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a b s t r a c t
Natural mica type of clay mineral sericite was modiﬁed to obtain the materials viz., Al-HDTMA-sericite
(AH) and Al-AMBA-sericite (AA) which was characterized by the FT-IR and XRD data and morphologically
analyzed by the SEM images. Further, the simulated batch reactor data indicated that increase in sorptive
concentration enhanced the uptake of these pollutants and the 1000 times increase in ionic strength i.e.,
background electrolyte concentration (NaNO3) caused an insigniﬁcant decrease in As(V) removal, which
inferred that As(V) was adsorbed speciﬁcally onto the solid surface. However, it was affected greatly with
As(III) pointed that As(III) was sorbed mainly through electrostatic or even with van der Waals attraction.
pH dependence data showed that arsenic removal was greatly affected with change in solution pH.
Simultaneous presence of phenol in the removal of As(III) or As(V) showed insigniﬁcant change in arsenic
removal by these materials pointed that different sorption sites available for these two different contaminants. Results obtained under dynamic conditions inferred that materials were reasonably useful in the
speciation/attenuation of these two metal ions from water bodies. The breakthrough data was ﬁtted well
to the Thomas equation and hence, the maximum amount of the As(III) or As(V) to be loaded was found to
be 0.338 and 0.433 mg/g respectively for AA and AH for As(III) and 0.541 and 0.852 mg/g respectively for
AA and AH for As(V) under the speciﬁed column reactor conditions. Comparing these two materials AH
possessed with higher removal capacity than AA, at least, for these two contaminants.
Ó 2012 Elsevier B.V. All rights reserved.

1. Introduction
Arsenic contamination of ground waters is now termed as global environmental issue and the countries like Bangladesh, India,
USA, China, Mexico, Taiwan, etc. are affected greatly [1–3]. Several
⇑ Corresponding author. Tel.: +82 33 649 7535; fax: +82 33 642 7635.
E-mail addresses: diw_tiwari@yahoo.com (D. Tiwari), leesm@kwandong.ac.kr
(S.M. Lee).
1385-8947/$ - see front matter Ó 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.cej.2012.07.086

geological/weathering reactions, volcanic emissions resulted in the
arsenic mobilization in the natural environment. It was reported
that soil erosion and leaching could contribute to 612  108 and
2380  108 g/year or total arsenic, respectively in the dissolved
and suspended forms received by the oceans [4]. The additional
sources of arsenic mobilization in the environment were mining
activities, combustion of fossil fuels, use of arsenic pesticides, herbicides and crop desiccants, etc.
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Arsenic exposure caused for the vomiting, esophageal and
abdominal pain and bloody ‘rice water’ diarrhea [5–8]. However,
the acute arsenic poisoning was reported as skin, lung, bladder
and kidney cancer as well as pigmentation changes, skin thickening (hyperkeratosis) neurological disorder, muscular weakness,
loss of appetite and nausea [5,9,10].
Clay and minerals are known natural materials and perhaps
used for arsenic decontamination however, the sorption capacity
of these materials was found to be insigniﬁcant. Additionally, these
materials possessed with low settling properties hence, limiting its
practical implication in such purposes. Therefore, the search for
newer materials prompted us to modify/functionalize the clay
materials in speciﬁc sorption of arsenic. Variety of organo-clay
materials were introduced, and showed fairly good organophilic
behavior and found to be effective in organic pollutants attenuation however, the inorganic pollutants in particular the anionic
oxyanions were not to be treated effectively with these oragnomodify clay materials [11]. Li and Bowman [12], although, used
the natural kaolinite modiﬁed with HDTMA for the retention of
several inorganic oxyanions viz., nitrate, arsenate and chromate.
The mechanism of these oxyanion’s sorption onto this organo-kaolinite was suggested as given below:

