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Abstract: An important goal in environmental research for industrial activity and sites is the in-
vestigation and development of effective adsorbents for chemical pollutants that are widespread,
inexpensive, unharmful to the environment, and have the required adsorption selectivity. Organ-
oclays are adsorption materials that can be obtained by modifying clays and clay minerals with
various organic compounds through intercalation and surface grafting. Organoclays have impor-
tant practical applications as adsorbents of a wide range of organic pollutants and some inorganic
contaminants. The traditional raw materials for the synthesis of organoclays are phyllosilicates
with the expanding structural cell of the smectite group, such as montmorillonite. Moreover, other
phyllosilicates and inosilicates are used to synthesize organoclay to a limited extent. The purpose of
this review was to analyze the possibility of using minerals of other groups with different abilities to
expand the structure and structural charge for the adsorption of chemical environmental pollutants.
The structural characteristics of various groups of phyllosilicates and chain minerals that affect their
ability to modify organic surfactants and the adsorption properties of prepared organoclays were
reviewed.

Keywords: anthropogenic pollution; clay mineralogy; environmental technology; intercalation; ad-
sorption

1. Introduction

The properties of phyllosilicate (layered) clay minerals, such as great specific surface
area, chemical stability, variable expansibility, reactive functional groups, and surface
charge make them perfect adsorbents for a wide range of environmental pollutants [1-3].
The advantages of clays as adsorbents are also related to the following: they are naturally
widespread, commonly nontoxic, easily mined, and relatively cheap materials. For example,
more than 16 Mt of bentonite clays and 44 Mt of kaolin clays are mined annually at
present [4]. The price of clay is 0.05-0.46 USD/kg, and the cost of montmorillonite is about
0.04-0.12 USD/kg, which is 20 times cheaper than activated coal [5,6].

Most clay minerals’ outer and inner surface is hydrophilic and polar, resulting in high
affinities towards low and high-molecular, mainly cationic, substances. However, their
anionic substance-adsorbing capacity is low: less than 5 cmol/kg for smectites [7] and
not more than 2 cmol/kg for kaolinites [8]. Although clay minerals have a hydrophile
surface, their significant area and volume of small pores allow the clays to adsorb some

Minerals 2021, 11, 707. https:/ /doi.org/10.3390/min11070707

https:/ /www.mdpi.com/journal /minerals


https://www.mdpi.com/journal/minerals
https://www.mdpi.com
https://orcid.org/0000-0003-0507-4968
https://orcid.org/0000-0001-6000-2209
https://orcid.org/0000-0003-3022-0883
https://doi.org/10.3390/min11070707
https://doi.org/10.3390/min11070707
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/min11070707
https://www.mdpi.com/journal/minerals
http://www.mdpi.com/2075-163X/11/7/707?type=check_update&version=3

Minerals 2021, 11, 707

20f 15

amount of the nonionogenic substances [9]. The modification of natural clays by organic
surface-active substances (surfactants) makes it possible to refine their pore structure and
impart the hydrophobic property to their surface if necessary.

The synthesis of special organo-mineral materials (organoclays) by intercalation or
by grafting organic surfactants into expanding clay minerals has attracted a great deal of
attention over the past two decades [10]. Organoclays have important practical applications
as adsorbents of organic pollutants [11,12] and as components in the formation of clay
polymer nanocomposites [13]. The theoretical basics for intercalating surfactants into
the interlayer space of clay minerals are well understood ([10,12,13] etc.). The ability for
modification and the resulting organoclays’ sorption characteristics are influenced by the
properties of the original clay mineral and the properties of the intercalated organic matter.
Recently, there has been growing interest in the synthesis of organoclays using zwitterionic
substances that form complex adsorption positions and nonionic surfactants with low
toxicity and biodegradability [10,14].

Most studies on the synthesis and analysis of the properties of organoclays are focused
on the swelling 2:1 structure clay minerals of the smectite group. In this context, the
features of surfactant interactions with other groups of clay minerals and organoclays’
properties remain insufficiently studied. Moreover, some of these organoclays may have
unique properties, such as significant adsorption capacity and selectivity to certain types
of pollutants. This issue is especially relevant for territories with deposits of phyllosilicates
other than montmorillonite and chain silicates. Our review describes the sorption properties
of organoclays based on clay minerals with different capacities of expansion and surface
charge relative to a wide range of chemical pollutants.

