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h i g h l i g h t s

� Inorganic–organic montmorillonite
were prepared using three
intercalation methods.
� Laser ablation technique was used for

elemental analysis.
� Surfactant loading depends on the

intercalation method and surfactant
concentration.
� Aluminium-pillars are fixed within

the interlayers by calcination.
� Calcined interlayers cannot change by

subsequent surfactant introduction.
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a b s t r a c t

Inorganic–organic clays (IOCs), clays intercalated with both organic cations such as cationic surfactants
and inorganic cations such as metal hydroxy polycations have the properties of both organic and pillared
clays, and thereby the ability to remove both inorganic and organic contaminants from water
simultaneously. In this study, IOCs were synthesised using three different methods with different
surfactant concentrations. Octadecyltrimethylammonium bromide (ODTMA) and hydroxy aluminium
([Al13O4 (OH)24(H2O)12]7+ or Al13) are used as the organic and inorganic modifiers (intercalation agents).
According to the results, the interlayer distance, the surfactant loading amount and the Al/Si ratio of
IOCs strictly depend on the intercalation method and the intercalation agent ratio. Interlayers of IOCs
synthesised by intercalating ODTMA before Al13 and IOCs synthesised by simultaneous intercalation of
ODTMA and Al13 were increased with increasing the ODTMA concentration used in the synthesis proce-
dure and comparatively high loading amounts could be observed in them. In contrast, Al/Si decreased
with increasing ODTMA concentration in these two types of IOCs. The results suggest that Al-pillars
can be fixed within the interlayers by calcination and any increment in the amount of ODTMA used in
the synthesis procedure did not affect the interlayer distance of the IOCs. Overall the study provides valu-
able insights into the structure and properties of the IOCs and their potential environmental applications.

� 2015 Elsevier Inc. All rights reserved.

1. Introduction

Many industrial and municipal wastewaters generally contain
both inorganic and organic pollutants, which essentially require
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treatment before they are released into the environment due to
their harmful impacts on human health and ecosystems [1,2].
Hence there is an urgent need to find an efficient and inexpensive
method to remove inorganic and organic contaminants simultane-
ously from polluted water.

Naturally abundant clay minerals are inexpensive precursor that
can be used as low cost adsorbents due to their unique properties.
Smectite clays (e.g. montmorillonite) show high cation exchange
capacity (CEC) (80–120 meq/g), high surface area, micro and
meso-porosity and swelling properties [3,4]. Montmorillonite exhi-
bits one octahedral layer made with octahedral [AlO3(OH)3]6� sand-
wich between two tetrahedral layers made with tetrahedra
[SiO4]4�. Several octahedra and tetrahedra are connected by sharing
three oxygen atoms to form octahedral and tetrahedral sheets,
respectively. The clay layers are negatively charged due to the iso-
morphous substitution of Si4+ and Al3+ by cations with lower
charges, and the negative charge is counterbalanced by absorbing
exchangeable cations, usually alkaline or alkaline earth metals on
the edges and in between the layers [5,6]. Negatively charged
hydrophilic clay layers and broken edges attract species with oppo-
site charges such as organic cations and heavy metal ions [7]. But
clay minerals are ineffective for the adsorption of non-ionic and
non-polar organic compounds (NOCs) in aqueous solutions [8–
10]. The nature of the clays can be modified by replacing the
exchangeable cations with organic cations, most commonly quater-
nary alkyl ammonium cations which make clay surfaces hydropho-
bic and increase the adsorption capacity towards non-ionic and
NOCs. Smectites, being strongly hydrophilic, have significant
adsorption capacities towards harmful ionic inorganic water con-
taminants [11–13] which can be increased by intercalating smec-
tites with pillaring agents such as metal oxide cations to produce
pillared clays. The most commonly used inorganic pillaring agent
is hydroxy aluminium polycation (Al13) and Al-pillared clays
(Al-Mt) are obtained by the intercalation of Al13 cations which
exchange the interlayer cations of clay followed by dehydration
and dehydroxylation upon calcination to give Al2O3 like-clusters
[14]. They act as pillars separating adjacent silicate layers and
increasing the basal spacing and creating permanent porosity
[15]. Al-pillared clays are more thermally stable and more porous
than organoclays, and can be used to remove heavy metals [12,16]
and oxyanionic contaminants such as chromate (Cr(VI)) and phos-
phate [17,18] from water.

