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ABSTRACT

Over the years, the emergence of pesticides practice has prevailed to be the most intricate
environmental turmoil amongst the scientific community. Specifically, pesticides constitute
an accumulative, persistent and detrimental impact towards the survival of flora, fauna and
environmental matrix. This has inspired a developing research with a variety of treatment
technologies. Adsorption is recognized as the most efficient and promising approach, due
to the ease of operation, simplicity of design, insensitivity to the toxic substances and supe-
rior capability for removing a broad range of pollutants. Its diverse applications, however,
are retarded by the high cost of adsorbents and difficulties associated with regeneration.
Montmorillonite and its derivatives, a unique group of under-utilized clay-based minerals
has been proposed to be a suitable candidate for the treatment of contaminated wastewater.
It plays a key role as the natural scavenger of pesticides, due to the abundantly availability,
large specific surface area and high adsorptive and ion exchange properties. This paper
describes the origin, physical, chemical and physicochemical properties of natural montmo-
rillonite. The preparation procedure, reusability, commercial product and economical eval-
uation are highlighted. The specific classification, environmental and health implication of
organo-pesticide are discussed. The revolution of montmorillonite-assisted adsorption
process for the remediation of organo-pesticide was summarized. Additionally, the
characterizations, surface chemistry and mechanism investigation are outlined.

Keywords: Adsorption; Clay; Modification; Montmorillonite; Pesticide

1. Introduction

In 1950, the world population was reported at 2.5
billion, whereas in 2000, the number has risen to 6.1
billion. By 2050, the growth rate is predicted to be

*Corresponding author.

further strengthened, implying a steady growth rate of
1.5 billion peryear [1]. Simultaneously, a growing
interest about the pesticide practice for pest resistance
and hygienic control to fulfil the pressing food
demand is increasing amongst the researchers and
manufacturers [2]. The excessive use of pesticides is a
matter of environmental concern because these
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chemicals are mobile in soil and readily migrate into
the water table to compromise the water quality and
human health [3]. Additionally, a greater amount of
the applied pesticides have not fully reached to their
intended targets due to their degradation, volatilisa-
tion and leaching effects, which would likely to be
found in the surface or ground water [4].

Over the years, a developing technology for water
pollution control has accelerated a dramatic progress
in the scientific community (Table 1) [1]. However, the
selection of the treatment process is a complex task
with considerations of the availability of space, relia-
bility of equipment, secondary waste generation and
high operating costs. Furthermore, their wide-scale
applications are restricted due to the high substantial
financial input, which has overridden the cost of
waste management. Amongst all, adsorption is consid-
ered to be a better treatment technology due to the
ease of operation, simplicity of design and wider
capability to remove a broad range of pollutants [5].
Activated carbon is recognized as an effective adsor-
bent, mainly ascribed to its high surface area, pore
structure, special surface reactivity and thermal stabil-
ity [6,7]. Nevertheless, it is restricted by the cost of
adsorbent and difficulties associated with regeneration
[8]. Therefore, the suitability of low-cost and renew-
able adsorbents, particularly clay-based derivatives
has drawn great attention for the remediation of toxic

O Al Fe, Mg, Li
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pollutants [9]. Of major interest, montmorillonite has
been proposed to be a good candidate [10], evidence
from the intercalation of water pollutants by the modi-
fication of d(0 0 1) reflection [11-16].

More importantly, physical, chemical and physio-
chemical modifications of the natural montmorillonite
have permitted the adsorption of both ionic and
nonionic forms of pesticide, to inspire wider water
treatment applications. This paper attempts to describe
the origin, distinct physicochemical properties and
potential applications of natural montmorillonite.
The present work is aimed at providing up-to-date
information on the environmental implications of
organo-pesticides, and the feasibility of montmoril-
lonite for the effective remediation of organo-
pesticides. The physical and chemical characteriza-
tions, surface chemistry and mechanism studies have
been outlined to familiarize the knowledge deficien-
cies regarding organo-pesticides treatment via
montmorillonite-assisted adsorption process.

2. Montmorillonite: the origin, physical, chemical
and physicochemical properties

Since the ancient Egyptians times, montmorillonite
has been well known for its healing properties. It was
firstly found in 1847 by Montmorillon in the Vienne
prefecture of France, 50 years before the discovery of

® oH

® 0
& Li, Na, Rb, Cs

“4—— Tetrahedral

Fig. 1. The molecular structure of montmorillonite [18].
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bentonite in the USA [17]. Montmorillonite is a type of
smectites, the most famous 2:1 type layer-lattice clay
minerals. The structural feature of montmorillonite,
(Fig. 1) was earlier proposed by Marshall [18]. It is
composed of units made up of two silica tetrahedral
sheets with a central lumina octahedral sheet. The
tetrahedral and octahedral sheets combine in such a
way that the tips of the tetrahedral of each silica sheet
form a common layer. The atoms of these layers,
which are common to both sheets become oxygen
instead of hydroxyl. It is thus referred to three-layered
clay mineral with T-O-T layers, making up the
structural unit. The silica-alumina-silica units are
continuous in the “a” and “b” crystallographic direc-
tions, and are stacked one above the other in the “c”
direction. In the stacking of these units, oxygen layers
of each unit are adjacent between one another with
the neighbouring units. This forms weak bonding and
excellent cleavage between the units.

The outstanding feature of this clay structure is
that water and other polar molecules could enter
between the layers, and allow the lattice to expand in
the “c¢” direction. The “c” axis of montmorillonite may
vary with the presence of cations within the silicate
layers, with a minimum value of 9.6 A. In industry,
montmorillonite is commonly the main constituent of
bentonite. These clays show a 2:1 layer type structure,
where an octahedral aluminate sheet is sandwiched
between the two tetrahedral silicate layers. The layers
are continuous in the length (“c” direction) and width
directions (“a” and “b” directions), where the weak
bonds between the layers would allow water and
other molecules to intercalate into the interlamellar
space with an expansion. In other words, the 2:1
layered silicate montmorillonite swells when it con-
tacts with water and shrinks when it is dry.

The diversity of montmorillonite is derived primar-
ily from its unique structure (Table 2) [19]. It appears
in varieties of colours due to the presence of trace
elements within the molecular structure. The moisture
content of montmorillonite might deviate even up to
30-fold, due to the swelling effects of hydration.
Montmorillonite forms multiple layers of crystalline
structure in the natural environment, with approxi-
mately 0.9-1.2 nm of interlayer spacing. The thickness
is about 1 nm, with an aspect ratio of 100-1,500 and
surface area of 580-750 m®/g. McEwan [20] and Grim
[21] have provided an in-depth historical perspective
in the determination and establishment of montmoril-
lonite structure. The ideal structure (Y2 unit cell) of
montmorillonite is:

(AIZ,ngx) (Si4,yA1y)O]0 (OH)ZM;ry . HHQO (1)
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Table 2

The properties of montmorillonite clay mineral [19]
Characteristics Properties

Layer structure 2:1

Colour Tan, olive green, grey or white

Cation substitution Octahedral and tetrahedral

substitutions

High (0.7-1.70 mol sites/kg)
High (80-150 cmol [p*]/kg)

Layer charge
Base exchange

Morphology Thin flakes and laths
Surface area Very high (580-750 m?/g)
Adsorption High

capacity
Viscosity Very high

and the molecular formula of montmorillonite is
proposed as:

(Si7,gAl()‘2)IV (AI3,4Mg0.6)V1020 (OH)4 (2)

The theoretical composition of montmorillonite
without the interlayer constituents is 66.7% of SiO,,
28.3% of Al,O3 and 5% of H,O. This empirical formula
allows the substitution of Si** by AI’* in the tetrahe-
dral layer, and AI’* by Mg”* in the octahedral layer.
The net layer charge of montmorillonite is calculated
by:

[7.8(+4)] + [0.2(+3)] + [3.4(+3)] + [0.6(+2)] + [20(—2)]
+[4(=1)]
= —0.8 charge/unit cell.