2. Organoclays and Their Properties

The idea of using the intercalation technique for the transformation of clays into
porous analogs emerged in the 1950s. Barrer and MacLeod studied the adsorption of
montmorillonite and the mineral intercalation of various gases and vapors [15]. In 1955,
they wrote that the substitution of exchange inorganic cations in montmorillonite by cations
N(CH3)** and N(C,H5)** increases the interlayer distance and provokes great changes in
the sorption of organic molecules. They also demonstrated sorption selectivity based on
the molecular diameter of the cross-section of adsorbates [16].

Organoclays are formed during the intercalation of layered silicates by organic sub-
stances not leading to their exfoliation. Organoclays can be defined as clay minerals
(phyllosilicates, less commonly, inosilicates) modified by the adsorption of molecules of
organic surfactants and/or other substances that retain their layered or chain mineral
structure [17,18]. Organic-modified smectites synthesized by substituting inorganic coun-
terions for the short-chain compact cationic compounds, such as tetramethylammonium,
tetraethylammonium, and trimethylphenylammonium, are defined by some researchers as
organoclay adsorbers [17,19]. Organic modified minerals obtained by the intercalation of
long-chain quaternary ammonium ions of the general form [(CH3)sNR]* or [(CH3),NR]*,
where R is the alkyl hydrocarbon, are called organophilic organoclays [19]. The substi-
tution of primary interlayer cations by organic cations produces a surface composed of
covalent-bonded organic fragments. At the same time, the hydrophile property of the
surface can be retained and the hydrophobic or amphiphilic surface can also be formed. In
this condition, a significant expansion of the range of potential sorbates can be obtained. In
recent years, researchers have devoted much attention to the application of organoclays
for the immobilization of various pollutants in soils and clays, as well as the purifica-
tion of wastewaters [3,17,18]. In addition, organoclays can be widely used as fillers in
polymer—clay nanocomposites, thereby improving the properties of these materials [13]

The adsorption efficiency of organoclays is governed mainly by the following proper-
ties: the presence or absence of defects in the crystal lattice, a cation composition of the
interlayer surfaces and a cation exchange capacity of the mineral used for the synthesis of
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organoclays, as well as properties of the intercalated organic substance (molecular mass,
length, and the presence of functional groups in the molecule) and its amount.

If the initial mineral has crystal lattice defects, such as bends and fractures in the
octahedral and tetrahedral sheets, microfissures, or convex or concave surfaces, the close
packing is distorted. As a result, a negative effect on the quality of organoclays would
be found due to changes in the homogeneous distribution of the organic substances’
molecules. [20]. However, flat defects in crystal structures and point and linear defects
(dislocations) in crystals govern the ion adsorption capacity of the initial clay minerals
significantly [20]. According to Lagaly (1994) [21], charge heterogeneity is a characteristic
property of 2:1 clay minerals (smectite, in particular). In these minerals, charge density
can vary in different layers or even within individual sheets; charges are likely to be
distributed more uniformly at the centers of clay particles than at the edges [22]. Structure
defects in minerals and, correspondingly, the heterogeneity of charge distribution promote
a local aggregation of organic substances in such sectors and provoke the expansion and
exfoliation of minerals under heavy loads of the intercalated substance. Thus, the charge
value and its distribution are important characteristics of the natural mineral. For example,
vermiculite has a higher surface charge among the 2:1 phyllosilicates than smectite, and
it shows a more uniform and regular structure expansion during treatment with organic
cations [22]. Various cation substitutions in the 2:1 structure phyllosilicate layers generate
a constant structural charge near the basal plane. Even an ideal pyrophyllite structure
(without any regular structural charge) retains the electric field near the basal plane [23].

The most prominent ions on the clay interlayer space are CaZt, Mg2+, H*, Na*, K¥,
NH**, Lit, SO42~, Cl-, PO43~, and NO; . These ions can be exchanged relatively easily
with other ions, without any influence on the clay mineral structure [2]. The cation
composition of smectites depends on the mineral deposit type. The formation of Na-
and Ca-montmorillonites is governed by the paleogeographic sedimentation settings.
Thalassogenic basins with saline and brine (Na—Cl) waters are marked by the fixation of
Na and K on clay particles; continental fresh-water basins are marked by the precipitation
of alkaline earth elements (Ca and Mg) [24]. Bivalent cations guarantee a stronger bond
between layers relative to the monovalent species. Therefore, bentonite dominated by
exchange cations of Ca (Ca-bentonite) is characterized by a lower dispersion and expansion
degree (8-fold structure expansion) than Na-bentonite (15-fold expansion) (Figure 1 [25]).
At the same time, the interlayer distance varies from 1-5 nm (for Ca-montmorillonite)
to 15-20 nm (for Na-montmorillonite) [24]. The ion charge also affects the ion exchange
kinetics. Commonly, the exchange rate shows a negative correlation with the charge of the
exchange species [26].