Studies have been conducted in modifying clays with both inor-
ganic modifiers such as metal hydroxy polycations and organic
modifiers such as cationic surfactants in order to obtain hydropho-
bic/organophilic clays with high thermal stability and porosity as
early as 1990 and the resultant clays are named as inorganic–or-
ganic clays (IOCs) [19]. According to the literature, they have the
ability to remove both inorganic and organic contaminants simul-
taneously from water. Simultaneous adsorption of dodecane
(hydrocarbon) and metal cations (Pb2+, Cu2+, Zn2+, Ni2+, Cd2+)
[20], para-nitrochlorobenzene and Cr(VI) [21], phenol and phos-
phate [22], naphthalene and phosphate [23] have been investi-
gated and the IOCs show high adsorption capacity towards a
wide range of organic and inorganic contaminants. The most com-
monly used organic modifier and inorganic modifier in the prepa-
ration of IOCs is hexadecyltrimethylammonium bromide (HDTMA)
and Al13 [22,24–27].

IOCs have a wide variety of applications as adsorbents in
wastewater treatment because the structure (e.g. interlayer dis-
tance, pore size) and properties (hydrophobicity, surface charge)
can be adjusted to suit the application by varying the organic mod-
ifier (usually alkyl ammonium cations with different chain lengths
and different number of substituents) and/or inorganic modifier
(different metal hydroxy polycations changing the pillar size and

the distance between the pillars). For example, hydroxy polyca-
tions of Fe(III), Cr(II) and Ti(II) can be used as inorganic modifier
and the pillaring agent in IOCs instead of hydroxy aluminium,
and the resultant IOCs are effective adsorbents towards nitrophe-
nol, basic yellow 28 dye [28], Supranol yellow 4 GL [29], herbicide
diuron [30] and dye sulfacid brilliant pink [31]. Also, mixed metal
(Fe/Al) pillared IOCs with improved structure and properties shows
promising adsorption capacity towards both inorganic water con-
taminants (e.g. Cu2+) and organic water pollutants (e.g. phenol)
[32]. Phenol and its chloro and nitro derivatives are most
common water pollutants present in all types of wastewaters
and IOCs shows high affinity towards these water pollutants
[24,31,33,34].

According to the literature, the structure and properties of IOCs
strongly depend on the intercalation method (the sequence of
introducing inorganic and organic modifier) and the ratio of inor-
ganic and organic modifiers (concentration of surfactant and the
metal hydroxy polycation used in the synthesis procedure)
[21,23]. Three different methods of synthesising IOCs have been
reported; (i) cationic surfactant intercalation into montmorillonite
before metal hydroxy polycation intercalation (ii) cationic surfac-
tant intercalation into montmorillonite after metal hydroxy poly-
cation intercalation and (iii) simultaneous cationic surfactant and
metal hydroxy polycation intercalation into montmorillonite
[21,23,35,36]. Recently, the influences of the calcination tempera-
ture of the pillared clays and the used dosage of surfactant on
the interlayer structure and the thermal stability of IOCs synthe-
sised by intercalating Al13 first and then HDTMA were investigated
[27].

To best of our knowledge, ODTMA has not been used in IOCs
synthesis and no comprehensive studies have been conducted to
determine the effect of surfactant concentration (the ratio of sur-
factant/metal hydroxy polycation) used in the synthesis procedure
on the structure and the properties of the IOCs synthesised by the
three methods mentioned above. Although ODTMA modified
organoclays have been reported [37–39] more studies are required
for the clear understanding of the structure and properties of IOCs
synthesised using ODTMA as the organic modifier and Al13 as the
inorganic modifier. Therefore, the aim of the study is to determine
the effect of surfactant concentration used in the synthesis process
(the organic and inorganic modifier ratio) on the structure and the
properties of IOCs and to explore the probable applications of the
resultant IOCs for the removal of both recalcitrant inorganic and
organic pollutants from wastewater. In order to fulfil these aims,
a series of IOCs were synthesised using Al13 and ODTMA as inor-
ganic and organic modifiers, respectively. ODTMA concentration
used in the synthesis procedure was varied and three different
methods were employed in the synthesis of IOCs. The structure
and properties of the resultant IOCs were investigated and com-
pared with that of organoclays with different ODTMA loadings
and Al-pillared clays. Changes in the interlayer distance of these
modified clays due to intercalation of ODTMA and Al13 were deter-
mined by the X-ray diffraction (XRD) technique. The thermal sta-
bility of IOCs synthesised using different intercalation methods at
different ratios of ODTMA/Al13 was evaluated by thermogravimet-
ric analysis (TG) and derivative thermogravimetric analysis (DTG).
Furthermore, the TG/DTG results can be used to determine the
different environments of the surfactant and thermal stability
within the clay layers. Laser ablation inductively coupled
plasma mass spectroscopy (LA-ICP-MS) was employed to deter-
mine the intercalated Al13 into IOCs. Although, X-ray fluorescence
spectroscopy (XRF) is the most commonly used method for
this purpose [16,27,32], in this study the applicability of
LA-ICP-MS to determine Al/Si ratio of Al pillared clays and IOCs
was explored.
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