xðHDTMA  Clay  BrÞ þ AOx
y ¼ ðHDTMA  ClayÞx  AOy þ xBr

ð1Þ
where ‘A’ referred either N, Cr or As.
Further, the newer hybrid materials obtained by inorgano–organo-clay showed enhance applicability as it could not only to be
effective for the inorganic ion removal but also showed fair afﬁnity
to remove organic impurity simultaneously from aqueous wastes.
In a line silylated pillared bentonite (SPILC) was obtained as inorgano–organo-composite [13]. The two step preparation process
caused an increase in basal spacing from 1.53 nm (bentonite) to
1.95 nm (OTS-Al-PILC). Moreover, the pillaring of the clay materials with the inorganic metals viz., Al, Fe, Cr, Ti, etc. enhanced significantly the settling property of clay however, showed very little
afﬁnity towards the organics in the aqueous solutions. However,
the partial/or complete modiﬁcation of theses intercalated clays
with organic cationic surfactants possessed fairly a good sorption
capacity even for the organic pollutants as well [14–16]. Important
features of these inorgano–organo-clays were reported that they
possessed two different sorption sites capable of removing different types of pollutants i.e., organic and inorganic pollutants from
the aqueous solutions simultaneously, with an enhanced sorption
capacity [17,18].
The interlayer pillared clay obtained with the pillaring inorganic
polycations viz., Al (AlAB) and Cr (CrAB) with bentonite (B = bentonite) were used to remove the Supranol Yellow 4GL from aqueous solutions [19]. Further, the surfactant treated Al and Cr was
intercalated within the bentonite interlayer showed an enhanced
sorption capacity for this dye. The sorption data ﬁtted well to the
Langmuir adsorption isotherm. Similar, pillaring of montmorillonite was carried out with Al(III), Fe(III) and Ti(IV), and followed by
co-adsorption of cetyl trimethylammonium bromide (CTA) [20].
These materials were then used for the removal of diuron (3(3,4-dichlorophenyl)-1,1-dimethylurea and its degradation products (viz., 3-(3,4-dichlorophenyl)-1-methylurea; 1-(3,4-dicholorophenyl)urea; 2,4-dichloroaniline). The removal efﬁciency of
these solids was in the order of CTA-TixHy-montm > CTA-Fex(OH)y-montm > CTA-Alx(OH)y-montm towards these pesticides. The
mechanism of these pesticides sorption onto the organo–inorgano-clays was suggested as van der Waals attraction between the
pesticides and the alkyl chains of the CTA cations, in part, on the
surface of solids and to a greater extent on the interlamellar polycations. Earlier, we already have used sericite, mica based clay

mineral abundantly available in Korea, in the removal/speciation
of two important inorganic cations viz., Cu(II) and Pb(II) from aqueous solutions [21]. Further, the sericite was modiﬁed with HDTMA
and AMBA as to obtain organo-sericite and was employed in the
removal of phenol from aqueous solutions under batch reactor
operations [22]. These studies inferred that the suitable modiﬁcation of sericite could enable it for further environmental applications. Hence, keeping in view the wider use of inorgano–organoclay materials, the present communication dealt to obtain novel
inorgano–organo-sericite materials which were then employed
for the removal of As(III) and As(V) from aqueous solutions.