Depending on the properties of the mineral and intercalated substance, the organ-
oclays can be formed with the involvement of electrostatic and ion-dipole interactions,
hydrogen bonds, and Van der Waals forces [17]. The charge in the basal layer surface is re-
sponsible for the expansion and ion sorption by the cation exchange mechanism. In contrast,
the pH-dependent adsorption of cations is controlled by the protonation/deprotonation
reactions at the layer edges. The chemical structures of the most commonly used surfactants
for the modification of layered silicates are shown in Table 1 [27].
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Figure 1. Swelling of Ca-montmorillonite and Na-montmorillonite in water [25].

Table 1. Chemical structures of the most commonly used surfactants for the modification of layered silicates [27].

Surfactants Chemical Formula Surfactants Chemical Formula
CH,CH,0H Catg
Methyl tallow |
bis-2-hydroxyethyl quaternary HyC——N——HT Polyoxy propylene methyl CHy——N— (CH;CHQ)sH
ammonium diethyl ammonium
CH,CH,0H CzHg CHy
CHy
Dimethyl dehydrogenate;d HyG——N*——HT Octadecyl amine CHy(CH)1gCH;NH,
tallow quaternary ammonium
HT
CH, H
Dimethyl dehydrogenated [ |
tallow 2—ethylhexyl e T /r\/\ Dimethyl octadecyl amine ChHy(CHy)1gCH, —N'—CHy
quaternary ammonium ‘T cHy
hyl benzyl T T
Dimethyl benzy .
hydrogenated tallow CHy—— N.——CHp-Ph Hex;ii};ﬁrlzetﬂ CHy(CHs),<CHs —N*—CH,
quaternary ammonium s - oH,
T Ph
Dimethyl dialkyl (tallqw, CHy— N7 Dodecyl trlPhnyl . ——
presented by T) ammonium | phosphonium
CH, Ph
Ca'l"u CiHg
. . Hexadecyl tributyl |
CH N, CgH. — T
Trioctyl methyl ammonium 3 stz phosphonium CHy(CH,),4CH, F|' CyHy
CyHyz CyHy
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Surfactants Chemical Formula Surfactants Chemical Formula
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.. CHy—— N*—— (CH;CH,0),H i l

CDOlgﬂOyoxy ichlylene alklyl 3 ? Doc;llecyl }’:rm.lethyl CHy{CHz)yCHy P CHy

( ) methyl ammonium (CH,CHOMH phosphonium
X4y w2 CH,

The orientation of intercalated organic molecules with short alkyl chains is governed
mainly by the electrostatic interactions of their polar groups with silicate layers. In contrast,
compounds with a longer chain interact with the mineral surface via Van der Waals forces.
The retention of the adsorbed molecules depends on the polarizing capacity of the interlayer
cations. Multivalent cations with a strong electrostatic force can retain a large number of
organic compounds relative to alkali metal ions and NH,* [28]. The softness or hardness of
exchange cations in the interlayer space governs the coordination bond type in the aliphatic
and aromatic amines. Soft cations, such as Zn?*, Cd?*, Cu?*, Ag*, and others, bind the
amines directly, whereas water bridges are formed between amines and rigid cations (alkali
and alkali earth metal ions) [29]. For example, pyridine is coordinated directly with Cu
ions, but via water bridges with the interlayer Mg and Ca cations [30].

The efficiency of adsorption by organoclays is also affected by the presence of associ-
ated ions. For example, if electrolytes (NaCl) are present, both nonionic (in general, neutral)
and cationic organoclays demonstrate a decrease of efficiency for the adsorption of several
pharmaceutical substances (except the cationic ones). In contrast, the adsorption proceeds
successfully in water [31].

The chemical affinity between the organic compound and mineral surface depends
on the structure (molecular mass, chain length, and others) of organic molecules, as well
as the functional groups and fragments in the organic molecule, such as hydrophobic
groups (long-chain aliphatic), positively charged groups (-NH3*), negatively charged
groups (-COO~, phenolates, -SO37), electronegative groups, (-C=0, -C-O-C-, -OH), n-
bonds (-C-C-, aromatic rings), the configuration of the available organic molecule, and the
presence and properties of the water phase [32].

