase
system onto an activated carbon has generally been described to proceed in three successive steps in the literature
[131]:

a) Transport of molecules from the bulk of the solution to the exterior surface of porous carbon particles through a
boundary layer (liquid film or external diffusion);

b) Diffusion of the PAHSs through the interior pores of the carbon (intra particle or internal diffusion); and

c) Adsorption of PAHs molecules onto the active sites on the interior surface.

These steps are schematically represented in Figure 3.

Adsorbate !
molecule

Cc =C,

External film _5\

diffusion

Internal pore
diffusion

Surface
i adsorption

Figure 3: Schematic Diagram of Heterogeneous Adsorption Process
All three steps could potentially affect adsorption kinetics, while the third step also controls the specific adsorption
capacity and intensity. Generally, one of the 3 steps offers the greatest resistance and is thus referred to as the rate
limiting step of the whole sorption process. In practice however, unless chemical modifications occur during the
sorption, the third stage is assumed to be too fast to contribute significantly to the overall sorption rate [79]. It is thus
generally understood that slow sorption kinetics are caused by rate-limiting diffusive mass transfer [18,83].

2.8.2.1 Film Diffusion Model
The conditions under which the film diffusion controls the rate of adsorption as highlighted in the work of Mohan
and his colleagues are under-listed as [52]:

i. Low adsorbate concentration;

ii. Poor mixing condition;

iii. Small adsorbent particle size; and

iv. Very high affinity of adsorbate for adsorbent surface.
It is worthy of note that even in the absence of these conditions, the film diffusion still controls the initial stage of
any adsorption process, since the last two steps take some time to set in. The equation proposed to govern a film
diffusion controlled adsorption process is given by:

Iz — ke >t (2.8)

where: ks is the diffusion coefficient in m/s; S is the external adsorbent surface area in m?; t is time in seconds; and
V is the solution volume in m*

2.8.2.2 Intra-particle Diffusion Models
A number of models have been used to describe the intra-particle diffusion of adsorbates into the porous structure of
activated carbons. Valderrama et al [79] fitted their PAHs adsorption experiment data to the homogenous particle
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diffusion model (HPDM) kinetic model based on solute extraction as discussed by [131] while another classical
model employed by many researchers is the Weber-Morris intra-particle model [82].

q. = kvt +C (2.9)

where: q; is amount adsorbed, mg/g; k; = intra-particle diffusion rate constant, mgg™min™/ t = time, s; C = constant
related to resistance offered by boundary layer. The simplicity of this model has made it widely used in the literature
[38,40,78].

2.9. Adsorption Isotherm

When an adsorbent is in contact with a surrounding fluid of a certain composition, adsorption takes place and after a
sufficiently long contact time, equilibrium is reached between the sorbent and the surrounding fluid environment. At
equilibrium, there is a defined distribution of solute between the fluid and solid sorbent phases. The adsorption
isotherm is a functional expression relating the amount of solute adsorbed (ge) on the sorbent to the equilibrium
concentration (Ce) of solute in the fluid at a given temperature. To allow for comparison of different sorbent
materials, the quantity adsorbed is always normalized by the mass of the sorbent used [131]. In the environmental
application of sorbents, the predominant scientific basis for sorbent selection has been said to be the equilibrium
isotherm, while the diffusion rate is generally secondary in importance [87]. This is rightly so since often times the
diffusion rate is extremely fast, and as such a primary concern would be the capacity of the sorbent for the target
compound within the operating temperature, concentration and pressure conditions as equilibrium is reached.