3)

Montmorillonite is a clay mineral with substantial
isomorphic substitution. The resulting negative net
charge is balanced by exchangeable cations adsorbed
between the unit layers and around their edges. The
kinetic of cation exchange is fast, and cations such as
Na® and Ca® would form outer-sphere surface com-
plexes, which could be easily substituted by varying
the cationic compositions. From the process, adsorbate
ions are bounded to the clay surface by sharing one or
several ligands (generally oxygen) as isolated com-
plexes, and precipitation might occur if the system
equilibrium is disturbed (solution pH or adsorbate
concentration) [22]. Besides, the interlayer swelling
phenomenon might occur when montmorillonite is
exposed to water, and it depends mainly on the
valences and atomic radii of the exchangeable cations.
Al and Si atoms which exposed to the crystallite edges
would be partially hydrolyzed to silanol (SiOH) and
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aluminol (AIOH) groups, and these unsaturated edge
sites are more reactive than the saturated basal sites
[23,24]. These properties have enabled the viable use
of montmorillonite to react as scavengers for a variety
of applications, including adsorbents, rheological
control agents, paints, inks, polishes, chromatography,
catalysis, fixation of pollutants, grease, cosmetics,
personal care products and oil well driffling fluids
[25,26].

3. Montmorillonite
3.1. Modification technique

Organophilization of montmorillonite (Table 3)
[27-34] is the intercalation of organic molecules or
insertion of a guest species within the interlayer
space of 2:1 layered silicates. This intercalation is of
paramount importance as it changes or modifies the
particular characteristics (Table 4) [35] of layered
silicates. It alters the surface chemistry of clay mineral
through the ion exchange of organic cations and it
increases the basal spacing between the clay layers.
The fundamental principle of intercalation process is
driven by the unique interactions between the organic
or inorganic cations within the clay mineral including
adsorption, ion exchange, binding of inorganic or
organic anions (mainly at the edges), grafting of
organic compounds, acid activation, pillaring by
different types of poly-(hydroxo metal) cations, intra-
particle and interparticle polymerization, dehydroxyla-
tion and calcination, delamination and reaggregation
of smectites, lyophilisation and ultrasound or plasma
treatment [36]. Of major interest, the most preferential
modification techniques of montmorillonite are the
cation exchange, solid state reaction, pillaring process
and acid activation.

3.1.1. Cation exchange

Cation exchange is defined as the interlayer cations
exchange of clay minerals by quarternary alkylammo-
nium cations in the aqueous solution. During the
reaction, the surfactant molecules are predominantly
adsorbed in the interlayer spaces through -cation
exchange at low surfactant loading levels and as the
loading increases, it is subjected to both cation
exchange and hydrophobic binding [37,38]. This
hydrophobic binding, the mutual attraction between
the alkyl chains of surfactant molecules would be the
dominant mechanism as the cation exchange capacity
(CEC) has been exceeded, resulting in a higher posi-
tive charge on the clay particles. The list of names,
common abbreviations and structures of some organic
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surfactants that has commonly used for the prepara-
tion of organo-montmorillonite for the environmental
remediation of pesticides are shown in Table 5
[33,35,39-41]. Generally, these interactions could be
structured into three different interactions, cation
exchange, electrostatic attraction force, physisorption
and translocation of surfactant molecules within the
interlayer spaces [26].

3.1.2. Solid state reaction

The intercalation of organic molecules by solid-
state reaction without the use of chemical solvents is
an environmental friendly process. During the
reaction, the intercalation of neutral compounds is not
necessarily accompanied by cation movement between
the silicate layers (outer-surface complex). The cation
remain in contact with a silicate layer, the oxygen
atoms which occupy the coordination sites of the
cation [42]. Majority of the solid-state reactions are
based on the ion-dipole interaction. Upon the
interaction, organic molecules with polar groups
are attached to the interlayer cations, and the negative
part of the molecules would be attracted to the
cations, and water molecules are displaced from the
interlayer cations [43].

3.1.3. Pillaring

The pillaring process is generally presented as a
way of increasing the accessibility of the clay layers,
and it stabilizes “oxide” particles of nanometre dimen-
sion to prevent aggregation. The surface groups that
are exposed to these ultradispersed “oxides” play a
key role to enhance the promising adsorptive and cat-
alytic properties of the pillared clays [44]. In pillared
clays, the two-dimensional silicate layers of thickness
of about 1 nm are kept apart by ceramic oxides with a
dimension of nano- to subnano-metre sizes [45]. A
pillared clay is distinguished from an ordinary interca-
late by virtue of intracrystalline porosity made possi-
ble by the lateral separation of the intercalated guest
molecules. They undergo calcination at a moderately
high temperature of approximately 773 K to transform
the polyoxocations to metal oxidic particles cross-
linked to the clay lamellae, with the formation of a
stable porous structure [46].

Clays pillared with metal oxides (Fig. 2) [47] are of
great importance mainly due to their great thermal sta-
bility, high surface area and intrinsic catalytic activity.
They are usually prepared by cations exchange in the
interlayer region of swelling clays with bulky alky-
lammonium ions, polynuclear complex ions bearing
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Table 4

S.F.A. Shattar et al. | Desalination and Water Treatment 57 (2016) 13645-13677

The impact of organo-modification on clay minerals [35]

Effect

Description

Basal spacing

Morphological structure

Surface area and pore
structure

Thermal properties

Coloidal stability

Surface charge
behaviour

Sorption properties

Basal spacings of different models corresponding to lateral monolayer, lateral bilayer,
pseudotrilayer, paraffin-type monolayer and paraffin-type bilayer arrangements may coexist at
the intermediate stages depending on the heterogeneity of charge on various layers. These
arrangement models can be explained in terms of the CEC of montmorillonite. However, some
authors have emphasized interlayer cation density (¢) and alkyl chain length in the surfactant
molecules as the responsible factors giving rise to various arrangement models

At low surfactant concentrations, the intercalation of surfactant is usually random and the
increase in surfactant packing density results in the regular stacking of surfactant—
montmorillonite galleries

The smaller ions create large numbers of micropores as they are isolated from each other in the
interlamellar space. Further, the coexistence of micropores and mesopores resulted in a larger
surface fractal dimension, and the hydrated ions induced shrinkage of inter lamellar cavities.
On the contrary, the larger cations produce a dense packing in the interlamellar cavity resulting
in a sharp decrease in BET surface area and a sharp increase in average pore size. This was
attributed to hydrophobic bonding by conglomeration of large alkyl groups associated with the
presence of long-chained surfactants in the interlayers of the organoclay

Na-montmorillonite shows two decomposition regions when it is subjected to the temperatures
up to 1,000°C, with release of free (absorbed) water at 100 to 400°C, and dehydroxylation of the
aluminosilicate lattice between 500 and 1,000°C. On the other hand, organically modified
montmorillonite shows four distinct decomposition zones: (a) free water release below 200°C,
(b) decomposition of organic substances between 200 and 500°C, (c) dehydroxylation from 500
to 800°C and (d) release of organic carbon between 800 and 1,000°C in some yet unknown way

The adsorbent is most effective as long as it exists in a suspended condition. But the adsorption
of amphiphilic substances would gradually change the surface properties from hydrophilic to
hydrophobic, thereby accelerating the coagulation rate in the aqueous medium. This has been
attributed to an increase in surfactant loadings in the organoclays, leading to a decrease in their
colloidal stability and faster growth of the aggregates

The charge properties of organoclays depend mostly on the organic surfactant loadings. At low-
surfactant concentrations, the surface charge of organotreated clay particles remains negative in
the entire pH range, irrespective of the pH-dependent charge inversion when the concentration
exceeds the mineral CEC. The surface charge becomes positive with an increased value at low
pH values, while for pH > ~6-7, the particle charge gets reduced

The intercalation not only changes them from hydrophilic to hydrophobic, but also greatly
increases the basal spacing of the interlayers. The increased basal spacing together with the
hydrophobic nature of the surface makes organoclays effective materials for immobilizing
organic and inorganic contaminants in soil and water environments

inorganic ligands (hydroxo ligand and chloro ligand),
or/and large metal complex ions bearing organic
ligands. These newly intercalated species are capable to
prevent the collapse of the interlayer spaces and prop
open the layers as pillars, with the formation of inter-
layer space. During the heating stage, inorganic species
would be converted to metal oxide clusters, generating
a highly stable minerals with a well developed porosity.