Organic substances with one aliphatic chain or flat arrangement of molecules make up
one or two layers parallel to the mineral surface [18,33] (Figure 2 [18]). This is exemplified
by flat intercalations of aliphatic acids [34]. A stable monolayer structure is obtained if
the alkylammonium cation concentration is similar to the cation exchange capacity of the
mineral, that is, the cation area is smaller than one exchange site [35]. If the concentration
of organic substance increases [18] or the area occupied by the organic cation exceeds
the exchange site area [35], two- and three-layer arrangements of the aliphatic chains can
appear. The length of the aliphatic chain needed for the monolayer-to-bilayer transition is
also affected by the value and distribution uniformity of charge on the silicate surface. If
the phyllosilicate has a homogenous charge, the transition can take place abruptly and is
characterized by an identical chain length. The interlayer charge, however, usually changes.
Therefore, the transitions take place at different numbers of carbon atoms (from 6 to 13) in
the chain [18,22,35].

Long-chain ions of alkylammonium and quaternary ammonium can display a pseudo-
three-layer arrangement (Figure 2), that is, the positive surface-active groups are tied to the
silicate layers, while the alkyl chains accept the trimolecular arrangement with bends. In
the case of high-charge smectites and vermiculites, the interlayer organic cations can accept
the paraffin-type arrangement at a certain angle to the mineral surface [18,36] (Figure 2).
This is also fostered by the presence of several long aliphatic chains in the molecule [35].
The intercalation of the long-chain alkylammonium cations provides the penetration of
other monomers (and polymers) into the interlayer space [35].
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EET Silicate layer )

Figure 2. Arrangement of alkylammonium ions in the interlayer space of smectites: (A) monolayers,
(B) bilayers, (C) pseudo-trimolecular layers, (D,E) paraffin type arrangements with different tilting
angles of the alkyl chains [18].

Several linear nonionic polymers can penetrate the interlayer space only when the
clay mineral is dispersed in polymers” waters or organic solvents of polymers. Some
macromolecules of technical significance intercalate from the water solutions. Many
polymers are intercalated along more extended and flat conformations and situated in tight
contact with one or two silicate layers. The unfolding of polylisine and polyglutamine
acid during the intercalation in montmorillonite is described by Gougeon et al. [37]. The
preference of chains over loops is related to the Van der Waals interaction between the
polymer segments and surface oxygen atoms. In contrast to the polymer adsorption on
the outer surface, the interlayer adsorption is marked by the active involvement of the
molecules with a lower molecular mass [35].

The relationship between the spatial arrangement of organic molecules during the
intercalation versus the mineral charge and carbon chain length is demonstrated in
Figure 3 [38].

Layer charge (eq/(Si, Al)4O040)

0.2 0.4 0.6 0.8 1
O 1 1 1 1

o

o7

Monolayers

Bilayers

Pseudotri-
molecular

Chain length n
=

-
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IIIIII‘II]IIII
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type

20

Figure 3. Influence of the layer charge and length of the alkyl chain on the position of alkylammonium
ions in the interlayer space [38].

3. Organoclays Based on Clay Minerals with Different Structure Expansion and
Surface Charge Capacities

The Si-O tetrahedra/Al-OH octahedra ratio in the clay mineral structure and the bond
strength between silicate layers, which depends mainly on the layer charge, govern, to a sig-
nificant extent, the specific surface areas of minerals and their cation exchange capacity and,
consequently, the adsorption properties of organoclays synthesized on their basis. Based on



Minerals 2021, 11, 707

7 of 15

these parameters, layered silicates are divided into several groups (Table 2) [39]. However,
70% of all clays in deposits have an intricate composition because of the simultaneous

presence of several phyllosilicates with a prevalence of one or several minerals [40].