2.9.1. Classification of Adsorption Isotherms

In considering gas-solid systems, according to IUPAC [41], adsorption isotherms are categorized into six types and
this helps better understand the nature of the adsorption process: monolayer, multilayer adsorption, capillary
condensation or micropore filling. The categories are as given in the Figure 4 below:

x l T
=
\
T = = 4 ~r
=
= =
=
g = -~ - -
L

RelcatTive pressare ——————a
Figure 4: IUPAC Types of Adsorption Isotherm [41]
The Type | isotherms are given by microporous solids in which the pore size is not very much greater than the
molecular diameter of the sorbate molecule. As such, the limiting uptake is governed by the accessible micropore
volume with the saturation limit corresponding to the complete filling of the micropores. The Type Il isotherm is
obtained with a non-porous or macroporous adsorbent representing unrestricted monolayer-multilayer adsorption.
Point B, the beginning of the almost linear middle section of the isotherm, is often taken to indicate the stage at
which monolayer coverage is complete and multilayer adsorption about to begin. Type I11 isotherm is convex to the
p/p°® axis over its entire range and therefore does not exhibit a Point B. They are uncommon and the adsorbate-
adsorbate interactions play an important role in this kind of system. The characteristic feature of the Type IV
isotherm is the hysteresis loop associated with capillary condensation taking place in mesopores. The initial part of
the isotherm is attributed to monolayer-multilayer adsorption since it follows the same path as the corresponding
part of a Type Il isotherm. Type IV isotherms are given by many mesoporous industrial adsorbents. The Type V
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isotherm is uncommon and is related to the Type 111 isotherm in that the adsorbent-adsorbate interaction is weak, but
is obtained with certain porous adsorbents. The Type VI isotherm exhibits a stepwise multilayer adsorption on a
uniform non-porous surface, in which the sharpness of the steps depends on the system and the temperature. The
step-height represents the monolayer capacity for each adsorbed layer and, in the simplest case, remains nearly
constant for two or three adsorbed layers.

2.9.2. Isotherm Models

Adsorption isotherms are described in many mathematical forms often based on empirical fittings while simplifying
the physical properties and processes involved in the adsorption. The three major models that have mostly been used
in fitting equilibrium adsorption isotherm of BTEX in the literature are highlighted below:

2.9.2.1. Langmuir Isotherm Model

This is about the simplest and most commonly used model. It is a semi-empirical isotherm derived from a proposed
kinetic mechanism [45]. It is based on four assumptions all summed up in the sorbent being regarded as
homogeneous:

1. Localized adsorption: molecules are adsorbed at a fixed number of well-defined localized sites.

2. No interactions between adsorbed molecules.

3. Monolayer adsorption: each site can only hold one adsorbate molecule

4. All sites are energetically equivalent.

The model has the linear form:

C C 1
e — =& 21
Jde Qm + bQm ( O)

where C. (mg/L) and g. (mg/g) are the concentration of adsorbate and the adsorption capacity of the adsorbent at the
equilibrium time, respectively. b (L/mg) is the Langmuir constant and Q.. (mg/g) is maximum adsorbent capacity.
Qm and b are attained by the slope and intercept of C./q. versus C., respectively.

2.9.2.2. Freundlich Isotherm Model

Contrary to the monolayer and localized adsorption assumptions of Langmuir model, Freundlich [35] derived an
empirical model with an exponential distribution of site energies and immobile adsorption. It suggests there exist
multiple sets of sites on the surface of the adsorbent which is heterogeneous [13]. The model is of the form:

Qe = keCe™" (2.11)

where ¢, is the equilibrium sorbed concentration (in mg of adsorbate/g of sorbent), and C. (in mg/L) is the
equilibrium solution phase concentration. Ky is the Freundlich constant related to the adsorption capacity, and 1/n is
the intensity of adsorption. The Freundlich equation however does not give a limit of adsorption capacity (due to the
1/nth power of concentration), making the amount adsorbed go to infinity when concentration increases. This limits
its application to concentrations below saturation where adsorption phenomena would no more be significant [73].

2.9.2.3. The Dubinin-Radushkevich Isotherm Model (D-R Model)

The D-R model is often employed to give insight into the adsorption mechanism by obtaining the apparent free
energy of adsorption. The model is given by [32]:

Ing. =Ingq,, — Be? (2.12)

where, g (Mg/g) is the theoretical sorption capacity based on the isotherm, g (kJ/mol) is related to mean adsorption
energy and ¢ (Polanyi Potential) is equal to RT In (1 + 1/Ce). R (kJ/mol” K) is the universal gas constant and (K) is
temperature [131].