3.1.4. Acid activation

Acid treatment of clay minerals at high concentra-
tion and temperature is an important control over

mineral weathering and genesis [48]. It can replace
exchangeable cations with H* ions, with AI’** and
other cations escaping out of its tetrahedral and
octahedral sites, leaving the SiO, groups largely in
intacted [49]. This modification would increase the
specific surface area and acidity [50]. Along with the
elimination of mineral impurities and partial dissolu-
tion of external layers, the degree of changes would
depend on the clay minerals and the overall chemical
composition, type of cations which present between
the interlayer space, acid concentration and type, the
process, temperature and treatment time [51].
Amongst all, the depopulation and treatment time of
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Table 5
List of surfactants specifically applied for the modification of montmorillonite [33,35,39-41]
Name Abbreviation Structure
Didodecyldimethylammonium DODMA™ CH,(CH,),(CH;
CH — N
CH,(CHy)10CH;
Octadecyltrimethylamminium ODTMA* CH;
CH; — 1|\]+ — (CHy)o-CH;
|
CH3
Hexadecyltrimethylammonium HDTMA* CH;
CH; — ¢ (CH»),5s — CH3
|
CH;
Benzyltrimethylammonium BTMA™" —
N+
/ ™~
Benzyltriethylammonium BTEA™ J
N+\\/
Trimethylphenylammonium TMPA™ HC CH
N S
N+
Q/ e
Tetramethylammonium TMA* CH;
HC —Nt = cH,
\ CH;
Dodecyltrimethylammonium DTMA* C‘H3
H;C N* —— CH;(CH2),,CH;
CH;
Tetraethylammonium TEA* r CH;
H}C CH?
N* e

Lcm

(Continued)
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Table 5 (Continued)

Name Abbreviation Structure
4-Mercaptopyridinium 4-MP SH
B
>
|
H
Cetylpyridinium CP — \e
\
Hexadecylpyridinium HDPY —
N\
Cetyltrimethylammonium CTMA* H;C \ -
/ 3
N+
H,C -~

CH,(CH,)14CH;
Benzyldimethyltetradecylammonium BDTDA" CH;

L Nt CH,(CH,),CH;
@ CH;

Poly-(hydroxo metal)
Raw clay NaOH: AlCl;.6H,0:
NaOH or Fe(NO3)3.9H,0 or
HCI TiCl,
Molar ratio:
OH/Al = 2; OH/Fe = 2; H*/Ti= 1.2
. Final concentrations:
Purification by [Al];=0.1 M; [Fe];= 0.2 M; [Ti];= 0.82 M
sedimentation Age of pillared solutions:
(<2 pm) 48 hours, 10 days, 3 hours
Na-Mont Pillared solutions
Intercalation

AIX(OH)y- 5 Fex(OH)y' ; TixHy-mont

Fig. 2. Typical procedure for preparation of pillaring clay [47].
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the octahedral layer of montmorillonite has been
reported as the leading factor to determine the levels
of structural decomposition and individual resistance
to acid attack of the clay minerals [52].

3.2. Regenerative potential

A primary concern of clay adsorbents is the
reusability after they serve their purposes. During the
sorption process, these organoclays actually remove or
relocalize the water contaminants from the liquid
phase into the solid phase, but do not essentially
decompose them into the harmless forms. Once the
maximum adsorption capacity had been achieved, it
would lose its holding property. An economically
viable and environmentally sustainable option is
adsorption of contaminants subsequent by degrada-
tion on these organoclay surface. The total replace-
ment of the spent adsorbent requires the additional
costs of infrastructure, time, labour and technical
support. There is also a risk of redispersal of contami-
nants from spent organoclay at the dumping site
which would be governed by the hydrological condi-
tion: pH, redox condition, temperature, ionic strength
and dissolved organic matter [35].

The regenerative process could be achieved by
imparting thermal treatment, chemical desorption or
biological activity to the exhausted clay minerals. The
major practical disadvantages of thermal treatment
are the decomposition of nontarget surfactant mole-
cules at the elevated temperature range, and the
generation of secondary pollutants. Whereas, biologi-
cal treatment involves the microbial degradation of
water pollutants to allow the reusability of the spent
organo-montmorillonite [53]. The micro-organisms
that thrive well on the clay surface are capable of
mineralizing of the adsorbted contaminants com-
pletely into CO, and water as the carbon and energy
source.

The concept of regeneration could also be achieved
by the alteration of chemical properties such as pesti-
cide formulations. Most pesticide formulations in the
current use deliver the bulk of the active ingredient in
an immediately available form, and readily to be
released to the natural environment [54]. These
formulations may result in great pesticide losses after
the application, before these acting molecules have
diffused into the soil aggregates and reached to the
adsorption sites [55]. Table 6 [28,30,56-58] summa-
rized previous researches on the design of new pesti-
cide formulations in relation to the montmorillonite
clay adsorbents. Increased attention has been directed
to the reduction of pesticide transport through the

Table 6

Previous researches on the design of new pesticide formulation in relation to the clay adsorbents [28,30,56-58]

Refs.
[28]

Remarks

Pesticide

Modifier

Montmorillonite

The initial release ranged from 25 to 90% and 50 to 90% for the final release of

herbicide present in the formulations

Hexadecyltrimethylammonium Hexazinone

Arizona

montmorillonite

Released the herbicide instantaneously

Phenyltrimethylammonium

Fe3+
montmorillonite Hexadecyltrimethylammonium

[30]

Displayed slow release properties in water and soil/water suspensions, reduced

herbicide leaching in soil columns and maintained herbicidal activity
25-40% released of imazapyr

Hexazinone

Arizona

[56]

Polydiallyldimethylammonium- Imazapyr
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Ethofumesate The release mechanism would be rather governed by pesticide/montmorillonite

Wheat gluten

Montmorillonite

interactions than montmorillonite/polymer matrix in the case of a hydrophobic

(58]

Yielded a slow release of 65, 10 and 9% of the complex Fe®*, ODA and HDTMA,

pesticide such as ethofumesate, and a hydrophilic matrix such as wheat gluten
respectively

Picloram

Fe3+
montmorillonite Octadecylammonium, ODA

Wyoming

Hexadecyltrimethylammonium,

HDTMA
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development controlled-release (CR) formulations, in
which only part of the active ingredient is in an
immediately available form. In these formulations, the
bulk of the herbicide is trapped or adsorbed in an
inert support, and it would be gradually released over
time [58]. The unique beneficial effects related to the
use of CR formulations include reduction in the
amount of chemicals required for pest control,
lower the risk of environmental pollution, savings in
manpower and energy requirement, higher safety
precautions for the pesticide applicators and a general
decrease in the nontargeted effects [59].