Table 2. Classification of clay minerals based on the Si-O tetrahedra/Al-OH octahedra ratio and the surface charge

layer [39].
Mineral Structure Charge per .
(Layer Types) Formula Unit Groups Subgroups Species Examples
Kaolinite Kaolinite, dickite, nacrite
1:1 0 Kaolin-Serpentine
Serpentine Chrysotile, lizardite, amesite
Talc Talc
0 Talc-Pyrophyllite
Pyrophyllite Pyrophyllite
Montmorillonite Montmorlllomte., beidellite,
0.2-0.6 Smectite nontronite
Saponite Saponite, laponite, hectorite
21 Dioctahedral Dioctahedral vermiculite
’ 0.6-0.9 Vermiculit
erctie Trioctahedral Trioctahedral vermiculite
Dioctahedral Muscovite, illite, .glaucomte,
1 Mica paragonite
Trioctahedral Phlogopite, biotite, lepidolite
Dioctahedral Margarite
2 Brittle mi
rittie mica Trioctahedral Clintonite, anandite
Dioctahedral Donbassite
o ) ) Trioctahedral Chlinochlore, chamosite,
2:1:1 Variable Chlorite nimite
Di, trioctahedral Cookeite, sudoite
Dioctahedral Nepouite
Other silicates (close . . . .
— Pal k Pal k
to inosilicates) 0.1 Palygorskite-Sepiolite alygorskite alygorskite
Sepiolite Sepiolite

3.1. Organoclays Based on 1:1 Structure Phyllosilicates

Since the kaolinite group minerals cannot expand, their utilization as a matrix for
synthesizing organoclays is limited. The cation exchange capacity of kaolinite varies from
1 to 10 mg equiv /100 g for a small area of the specific surface (7-30 m?/g) [41]. Among the
clay minerals of the 1:1 groups, only minerals of the kaolinite subgroup interact with various
organic molecules, and serpentines are inactive [13]. The grafted substances can be divided
into three groups: (1) substances making up hydrogen bonds (hydrazine, carbamide, and
formamide); (2) substances with a high dipole moment (dimethyl sulfoxide and pyridine-N-
oxide); (3) potassium, rubidium, cesium, and ammonium salts of short-chain aliphatic acids
(acetates, propionates, butirates, and isovalerates). The mechanism of their interaction
with kaolinite is not clear [18]. Nevertheless, kaolinite clays are used for the synthesis
of organoclays because they are widespread and cheap. The synthesis of organoclays is
accomplished by the soft chemical treatment method, particularly by aggregation during
the melting of alkylammonium ionic liquids. Alkylammonium salts with a short alkyl
chain are grafted directly by melting at 180 °C in a nitrogen atmosphere when they replaced
dimethyl sulfoxide (DMSO), preliminarily attached to kaolinite. Inoculation for longer
alkyl chains is accomplished in two stages. In the first stage, the corresponding amino
alcohol is attached to kaolinite by the displacement of DMSO. In the second stage, the
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inoculated material is quaternized by the reaction with iodomethane or iodoethane [42].
Methoxy-modified kaolinite is used as a carrier for the adsorption of the 3-amino-1,2,4-
triazol herbicide known as amitrol. The methoxy modification of kaolinite is accomplished
by adding methanol to the preliminarily DMSO-treated kaolinite. The adsorption of amitrol
by organoclays is two times higher than its adsorption by kaolinite [43].

In another mineral of the kaolinite subgroup (halloysite), hydrogen bonds between
the adjacent layers are weaker. Hence, the interlaminar adsorption of substances is possible.
This mineral is also characterized by the formation of tubular aggregates provoked by the
disparity of octahedral and tetrahedral sheets.

The organoclay sample obtained by the covalent bonding of halloysite with a hy-
perreticulated cyclodextrin grid was examined as a potential carrier for polyphenol com-
pounds [44]. The halloysite-based organoclay was used for the adsorption of anionic
pollutants from wastewaters [45]. The adsorption of phenol, 2-,3-4-chlorphenols, 2,4-
dichlorphenol, and 2,4,6-trichlorphenol on the halloysite nanotubes modified with hexade-
cyltrimethylammonium bromide was studied [46]. According to Theng et al. (2012) [35],
the application of natural halloysite, the particles of which have micro-tubular (latticed)
structure, or synthetic halloysite, the particles of which can be flat or spheroidal (close to
imogolite), is promising for the synthesis of clay—polymer complexes.

3.2. Organoclays Based on 2:1 Structure Fillosilicates

Talc and pyrophyllite are minerals with a layered crystal lattice that is responsible for
their exfoliation properties in extra thin lamellas. The elasticity of these lamellas varies
in different minerals because of their chemical compositions reflected in the details of the
crystal lattice structure. Since charges inside lattices in the talc and pyrophyllite structure
are compensated almost completely, their layers are bonded by very weak remnant Van der
Waals forces. This property is responsible for the very low hardness of talc and pyrophyllite,
their extremely easy splittability into elastic sheets, and the lack of tenacity in the sheets.
Because of such properties, these minerals are almost never used for the synthesis of
organoclays.