2.10 Adsorption thermodynamics
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The feasibility of adsorption processes is evaluated by studying the thermodynamics parameters. Energetic changes
during adsorption in terms of considering amount of heat being absorbed or released, dispersal of energy and
amount of energy provided by the chemical reaction are quantified by standard enthalpy (He), standard entropy (S°)
and Gibbs free energy (Ge) respectively. These parameters are essential for indicating the spontaneity of adsorption
mechanism and defining the exothermic and endothermic adsorption processes. In adsorption experiments the
thermodynamics parameters are determined using the Van’t Hoff equation. The equation is applied after examining
different temperatures effect on the adsorption by calculating the K¢, for each experimental run. Consequently, a plot
of InK¢q vs. 1/T can be obtained to estimate the values of AH® and AS°.

—-aHO | 250
InKeq = ——+—F (2.13)
Also, the Gibbs free energy isotherm equation is used depending on equilibrium constant values:
G = - RTInKg,

where Kgq is the equilibrium constant and Ke; =0./Ce , C.: is the equilibrium concentration (mg/L), g, is the
adsorption capacity at equilibrium (mg/L), R is universal gas constant, T is temperature, H and S are the standard
enthalpy and entropy respectively.

Thermodynamics of phenol adsorption onto hexamethylene bispyridinium dibromide modified montmorillonite
showed that the adsorption process is spontaneous, exothermic and with increased randomness [50]. The adsorption
of phenol onto the specified clay has G = 18 kJ/mol and H = 14.47 kJ/mol [50]. The general Gibbs free energy
range is (0 to —20 kJ/ mol) for physical adsorption and for chemical adsorption is (=80 to —400 kJ/mol). Whereas,
the enthalpy ranges for both physical and chemical adsorption is (2.1-20.9) kJ/mol and (80-200) kJ//mol
respectively. Generally, the characterizations of adsorption process with respect to temperature change are explained
on thermodynamics basis. Altering the temperature would have various impacts on the energetic changes based on
the pollutant and adsorbent type and other conditions in the surrounding.

2.11. Characterization

Different types of clays are characterized before and after adsorption processes to reflect their distinctive properties
and how the adsorption of solids organics takes place at clays surface [10]. The varied behavior of clays in
adsorbing the organics estimated by the adsorption capacity is a consequence of the variation in pore size, specific
area, infrared spectrum, morphology, structural geometry and texture. Among the adsorption studies analyzed for
two decades, the most commonly applied techniques to demonstrate clays characterization include: X-Ray
Diffraction Analysis (XRD), Fourier Transform Infrared (FTIR), Thermogravimetric analysis (TG), Scanning
Electron Microscope (SEM), Zeta potential and Brunauer, Emmett, and Teller (BET) multipoint technique [10]. The
above-mentioned techniques are widely used for various adsorption applications as each one of them depicts some
features of the clays. The XRD is described by being one of the most helpful techniques to determine the structural
geometry and the Basel spacing of clays [89]. FTIR assist to probe the molecular orientation of the intercalated
surfactants within the organoclays by producing an infrared spectrum of functional groups stretching vibrations [89].
However, SEM gives images that show the morphology of clays surface whether it is regular, irregular or with fluffy
appearance and how it is changed after adsorption or adding surfactants [89]. Also, Zeta potential analyzer conducts
analysis through measuring the zeta potential of the clays which describe the electro kinetic in colloidal dispersion
[28].

3. Conclusion

Utilization of natural and modified clays as sorbents has been frequently applied in environmental clean-ups to
enhance pollution control at oil spill sites, control ground waters/wastewaters pollution. It has also aided in
mitigating hazardous waste from the environment. Whilst clays have been considered abundantly available and
cheap alternative adsorbents, the technical viability of clay sorption process depends on the efficiency of removing
the organic contaminants presented in aqueous sources. A specific type of natural or organoclay could be suitable
for one application but not for the others. Therefore, the main objective of this review is to highlights the adsorption
capacity of different clays and modified clays toward various VOCs pollutants.
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