3.3. Commercial montmorillonite

Today, a wide range of organoclays has been applied
for the wide scale production of polymer nanocomposite.
Table 7 [60] outline the major applications and typical
examples of some commercial organoclay, while Table 8
[61-79] provides a list of organo-montmorillonite that
has been commonly used for the commercial production
of polymer nanocomposites. In particular, Southern Clay
and Nanocor are the major producers for polymer
nanocomposites, while Laviosa Chemica Mineraria,
Southern Clay Products and Elementis Specialities are
the main producers of quaternary ammonium salts
derived organoclays and montmorillonite. Nanofil®,
organoclay based on the intercalation of quaternary
ammonium salts in montmorillonite is the primary pro-
duct of Siid-Chemie. Another new Nanofil® generation,
Nanofil® SE 3000 and Nanofil® SE 3010 are currently
under the patenting process. These new grades of clays
would enable safe handling and highly recommended
for all common polymer systems without the require-
ment of compatibilizers.

Similarly, another popular montmorillonite product,
modified with primary amine and quaternary ammo-
nium salts containing silane has been offered by Nano-
cor. One of them is Imperm®, a family of superior gas
barrier resins useful in extending the package shelf life.
It is prepared by the dispersion of the organoclay into

S.F.A. Shattar et al. | Desalination and Water Treatment 57 (2016) 13645-13677

the polyamide (meta-xylylene adipamide, tradename
MXDé6) to form a nanocomposite with significantly
enhanced barrier, but remain the similar characteristics
to the polyamide itself. NanoMax™, a series of
nanomer-polyolefin resin masterbatches, which contain
40-60 wt.% of Nanomer®, is the first organoclay that fea-
tures a convenient pellet form. These masterbatches are
produced through melt compounding based on the
patented technologies (US 6,462,122 and 6,632,868).

3.4. Economical evaluation

Presently, there are three principle types of adsor-
bents that have been developed as efficient adsorbents
for the environmental remediation, namely natural
organic sorbents, natural inorganic sorbents and syn-
thetic sorbents [35]. The first group includes peat
moss, straw, sawdust, milkweed floss, cotton fibres
and a series of cellulose-based products. The major
advantages of these group of adsorbents is the low
reusability and difficulties associated with regenera-
tion. Synthetic adsorbents are featured by the highly
manufacturing cost and low biodegradability, while
the natural inorganic adsorbents are deteriorated by
the high hydrophilicity, which imparts the low
adsorbing capability to the water pollutants. This
inherent drawback has been overcome by the organic
modification to enhance the efficiency, durability and
reusability. Table 9 [60] summarizes an economical
evaluation of common adsorbents applied for the
effective treatment of water contaminants. Amongst
all, clays appear to be the most cost-effective adsor-
bents due to the wide availability from readily natural
sources with high suitability and tremendous potential
to be developed for wide scale applications.

4. Organo-pesticide: classification, environmental
and human impact

Pesticide is featured by its unique chemical proper-
ties. It is developed to mimic or substitute for specific

Table 7

The major applications and typical examples of some commercial organoclays [60]

Supplier Region Commercial lines Application

Southern Clay USA Cloisite® Polymer nanocomposites
Garamite™ Polymer resin (epoxies, polyesters and vinyl esters)
Claytone® Rheology modifiers

Nanocor USA Nanomer® Polymer nanocomposites

Stid-Chemie Germany N anofil® Polymer nanocomposites

Laviosa Chemica Mineraria Italy Dellite® Polymer nanocomposites

Bentec (from Laviosa group) Viscogel®” Rheology modifiers

Italy
Elementis Specialities -

Bentone®™ Nanoclays

Polymer nanocomposites
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Table 9

Economical evaluation of clays and other adsorbents [60]

Types of adsorbents

Price (US $/kg)™"

Clay 0.04-0.12
Commercial activated carbon 20.00-22.00
Spheroidal cellulose 1.07
Lignin 0.06
Chitosan 15.43
Zeolite 0.03-15.43
Clinoptilolite 0.03-0.12
Chabazite 0.03-0.12
Peat 0.023
Coconut shell charcoal (CSC) 0.34
Nitric acid oxidized CSC 0.34
Nitric acid oxidized CAC 1.37
Sphagnum moss peat 0.02
Filtrasorb-400 20-22
Perlite 1.50

molecules to the targeted pests [80]. More precisely, it

is a mixture of chemical substances,

selectively
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is categorized according to its targeted organisms or
to the physiological chemical classes (Fig. 3) [80].
Pesticide is bio-accumulative, toxic, persistent in the
ecosystems and continue to be detected in the surface
water even after 20 years of its usage [81-83].

The long-term presence and carcinogenic effect of
pesticides in the natural environment have attracted
critical concern amongst the environmental practi-
tioners. Pesticides have been reported to interfere with
the transmission of light through water, retard photo-
synthetic activities and inhibit the growth of biota ter-
restrial ecosystems (synthesis of caratenoid, aromatic
and branched chain amino acids). Deeper studies have
found its potential to damage the quality of the irriga-
tion channels and impede the propagation of algae,
resulting in food chains and ecological imbalance
[84,85]. These impacts are getting more transparent
when the transportation of pesticides is not restricted
or controlled, which in turn to be degraded into more
toxic substances or nonstable radicals.

In particular, inappropriate application of pesti-

applied against a specific group of pests or microbes
in the agricultural field. The classification of pesticide

cides has been linked with adverse effects on the
nontargeted organisms (reduction of beneficial species

| Pesticides |
EN°“'ji°“ic
Tonic
| Cationic | | Basic | | Acidic | | Miscalleneous |
Chloromequat Ametryne Dicambaloxynil Bromacil
Diquat Atrazine Mecocrop Cacodylic acid
Morfamquat Cyanazine 23,5-T Isocil
Paraquat Prometone Dichlorprop Terbacil
Metribuzin Fenac
Propazine
Simazine
| | | |
| Chlorinated HCs | | Ops* | Dinitroanilides || Carbanilides |
Endrin Dimethoate Benefin Chloropham
Lindane Ethion Trifluralin Swep
Toxaphene Methyl Oryzalin Prophan
Mathoxychlor Parathion Nitralin Barban
Endosulfan Fenthion Isopropalin
Heptachlor Disulfoton Dinitramine
Dieldrin Diazion
Dursban
Demeton
T
T T T T T I
Benzonitrile | Ester | Acetamides || Carbothioates | Anilides Methyl
Carbamates
Dichlobil Isopropyl CDAA Molinate Alachor Carbaryl Norea
ester of 2,4-T Propanil Dichlormate Cyduron
Methyl ester Diphenamide Terbutol Linuron
Of chloramben Propachlor Zectran Buturon
Solan Diuron

Fig. 3. The classification of pesticides on the basis of the significant physicochenmical properties and behaviour in water

and soil [80].
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N | 1. Premutagenic damages: DNA
strand breaks, DNA adducts.
] 2.Mutagenic damages (in base
pairs)
3. Chromosomal aberrations

' &

Micronucleas

k2

Chromosomal break

Irregular number of
homologous chromosomes

(A

Sister chromatids
exchange

Genetic damages

Fig. 4. A schematic model for the induction of genetic damages by the exposure to pesticides [87].

population), water contamination from the mobile
pesticides, air pollution from the volatile pesticides,
injury on nontargeted plants from herbicide drift and
injury to rotational crops from volatile herbicides resi-
dues due to improper time, rates and frequencies of
usage or unfavourable environmental conditions for
the practice of pesticides applications [86]. In addition
to the environmental implications, long-term exposure
to organo-pesticides might induce genetic damages
(Fig. 4) [87] and epigenetic modifications (Fig. 5) [87],
to cause reproductive and developmental disorders,
cancer, diabetes, neurodegenerative (parkinson or
alzheimer), respiratory (asthma), cardiovascular
(atherosclerosis) and renal (kidney failure) diseases
[87]. To govern the long-term effects of pesticides
towards the natural environment, flora, fauna and
human body, the emission (Fig. 6) [80] to the natural
environment, specifically governed by the rain water

wash off, degradation, sorption, desorption, leaching,
free runoff or plant uptake should be restricted and a
possible eco-friendly solution is montmorillonite-
assisted adsorption process, which has proven the
capability to retain water pollutant within its unique
molecular structure.