Nevertheless, data on the interactions of phyllosilicates of this group with various
organic substances are available. For example, some researchers have studied the ad-
sorptions of two model aromatic hydrocarbons (benzene and toluol) by talc from water.
Both benzol and toluene yielded linear isotherms. The isotherm slope was steeper for
toluene than for benzene, suggesting that toluene has a greater affinity to talc [47]. The
rheological properties of the pyrophyllite-water suspension are different in the presence of
three surface-active substances (anionic, cationic, and nonionic). The viscosity depends
strongly on the type of surfactant adsorbed on the clay surface and the surface potential
after adsorption. The basal reflection dgg; of the pyrophyllite clay did not change after
the adsorption of the surfactant, suggesting that they did not intercalate in the interlayer
space [48]. The application of the pyrophyllite clay was exemplified by modifying the
mineral surface based on the 3-(2-aminoethylamine) propyl-methyldimethoxysilane treat-
ment for the subsequent adsorption Pb?* ions from water solutions [49]. According to
these authors, the modified pyrophyllite adsorbed about 93% of Pb?* ions at the initial
Pb concentration of 20 mg/L, whereas the natural pyrophyllite only adsorbed 35% of this
metal under the same conditions [49].

Clay minerals of the smectite group (montmorillonite, bentonite, beidellite, nontronite,
saukonite, and saponite) are distinguished by an insignificant force of interlayer ionic
bonds, strong dispersion, and intracrystal expansion. All minerals of the montmoril-
lonite group have a low charge (0.2-0.6 units per elementary cell) due to a low degree of
isomorphous ion replacement in the tetrahedral or octahedral sites, resulting in a weak
electrostatic interaction between layers. The outer specific surface of smectite clays is as
much as 40-70 m? /g, the total specific surface is 450-850 m? /g [50,51], and the porosity is
about 0.006-0.010 cm®/g [52]. The cation exchange capacity determined by the traditional
methods for smectites from different deposits is 65-135 cmol equiv/kg [53].
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The 2:1 structure phyllosilicates, with an expanding structural cell, are the main
minerals used for the synthesis of organoclays [54,55]. Moreover, montmorillonite, saponite,
and hectorite are the phyllosilicates most used for this purpose [27,35].

Organoclays based on bentonite are used as oil and petroleum product
adsorbents [56,57], phenol and its derivatives [58,59], benzoic acid and hydroquinone [60],
naphthalene and phenanthrene [61,62], and pesticides: simazine [63], methyl parathion,
and tetrachlorvinphos [64], atrazine, butachlor, carbendazim, carbofuran, imidacloprid,
isoproturon, pendimethalin, thiophanate- and thiamethoxam-methyl [65]. They are also
used for adsorption of pharmaceutical products: amoxicillin, norfloxacine, sulfametoxa-
zol, metoprolol, carbamazepine and trimethoprim [31], diclofenac [66,67], and industrial
dyes [68].

Vermiculites, which have a higher charge than the montmorillonite group minerals
(Table 2), are also expanding minerals. They, however, lack an unlimited expansion capacity,
and four molecules per unit cell limit the water amount in the interlayer space. The cation
exchange capacity of vermiculites is 1.5-2 times higher than that of montmorillonites, while
the specific surface area (measured by the BET method) can be as much as 800 m?/ g [69].
Vermiculites have a higher adsorption selectivity and an irreversible adsorption capacity in
the interlayer spaces of large, weakly hydrated cations [70].

A comparison of the sorption properties of organoclays based on vermiculite and mont-
morillonite, modified by gemini surfactant (dichloride 2,2’-bis (dodecyldimethylammonium)-
ethyl ether) for the removal of Congo red dye, revealed that adsorption reached 298 and
154 mg/kg, respectively, at the equilibrium state. The adsorption capacity of these organ-
oclays depended on their hydrophobicity. The thermodynamic parameters demonstrated
that the dye adsorption by the studied organoclays was an endothermic and spontaneous
process [71]. Organic vermiculites, modified by hexadecyltrimethylammonium and benzyl-
dimethyl-hexadecylamine at surfactant concentrations of 0.5, 1.0, and 2.0 of the cation
exchange capacity, were used for the adsorption of anionic species in the form of As (III)
and As (V). Increases in the surfactant concentration were accompanied by the morpho-
logical change of mineral grains, partial hydrophobization of the surface, deterioration
of the interlayer space’s structural parameters, and expansion of the interlayer space. It
was noted that the studied organoclays adsorbed more As (V) than As (III). The maximum
adsorption of arsenic salts took place at the maximum amount of modifiers [72].