5. Revolution of montmorillonite-assisted adsorption
process for the remediation of organo-pesticide

Since 1920s, the introduction of X-ray diffraction
[88] has inspired a growing exploration on montmoril-
lonite and its derivatives, as documented by Smith in
1934 [40]. Despite its wide popularity for the treatment
of effluent waste streams, the affinity towards
hydrophobic organic pollutants is deteriorated by the
hydrophilic aluminosilicate structure on the natural
surface. This has stimulated a developing research to



S.F.A. Shattar et al. | Desalination and Water Treatment 57 (2016) 13645-13677

Pesticides m
WL

o9 e
a ] =Methyl
" | /' =Acetyl

13661

1.Acetylation, Methylation,
Phosphorylation of Histone.
2.Methylation of DNA.

\. 3.Expression of miRNAs

ol
» =Phosphoryl
% g
5l }q‘ |
i F =B
..’ "‘4'1-'._ 4" (4 .
>
Histone ——g» r 4
e o B e
® ) /D
1| Y, \
i & J
DNA )
—_—
Histone Modification DNA methylation miRNAs

Epigenetic modifications

Fig. 5. A schematic model for the induction of epigenetic modification by the exposure to pesticides [87].

integrate inorganic cations for surface modifications or
functionalizations to enhance the adsorption capabili-
ties towards hydrophobic pollutants [89,90]. According
to Brixie and Boyd [91], organoclays showed strong
immobilization effects towards nonionic organic
chemicals with low water solubility. Therefore, organ-
oclays have been proposed to be a controlled-release
formulation to reduce the leaching of pesticides into
the ground water tables [92]. In a study conducted by
Rodriguez-Cruz et al. [93] the viable role of octade-
cyltrimethylammonium bromide (ODTMA) modified
organoclays (montmorillonite, kaolinite and paly-
gorskite) to control the immobilization of organic
pesticides (linuron, atrazine and metalaxyl) into the
water body has been measured. Result indicated that
the mobility of the pesticides was reduced drastically
by the treatment of ODTMA modified organoclay,
with the complete removal of linuron and lower
leaching kinetics for the less hydrophobic pesticides
(atrazine and metalaxyl). In the study, the retardation
factors, R for the leaching process increased in the
range of 3.59-69.5 (linuron), 1.5-2.08 (atrazine) and
1-1.32 (metalaxyl) as the organic barriers were interca-

lated into the natural soil, and ODTMA modification
has detected its feasibility to enhance the hydropho-
bicity and affinity for the organic pesticides.

Meanwhile, the affinities of hexazinone onto hexade-
cyltrimethylammonium exchanged Arizona montmoril-
lonite (HDTMA-SA) and phenyltrimethylammonium-
exchanged Arizona montmorillonite (PTMA-SA) have
been examined by Celis et al. [28]. HDTMA-SA showed
a lower water released property to retard the leaching
effect with the initial and final release, ranged between
25-90%, and 50-90%, respectively. The greater affinity
for hexazinone was attributed to the availability of
interlamellar space within the organo-montmorillonite.
Accordingly, modifications with long-alkyl chain catio-
nic surfactant via ion exchange process could affect the
molecular structure of natural montmorillonite, which
in turn improve the adsorption mechanism of the non-
ionic organic compounds.

The efficiency of three organo-modified montmoril-
lonites [modified with octadecyllamine(ODA-M),
dimethyl- diaalkylamine (DMDA-M), and octadecy-
lamine and aminopropyltriethyoxysilane (ODAAPS-
M)] to remove organic pollutants from the pesticide



13662 S.F.A. Shattar et al. | Desalination and Water Treatment 57 (2016) 13645-13677

Co-distillation, Volatility, Wind Air Co-distillation, Volatility, Wind

Dust, Rain Dust, Rain
Pesticides
Spillage, fallout, application Fallout, application container, etc.
Crops trees
7}
4
Vertebrates Humans
— A
Invertebrates |

\A 4 4 Y \ 4 'v

Soil Runoff Plankton <« A Water

Leaching l l
Fish
Aquatic invertebrates
Sediment

Fig. 6. The transportation of pesticides in the natural environment [80].

mixtures, namely alachlor, metalachlor, chlorpyriphos,
fibronil, a-endosulfan, p-endosulfan, p,p”-DDE and
endosulfan sulphate have been investigated by Saha
et al. [94]. The performance for the adsorptive removal
of mixed pesticides followed the order ODAAPS-
M > DMDA-M > ODA-M, which the tendency of
these pesticides to be removed was in according with
the sequence p,p-DDT (0.42-0.52 mg/g) > p,p”-DDE
(0.33-0.38 mg/g) > chlorpyriphos (0.29-0.35 mg/g) >
a-endosulfan (0.32-0.34 mg/g) > B-endosulfan (0.26-
0.28 mg/g) > endosulfan sulphate (0.24-0.26 mg/g)
> fibronil (0.20-0.27 mg/g) > alachlor (0.18-0.19 mg/g)
> metalachlor (0.17-0.19 mg/g). The findings con-
cluded that the adsorption performance was affected
not only by the physicochemical behaviour of the
individual pesticides, but also by the modifications
of organo-montmorillonite. The short-chain organo-
montmorillonite is sensitive to the competition of
accompanying compounds and background interface,
while long-chain organo-montmorillonite is less
governed by the competitive effect. In particular, the
cationic surfactants or quaternary ammonium salts
with long hydrocarbon chains are of special high
interest due to the reactivity provided by the surfactant

to specific hydrophobic compounds on the organoclays
[95-97].

Additionally, modification with cationic gemini
surfactants are more efficient to expand the interlayer
space within the montmorillonite [98], and the
arrangements could be proposed on the d(0 0 1) basal
spacing. The thickness of the montmorillonite was
9.6 A, while the height of alkyl chain lying parallel to
the clay layer ranged between 4 to 4.5 A. The basal
spacing of montmorillonite intercalated with 5.6 mol/g
of surfactant was 15.7 and 16.7 A, suggesting the
coexistence of monolayer and bilayer arrangement of
the intercalated surfactants. Carrizosa et al. [99] have
further investigated the adsorption-desorption of
dicamba, a highly mobile and leachable herbicides
onto two smectites (SAz and SWy) treated with
different amounts of alkylammonium cations,
octadecyl-(C18), hexadecyltrimethy (HDT)- and dioc-
tadecyldimethy (DOD)-ammonium. The adsorption
capacity of dicamba increased parallel with the
changes of surface charges of alkylammonium and
bulky organic cations, mainly attributed to the
hydrophobic and polar interactions responsible for the
adsorption of dicamba onto organoclays.
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Adsorption capacity (mg/g) Ref.