The adsorption of Cr (VI) by montmorillonite and vermiculite, modified by hex-
adecylpyridinium, hexadecyltrimethylammonium, and benzethonium were studied at
pH levels of 3-9 [73]. The interlayer space in organic vermiculites had a paraffin struc-
ture, while the organic montmorillonites had a pseudotrimolecular structure. The surface
charges of clays changed from negative or positive values; they were affected strongly
by the specific surface, layer charge, and pH. Organo-vermiculites and organo-bentonites
demonstrated a compatible adsorption capacity for the removal of Cr (VI) depending on
the organic cation species. For all organoclays, the adsorbed amount of Cr (VI) decreased
with the increase of the pH. The influence of competing anions C1~, NO;~, and SO,4?~ for
Cr (VI) adsorption turned out to be small. For the organo-vermiculites, the majority of
anion adsorption centers were confined to the interlayer space.

The possibility of the intercalation of micas and, to a lesser extent, hydromicas, is
limited by the high charges (1 in micas, 0.8 in hydromicas) located in the tetrahedral
sheets, that is, immediately near the interlayer cation, which stipulates a strong electrostatic
interaction of the layers and hampers a significant expansion of the interlaminar space.
The experimental capacity of the cation exchange of these minerals is about 20-50 mmol
equiv/100 g of mineral [26,74]. The charge of large micas (clintonites) is still higher and
marked by a prominent main pattern. In the case of the bivalent interlayer cation change,
the capacity of the cationic exchange of clintonites is two times higher than that of real micas.
Still, such replacement is virtually impossible because of an extremely stable electrostatic
bond [75]. Cation exchange in micas is a slow process because these minerals are enriched
by the partly disintegrated sectors of the interlayer space (particularly in the weathered
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species), through which cations hardly diffuse [26]. The presence of such sectors (wedge-
shaped zones) and their arrangement govern the selectivity of cation exchange. Large
hydrated inorganic cations, such as Ca?* and Mg2+, and organic cations, cannot enter these
zones, particularly if they are located not only at the edges of interlayer space but also
inside it [26].

When muscovite intercalates with ammonium salts, changes in the volume unit cell of
the mineral are negligible during the interlayer K* exchange into NH4* ions. Still, a 4%
expansion was observed when K* was exchanged for methylammonium CH3NH;3* [76].

More complicated modification methods were proposed because of the difficulty of
direct intercalation to micas. Previously, different research groups [77,78] used Li and
cations of alkali earth metals (Ba?*, Ca?*, and Mg?") to change the structure for the first
stage of the ion exchange processing of muscovite. However, an efficient method—-the
treatment of muscovite with melted lithium nitrate at 350 °C for 12 h—-for alleviating the
subsequent intercalation by organic substances was only proposed in 2005 [79]. Thus, the
specific surface of muscovite increased from 3.5 to 170 m?/g. The reaction with the nitrates
of some other alkali metals did not lead to an appreciable increase of the specific surface.

Weng-Lip et al. [80] accomplished the intercalation of muscovite cations of cetyltrimeth-
ylammonium bromide with the two-stage method, including, at first, the melting of the
mineral with lithium nitrate at 300 °C and then, at the second stage, interaction with the or-
ganic substance solution in an autoclave at 180 °C. Fourier transform infrared spectroscopy
showed that cetyltrimethylammonium cations diffuse into the aluminosilicate laminas and
make up a stable electrostatic bond with the clay surface. In addition, the intercalated
chains of organic cation are distributed uniformly to make up the paraffin-type structures
in the muscovite clay.

Hydromicas are distinguished from micas by the abundance of easily removable
bonded water and fewer cations making up the interlayer bonds. Therefore, organoclays
based on them are more widespread. The adsorption of nonionic organic compounds
(benzene, toluol, ethylbenzene, propylbenzene, butylbenzene, t-butylbenzene, naphtha-
lene, and diphenyl) by organoclays was studied based on several phyllosilicates, including
illite intercalated with hexadecyltrimethylammonium [81]. The sorption of the pesticide
paraquat by illite, bentonite, and sepiolite, as well as organoclays based on them, was
studied [82]. Illite demonstrated the highest values of the maximum paraquat adsorption
among the minerals under consideration. When it was modified with nonylammonium
chloride, the maximum paraquat adsorption increased by not more than 10%, and it de-
creased with modification with dodecylammonium chloride [82]. The researchers examined
the sorption of illite modified with hexadecyltrimethylammonium, 1,2-dichlorbenzene,
1,3-dichlorbenzene, and 1,4-dichlorbenzene [83]. Glauconite modified by stearic acid was
used as an adsorbent for the adsorption of oil and oil products [84].

3.3. The Possibility of Using 2:1:1 Structure Phyllosilicates for the Synthesis of Organoclays

Chlorites are typical 2:1:1-structured phyllosilicates. Owing to the presence of an
additional octahedral sheet between the three-layer structures, unweathered chlorite group
minerals lack a chemically active internal surface and an interlayer sorption capacity.
Chlorites have low values of CEC and specific surface area (26-45 m?/g) [85].

Information about the synthesis of organoclays from chlorites is virtually absent.
Indirect data, however, suggest the possibility of this process. Researchers studied the
adsorption of soluble intracellular components of four phytoplankton species (Phaeocystis
globosa, Gymnodinium sanguineum, Scrippsiella trochoidea, and Ditylum brightwellii) on three
minerals (montmorillonite, kaolinite, and chlorite), and chlorite demonstrated high sorp-
tion efficiency [86]. Chlorite and illite adsorbed the macrolide antibiotic azithromycin and
the chinoline antibiotic levofloxacin efficiently [87]. The cationic surfactant (cetyltrimethy-
lammonium bromide) was used successfully for the synthesis of organophilic material
based on a clay sample composed of smectite (26%), chlorite (20%), illite (17%), and kaolin-
ite (14%) [88].
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3.4. Organoclays Based on Other Silicates (Close to Inosilicates)

The construction of the crystal lattice of minerals of the palygorskite and sepiolite
groups is based on 2:1 and extended in one basal dimension. A chain of octahedra is
sandwiched between tetrahedral apices facing each other. Sepiolite is distinguished from
palygorskite by a slightly wider chain. Individual chains are also joined with each other via
common apices of some tetrahedra occupying edge positions in the chains. Thus, the struc-
ture includes channels that are extended parallel to the chains, resulting in internal surface
formation [85]. The capacity of sepiolite cation exchange is 20-30 mmol equiv /100 g [89],
and the fibrous structure of clay does not expand with the addition of water or organic
solvents. Palygorskite and sepiolite comprise long fibers (several micrometers long and
10-30 nm wide) with channels extended parallel to the fiber length [34]. A review of the
sepiolite-based organic nanocomposites was published recently [89].

Organoclays based on Australian palygorskite, modified by cationic surfactants (differ-
ent doses of octadecyltrimethylammonium bromide, and dioctadecyldimethylammonium
bromide), was used for the adsorption of herbicide from synthetic auxin groups (2,4-
dichlorophenoxyacetic acid). Molecules of the surfactant were fixed to the surface of the
rod-shaped mineral crystals to weaken the interactions between monocrystals [90]. The
application of organoclays based on smectite and attapulgite to bind endotoxins demon-
strated high efficiency in a water solution [91]. Palygorskite modified with quaternary
ammonium salt was used to remove o0il from emulsions [92].

4. Conclusions

Organoclays are effective adsorbents, prepared by intercalation or surface grafting
of clays and clay minerals with various organic compounds. Organoclays have impor-
tant practical applications as adsorbents of a wide range of organic pollutants and some
inorganic contaminants.

The traditional raw materials for the synthesis of organoclays are 2:1-structured
phyllosilicates with the expanding structural cell of the smectite (montmorillonite) group.
Montmorillonite, saponite, and hectorite are the phyllosilicates most used for this purpose.
Organoclays based on the minerals of the smectite group are used as adsorbents of oil and
oil products, phenol and its derivatives, benzoic acid and hydroquinone, naphthalene and
phenanthrene, pesticides, pharmaceutical products, industrial dyes, and so forth.

In addition, raw materials for organoclay production can be represented by layered
silicates of other groups, for example, 1:1, 2:1, and 2:1:1-structured phyllosilicates and
other silicates such as palygorskite and sepiolite (close to chain inosilicates). The structural
characteristics, including expandability and structural charge, of various groups of phyl-
losilicates and inosilicates affect their ability to be modified by organic surfactants as well
as the adsorption properties of organoclays for various pollutants. Based on clay minerals
with different abilities to expand their structure, adsorption materials with specified prop-
erties, such as adsorption capacity to the required capacity, stability, and being safe for the
environment, can be obtained.
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