5.7143
10.977
0.3388
0.0846
1.1101

Pesticide
Imazaquin
Imazaquin
Atrazine
Atrazine
Atrazine

Hexadecyltrimethyammonium, HDTMA
Didodecyldimethylammonium, DDDMA

Dodecyltrimethylammonium, DDTMA
Hexadecyltrimethyammonium, HDTMA

Didodecyldimethylammonium, DDDMA

Modifications

Table 10 (Continued)
Montmorillonite

Table 10 summarizes the novel implications of
montmorillonite and its derivatives for the adsorptive
treatment of organo-pesticides [12,31,33,41,100-106].
Chen et al. [12] have examined the adsorption of car-
baryl onto montmorillonite, kaolinite and goethite.
Result revealed that the adsorption capacity of car-
baryl onto montmorillonite, kaolinite and goethite was
3.7, 1.6, and 2.1 mg/g, respectively, and the extend of
adsorption depended primarily on the concentration
of adsorbate, pH, temperature, adsorbent dosage,
chemical modification [107], salinity content [108], the
intercalation of organic cations [94], concentration of
organic compounds [109], polarisation of the
exchangeable cations [110] and specific interactions
between the clay minerals [111].

Cabrera et al. [41] have investigated the ability of
two montmorillonite (Ca-Arizona montmorillonite,
SAz-1 and Na-Wyoming montmorillonite, SWy-2) and
their derivatives [modified with inorganic Fe**, soil
constituents (ferrihydrite, and humic acid) and organic
cations (hexadecyltrimethylammonium (HDTMA),
hexadimethrine and spermine) for the adsorptive
treatment of aminocyclopyrachlor. Introduction of
inorganic cations, Hexadim and HDTMA into SAz-1
improved the adsorptive removal of aminocyclopy-
rachlor to 36 and 53%, indicating the influence of
chain length and surface charge density to the sorp-
tion behaviour. Meanwhile, the greater affinity (86%)
of SWy-2 by Fe®* substitution was due to the protona-
tion of N ortho ring and formation of carboxyl group.

Celis et al. [112] have further synthesized montmo-
rillonite-chitosan bio-nanocomposite by modification
of wyoming montmorillonite, (SWy-2) and sodium-
saturated SWy-2 for the adsorption of cylopyralid
from the aqueous solution. Result revealed that the
removal of clopyralid increased from 15 to 55% by
increasing the amount of chitosan from 7 to 43.6%. In
contrast, the effect of solution pH on the adsorption
process was almost negligible, indicating the absence
of polarization effect [113]. On the other hand,
Ozcan et al. [101] in an attempt to remove selected
organochlorine pesticides, reported that the adsorption
behaviour of aldrin onto montmorillonite was strongly
affected by solution pH, with complete removal at pH
1. The adsorption mechanism could be explained by
the formation of complexes, resulting from the
interaction between oxygen atoms on the montmoril-
lonite surface with the water molecule in the acidic
medium. The formation of positive charge is shown as
follows:

MO +H-OH<M - OHj + OH" @)
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Al «—p — Al — «—» Al

Fig. 7. The resonance structure of the edges charge in montmorillonite [21].

Moreover, the electronegativity of chlorine atoms
(aldrin) could create negative inductive effects with
the residual particle negative charge (d—-), and
positive charge (d+) of the p-cloud aromatic rings.
Consequently, the adsorption of aldrin may occur via
electrostatic force between the negative dipole charge
of chlorine with the M-OH; groups of montmoril-
lonite surface, and negative dipole charges of chlorine
with the exchangeable surface cations. Increasing the
ionic strength showed a higher adsorption capability,
mainly ascribed to the changes in double layer thick-
ness [114], which in turn lower the hydrophobicity
and enhance the charge—dipole interactions. Specifi-
cally, the adsorption process is governed by the
permanent negative charge from isomorphous sub-
stitution within the montmorillonite structure, and
reversible surface edge around the silica-alumina units
(Fig. 7) [21]. Therefore, at pH <PZC,, the —OHj
groups around the surface would be neutralized, with
a lower charge-dipole interaction and adsorption
capacity.

In addition, the adsorption of the hydrophobic
molecules could be affected by the salinity of the
aqueous solutions. El-Nahhal and Lagaly [108] have
examined the effect of salts on the adsorption of
linuron onto the chemical modified montmorillonite.
The affinity of linuron increased from 0.418
to 4.828 mg/g by substitution of Ca®* ions with
hexadecylpyridium and hexadecyl tributylphospho-
nium. However, the adsorption capacity of linuron
decreased from 4.83 to 0.70 mg/g, by increasing the
salt concentration from 0 to 80 g/L, following the
order NaClO4 » KCIO, < NaCl < NaBr < RbCl < CsCl.
For a deeper explanation, the alkyl chains of the alky-
lammonium montmorillonite form a perfect van der
Waals interactions bonded to the surface oxygen
atoms of silicate layer [115], and this interaction is
mutually strong when these alkyl chains are con-
tacted directly with the silicate surface. In other
words, the interlayer adsorption (intercalation) of
water or any neutral solvents onto the montmoril-
lonite surface requires the transformation of alkyl

chains from parallel into the paraffin-type arrange-
ment. Consequently, due to the clustering of water
molecules within the alkyl chains [116], the alkyl
chain arrangement would be disturbed by the pene-
tration of salts into the interlayer space to retard the
adsorption of hydrophobic molecules.

Whereas, montmorillonite with low organic carbon
content demonstrated a lower capability to restrict the
mobility of pesticides. As a result, organic amendments
have been proposed to be a good enrichment to further
improve the structural stability and adsorption perfor-
mance of the natural montmorillonite. In a study
conducted by Torrets and Jayasundera [117], the
adsorption of three nonionic pesticides, alachor, met-
alachor and linuron onto pure sodium montmorillonite,
SWy-1 and organic carbon (OC)-coated SWy-1 were
evaluated. The alachlor uptake decreased proportional
to the degree of surface coating of OC, suggesting that
the surface adsorption sites have been partially blocked
by the OC-coated complexes [118]. The interaction was
driven by the hydrogen bonding between the carbonyl
group of alachlor herbicides, carboxyl and hydroxyl
functionalities on the organic surfaces, and charge
transfer between the aromatic nuclei [119].

On the contrary, OC-coated Na-montmorillonite
showed a different behaviour, and the Freundlich
sorption coefficient (Kg) for metalachor increased from
1.63x107° to 9.78x107° (dm®/g)". The findings
illustrated the higher affinity of organic matrices to
metalachlor, mainly governed by the hydrophobic
interactions. A similar phenomenon has been
reported by Hengpraprom et al. [120] in an investiga-
tion to examine the adsorption performance of
a-endosulfan onto montmorillonite in the presence of
humic acid and natural organic matters. Result
revealed that the adsorption capacity of a-endosulfan
onto montmorillonite was approximately 1.7 times
greater than the montmorillonite-only system, indicat-
ing the important role of the humic substances to
further enhance the adsorption capability of montmo-
rillonite, to influent the availability of pesticides in
the natural ecosystems.
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6. Characterization, surface chemistry and
mechanism study

The structural properties of montmorillonite are
highly depended on the molecular structure, chemical
properties, physicochemical behaviour and the modifica-
tion of organic surfactants. The essential analysis and
characterizations offer an additional insight view on the
natural properties, strategic design, preparational condi-
tions or modifications for different applications [39,121].
Fig. 8 illustrates the morphological studies of the natural
montmorillonite and its intercalated derivatives (sodium
montmorillonite, MMT-Na and Wyoming montmoril-
lonite, SWy-2) [27,98,112]. Typically, the textural struc-
ture of the natural occurring montmorillonite, could be
found as equalized, covered by small and well dis-
tributed particles (Fig. 8(a) and (b)). In contrast, surface
modifications led to the formation of agglomerations as
shown in Fig. 8(c) and (d). Marco-Brown et al. [27,122]
have proposed montmorillonite as a clay mineral with
face-to-edges contacted between the particles, with ran-
domized orientation, and no formation of domains
(group of particles) or clusters (group of domains that

S.F.A. Shattar et al. | Desalination and Water Treatment 57 (2016) 13645-13677

act as a unit) along the surface (Fig. 8(e)). The modifica-
tion by the pillaring process identified the pore spaces
and particles with the range size between 200 and
400 nm, and co-aggregated iron oxide to disperse ran-
domly at different directions (Fig. 8(f)). These structural
modifications remain unchanged even after the adsorp-
tion of pesticides [98].

Fig. 9 displays Fourier transformed infra-red
(FTIR) spectrum of the acidic montmorillonite (H-M),
organo acidic montmorillonite (Org-H-M), 8-quino-
linecarboxylic (8-QCA) and the herbicide 8-QCA
intercalated Org-H-M [31]. The broad bands at 3,625,
3,380, 1,008, 798 and 515 cm™! are corresponded to the
(OH), (Si-O), (AlMg-0O-)) and (Si-O-(Mg)Al) deriva-
tives [123-125]. The intensities at 3,380 and 1,631 cm ™!
identified the presence of water content, suggesting
hydration and interlayer inorganic cations exchange
process. The spectrum of Org-H-M showed two N-H
bonding vibrations at 1,443 and 2,920-2,840 cam’},
where the spectrum of Org-H-M/8-QCA demon-
strated the peak between 1,615 and 1,659 cm},
probably assigned to stretching of C=N bonds.

Fig. 8. Scanning electron micrographs (SEM) of (a) Wyoming montmorillonite, (b) sodium montmorillonite, (c) Wyoming
montmorillonite chitosan bionanocomposite, (d) sodium montmorillonite intercalated with gemini surfactant, (e) natural
montmorillonite and (f) iron oxide pillared montmorillonite [98,112,122].
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Fig. 9. FTIR spectrum of the (a) pure 8-QCA herbicide, (b) Org-H-M/8-QCA (c) organo-acidic montmorillonite and

(d) acidic-montmorillonite [31].

Amarasinghe et al. [126] have further explained
the changes of H-O-H vibration in the interlayer of
Na-montmorillonite, and the effect of organic fluids
with different dielectric constants on the clay struc-
ture. Regardless of the polarity of the solvent, the shift
in the interlayer of montmorillonite occurred almost
immediately after the mixing process. The FTIR result
concluded that montmorillonite-organic fluid interac-
tion was nonbonded in general. The alteration of Si-O
stretching and H-O-H vibration with low and nonpo-
lar solvents tended to return close to the original posi-
tions and intensities quickly. During the interaction of
high polar solvents, the alteration of Si-O stretching
was intense, permanent, and did not return to the
original intensities during the experiment.

Fig. 10 shows transmission electron microscopy
(TEM) images of the sodium-montmorillonite
(Fig. 10(a)), and acidic montmorillonite (Fig. 10(b)) [31].
Although both samples illustrated a lamilar structure,
clear difference could be observed in the morphological
surfaces with respect to organo-acidic montmorillonite
(Fig. 10(c)). Specifically, acidic-montmorillonite showed
a largely exfoliated morphology, indicating a combina-
tion mesoporous and microporous structure. The
hysteresis loop with slit-shaped pores, narrow necks

and wide bodies could be associated with capillary
condensation of liquid nitrogen in mesopores. The
hysteresis phenomenon was more prominent after
acidic activation due to the structural deformation, with
the transformation of laminar to a delaminated struc-
ture [127]. The results were supported by enhancement
of specific surface area from 32 to 140 m*/g and
161 m2/ g for acidic montmorillonite and organo-acidic
montmorillonite [31].

Table 11 summarizes the enhancement of basal
spacing with the modification of intercalating agents
[30,31,33,40,41,117,128,129]. The interlayer arrangement
of organic molecules within the montmorillonite tex-
ture was extensively investigated by Lagaly and Weiss
[130]. They reported that the short chain alkyl ammo-
nium ions lay flat on the montmorillonite surface as
monolayer or bilayers. However, the critical chain
length, longer chain alkyl ammonium ions were pre-
sumed to acquire pseudo-trimolecular structure to
transform into the paraffin arrangement [131]. In the
paraffin-type structures, the angles between the chains
axes and silicate layer increase by increasing the
surface charge. Therefore, the increase in basal spacing
with the chain length of cation varies with the charge
density [130]. The interlayer chitosan-montmorillonite
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Fig. 10. TEM images of (a) sodium montmorillonite, (b) acidic montmorillonite and (c) organo-acidic montmorillonite [31].

was examined using infrared spectroscopy, as shown
in Fig. 11 [132]. The inter-chitosan layers were
bonded by electrostatic interactions between the
—NHj groups of chitosan with the surface charges of
montmorillonite, and the innerlayer adsorption was
promoted by the establishment of hydrogen bondings
to increase the basal spacing from 1.20 to 2.09 nm.
Table 12 exhibits the changes of basal spacing of
homionic montmorillonite with respect to the treatment
of organophosphorus pesticides [103]. When montmo-
rillonite is contacted with the pesticides, the changes in
the basal spacing were related to the difference of
polarizing power and organization or aggregation of
intercalated organic molecules onto the organoclays.
Accordingly, the homionic montmorillonite which
saturated with high polarizing power (Cu**, Ni** and
Mg>*) would form complexes with high spacing pesti-
cides rather than with a complex radical. When the
polarizing power decreases, the tendency for the
formation of two-layer complex is greater. Whereas,
the montmorillonite that saturated with cations of
lower polarizing power (K* and Ba®**) would form
multiple complexes with the pesticides of smaller

molecular size (monolayer). The finding is in agree-
ment with the lower availability of space, the nature of
pesticides, and polarity of these monovalent cations.

Fig. 12 demonstrates thermogravimetric analysis for
montmorillonite with different CEC and alkyl chain
length. Two types of anchorages were found on the long-
chain surfactant molecules of the organo-montmorillonite
[121]. A significant amount of organics was weakly
bonded to the montmorillonite surfaces via van der
Waals forces with intercalated alkyl chains, and the other
part was strongly confined within the interlayer space.
The peaks in the lower-temperature region were defined
as desorption peaks, and the high-temperature region
was known as the main decomposition peaks. The analy-
sis demonstrated that excess adsorption was guided by
the two dominating factors, chain length of the cation
and CEC of the montmorillonite.

The  decomposition of  surfactant-modified
montmorillonite takes place in four steps: water
desorption, dehydration, surfactant desorption and
dehydroxylation of the organoclay. In a study con-
ducted by Zhou et al. [98] on the modification of
montmorillonite surfaces using gemini surfactant,
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Table 11
Porosity structures of the natural montmorillonite and its derivatives [30,31,33,40,41,117,128,129]
Pore diameter BET surface Total pore
Adsorbent Modification/treatment (nm/ A) area (m?/ g) volume (cm®/ g) Refs.
Wyoming montmorillonite K* 1.1 - - [30]
Na* 1.3 - -
Mgt 1.5 - -
Fe* 1.2 - -
Octadecylammonium 1.7 - -
Dioctadecyldimethylammonium 3.3 - -
Phenyltrimethylammonium 15 - -
Hexadecyltrimethylammonium 1.8 - -
Arizona montmorillonite ~ Octadecylammonium 3.7 - -
Dioctadecyldimethylammonium 4.0 - -
Phenyltrimethylammonium 1.5 - -
Hexadecyltrimethylammonium 2.4 - -
Na-montmorillonite - 3.6 32 0.16 [31]
Acidic-montmorillonite - - 140 0.69
Organo-acidic - - 161 0.70
montmorillonite
Montmorillonite - - 80 [33]
Tetradecyltrimethyl ammonium - 91.30 -
bromide (TTAB)
Montmorillonite - 13.4 750 - [40]
Octadecyltrimethylammonium 22.0 - -
bromide (ODTMA)
Calcium-rich Arizona - 15 - - [41]
montmorillonite
Hexadecyltrimethylammonium 24 - -
Hexadimethrine 14.2 - -
Spermine 13 - -
Sodium-rich Wyoming - 15 - -
montmorillonite
Hexadecyltrimethylammonium 18 - -
Hexadimethrine 14 - -
Spermine 13 - -
Fe®* 12 - -
Na-montmorillonite - - 31.8 - [117]
Ca-montmorillonite - - 97.42 -
Na-montmorillonite (110°C) — 9.71 - - [128]
3-chloroanaline 10.79 - -
3,4-dichloranaline 10.52 - -
2,4,6-trichloroanaline 10.71 - -
Ca?*-montmorillonite - - 66 - [129]

sodium montmorillonite showed a peak at 55°C
corresponded to the volatilization of the free water,
and a sharp peak at 618°C identical to the structural
water, resulting from the dehydroxylation of montmo-
rillonite units. In comparison with the sodium
montmorillonite, organic montmorillonite showed a
lower mass loss at 55°C, implying lower free water
content in the modified montmorillonite. A possible
explanation on the phenomenon is the presence of

surfactants, which is lowering the surface energy of
the inorganic material and convert the hydrophilic
silicate to the organophilic surface. In addition, dif-
ferential thermal analysis (DTA) results show that
there are four major peaks on the organic montmoril-
lonite within the temperature range of 160-500°C. In
contrast, sodium montmorillonite did not undergo
dramatic thermally induced changes in that tempera-
ture range, and the weight loss should be attributed
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Fig. 11. Intercalation of chitosan layers into montmorillonite and the corresponding XRD patterns for (a) sodium montmo-
rillonite and nano-biocomposite prepared from chitosan/sodium-montmorillonite at the ratio (b) 0.5/1 and (c) 10/1 [132].

to the decomposition of surfactants, that vary with
different molecular environment.

Whereas, Ni et al. [133] have synthesized gemini
surfactant molecules by refluxing bis-(2-bromoethyl)
ether with N-alkyl-N, N-dimethylamine in isopropanol,
and the modified clay was subjected to thermal analy-
sis. There were two different interlayer arrangements
of gemini surfactants within the montmorillonites sur-
face. The weight loss for gemine surfactant intercalated
montmorillonite was different from the cetyltetraethyl
ammonium bromide (CTAB) modified montmoril-
lonite. The intensities of gemini modified montmoril-
lonite at 210-330 and 350-480°C were higher than
montmorillonite-CTAB, mainly due to the big size of
gemini surfactant molecule, which was more difficult
to be attached to the interlayer structure and strong
electrostatic interaction of polar head groups within the
external surface. Meanwhile, increasing alkyl chain

length showed a stronger intensity at the surface peak
around 210-330°C, and it turned weaker at 350-480°C.
The thermal analysis of montmorillonite-aminotria-
zole interactions was conducted by Morillo et al. [134]
as shown in Fig. 13. Result illustrated that aminotria-
zole was adsorbed in the interlamellar space of
montmorillonite as cation, with a shift of dehydroxyla-
tion peak to the lower-temperature region. The finding
indicated the protective role of montmorillonite to
delay the decomposition step and catalyse the final
decomposition of aminotriazole at a lower tempera-
ture. Meanwhile, Zhu et al. [135] have compared the
NMR shifts of cetyltrimethy ammonium bromide in
bulk state and in the intercalated situation of montmo-
rillonites via *C NMR analysis. The *C resonance of
long chain intercalates was found to be sensitive to
the difference of conformation and packing with their
chemical structures, and the five carbon resonance of
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Table 12
Changes of basal spacings (4 0 0 1) of homioinic montmorillonite treated with organophosphorus pesticides [103]
Interlayer cation
Pesticides Na* K* Ba®* Ca* Mg** Cu** Ni**
Dichlorvos 29.42 25.22 25.22 26.72 26.75 26.75 26.75
Phosdrin 20.06 16.05 16.05 20.06 20.06 20.06 20.06
20.06
Bidrin 16.35 15.77 16.35 16.35 20.06 20.06 20.06
20.06 20.06
Phosphamidon 16.35 15.77 15.77 16.35 20.06 20.06 20.06
20.06
Ciodrin 16.05 14.97 15.23 16.35 16.35 16.35 16.35
Monochrotophos 16.35 15.78 16.35 20.06 20.06 20.06 20.06
Metasystox 16.33 16.05 16.05 20.06 20.06 20.06 20.06
20.06
Sumithion 14.01 14.01 16.05 16.05 16.05 16.05 16.05
Diazinon - 13.06 14.02 15.35 15.35 17.66 17.66
Zinophos 16.05 14.97 17.66 17.66 17.66 17.66 17.66
Dimethoate 15.77 15.77 16.05 16.35 16.35 16.35 16.35
Phosmet 14.24 13.38 16.05 16.05 16.05 14.15 16.05
16.05
Azinphosmethyl 14.72 13.10 16.05 16.05 16.05 16.05 16.05
Malathaion 15.77 14.72 16.05 16.35 16.35 16.35 16.35
Methyltrithion 14.97 14.97 16.05 16.05 16.05 16.05 16.05
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Fig. 12. Thermogravimetry (TG) plots of ammonium salt-intercalated montmorillonite with different (C;o, Cy16, C15) chain

length [121].

crystalline cetyltrimethyl ammonium bromide was
detected at C16 (168 ppm), C15 (249 ppm), C2_14
(329 ppm), C; (645 ppm) and Cy (55.1 ppm). The
shift in the intercalated montmorillonites was related
to the local environment of the interlayer space.
Results indicated the 1-3 ppm upfield chemical shift

for the end-methyl (8C;4) and methylene (8C;5, 6Cp_14)
of the intercalated surfactant molecule, with freer
conformational situation. For these hybrids, the con-
formational freedom decreased with increasing the
surfactant concentration, and 2 ppm downfield shift
was shown for the C; carbon atom with higher
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aminotriazole complex [134].
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Fig. 14 Fragments of alkyltriphenyl phosphonium montmorillonite evolved during heat treatment [121].

surfactant content. This study demonstrated the mobil- of the fragments of alkyltriphenyl phosphonium
ity difference of carbon atoms in the intercalated alkyl ~montmrillonite [121]. The thermal degradation path-
chain. Fig. 14 illustrated the mass spectral analysis way was deduced from the activation energy and
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isothermal analysis. The mass spectra plots revealed
the presence of different phosphonium cations at dif-
ferent temperature region that could be regenerated
via heat treatment.

7. Conclusion

For decades, pesticide practice has been widely
implemented for algae, micro-organism, pests, insects
and nematodes control. The wide-scale application has
raised global concern about its potential risk towards
biological ecosystems and the natural environment.
Montmorillonite, a low-cost clay-based adsorbent,
naturally with its hydrophilic characteristics have
emerged to be a new solution to control the mobility
and emission of pesticides in the groundwater
tables. Specifically, montmorillonite and its modified
derivatives are found capable to remove anionic
contaminants, hydrophobic or nonpolar organic
pollutants through the interlayer (quaternary ammo-
nium cations) exchange process. Additionally, modi-
fications with cationic surfactants could improve the
swelling properties, surface hydrophobicity and basal
spacing, which in turn enhances the adsorption
capabilities of various organic chemicals. This has
governed the transportation, transformation and
biological degradation of pesticides in subsurface
groundwater and reduced its infiltration to the natural
environment.
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