2. Materials and methods
2.1. Materials
Sericite was obtained from the Keumnam deposit, Gagokmyun,
Samcheok City, Kangwon province, Korea. It was crushed and
sieved to obtain 200–300 BSS (British Standard sieve i.e., 0.075–
0.053 mm) mesh size by using a mechanical sieve. This was
washed with puriﬁed water, dried and crushed in mortar for its
further use. The cation exchange capacity (CEC) of sericite was obtained by the US EPA method 9080 (http://www.epa.gov/osw/hazard/testmethods/sw846/pdfs/9080.pdf) and was found to be
8.85 meq/100 g of sericite. Sericite was contained with various metal oxides [21]. Hexadecyltrimethylammonium bromide (HDTMA)
was obtained from Sigma–Aldrich, USA. Alkyldimethylbenzylammonium chloride (AMBA) 50% solution, and aluminum(III) chloride
both were obtained from Junsei Chemical Co. Ltd., Japan. Sodium
meta arsenite and disodium hydrogen arsenate heptahydrate were
obtained from Wako Pure Chemical Industries Ltd. Japan. Sodium
hydroxide and other chemicals used were of AR grade and the
deionized water was further puriﬁed (18 MO cm) by using Millipore water puriﬁcation system (Milli-Q+).
2.2. Methodology
2.2.1. Preparation of inorgano–organo-sericite
The aluminum pillared HDTMA or AMBA-modiﬁed sericite was
obtained by the simple wet method. The pillaring solution was prepared by mixing 100 mL of 0.4 mol/L NaOH solutions to 100 mL of
0.2 mol/L AlCl3 solutions under vigorous stirring. The solution mixture was kept for 7 days at room temperature. In this solution mixture a known amount of HDTMA/or AMBA solution (the HDTMA/or
AMBA was taken as equivalent to 1:1 CEC of sericite) with continuous stirring. 4 g of sericite powder was taken separately into
300 mL of water and mixed with the HDTMA/or AMBA mixed aluminum solution under vigorous stirring. The solution was stirred
for another 5 h at room temperature, and then it was kept at room
temperature for another 2 days. The dispersion was separated
manually and washed the solids with plenty of puriﬁed water.
The obtained solids i.e., aluminum-HDTMA-sericite (AH) and AlAMBA-sericite (AA) were dried at 50 °C and grounded gently in
mortar.
2.2.2. Surface morphology and characterization of materials
The morphology of these inorgano–organo-sericite materials
along with sericite was obtained by taking SEM (scanning electron
microscope) images using the Model FE-SEM SU-70 (Hitachi, Japan). X-ray diffraction (XRD) data was obtained by using X-ray diffraction machine i.e., PANalytical, Netherland (Model X’Pert PRO
MPD), which was collected with the scan rate of 0.034 of 2h illumination at the applied voltage 45 kV and the current was observed
35 mA. The Cu Ka radiations was employed having wavelength
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of 1.5418 Å. FT-IR (Bruker, Tensor 27, USA by KBR disk method)
was used taking the IR data for these solids.
2.2.3. pHPZC and BET measurements
The pHPZC (point of zero charge) was determined by the method
reported previously [23]. Similarly, the speciﬁc surface area of
these solids was obtained by using the BET Analyzer Macsorb
HM machine (Model-1201), Japan.
2.2.4. Batch reactor experiments
Stock solutions of As(III)/or As(V) 100 mg/L was prepared by
dissolving an appropriate amount of respective arsenic salts in
the puriﬁed water and the desired concentration was obtained
by successive dilution of stock solution, however, the diluted solution concentration was again measured by the AAS (Fast Sequential
Atomic Absorption Spectrometer: Model AA240FS, Varian). 2.0 mg/
L of As(III)/or As(V) solution (40 mL) was taken into polyethylene
bottles. The pH of these solutions was adjusted by drop-wise additions of conc. HNO3/NaOH solutions. 0.2 g of solid i.e., inorgano–
organo-modiﬁed sericite was then added into each bottles. The
bottles were kept in an automatic shaker (KUKJE, Shaking Incubator, Korea model 36-SIN-125) for 24 h at constant temperature
25 ± 1 °C in order to complete the sorption process. An apparent
equilibrium between solid/solution could therefore be achieved.
The samples were taken out from the shaker and ﬁltered by using
0.45 lm syringe ﬁlter and the pH was again checked and it was
mentioned in throughout in the text. The ﬁltrates were then subjected to its bulk sorptive concentration measurements using
AAS. The percentage removal of arsenic was calculated using the
following equation:

% Removal ¼

C0  Ce
 100
C0

ð2Þ

where C0 and Ce were the initial and bulk arsenic concentration,
respectively.
The concentration dependence data was collected by taking
sorptive concentration from 1 to 20 mg/L at a constant pH  4.5
and at constant temperature 25 ± 1 °C. The sorption experiments
were conducted as detailed before. The results were reported in
terms of sorptive concentration and respective amount of arsenic
removed. This equilibrium concentration dependence sorption
data were further employed for the equilibrium modeling studies
using the Freundlich and Langmuir adsorption isotherms equations
as discussed elsewhere to its linear and non-linear forms [24,25].
Similarly, the ionic strength dependence study was conducted
varying the background electrolyte concentration from 0.0001 to
0.1 mol/L of NaNO3 solution. The sorptive pH (4.5) and temperature (25 ± 1 °C) was kept constant. The results were presented as
percent removal with a function of ionic strength.
Presence of phenol in the arsenic (i.e., As(III)/or As(V)) was studied varying the phenol concentration from 0.5 to 2.0 mol/L while
the sorptive concentration was kept constant i.e., 2.0 mg/L keeping
constant temperature 25 ± 1 °C. The percent removal of As(III)/or
As(V) against a phenol concentration was presented thereafter.
2.2.5. Column experiments
The column experiments were performed using a glass column
(1 cm inner diameter) packed with 1 g of inorgano–organo-sericite
(kept middle in the column); below and above to this, it was taken
2 g of virgin sericite particles (14-16 BSS) and then it was ﬁlled
with glass beads. Sorptive solution of As(III)/or As(V) 2 mg/L having
a constant pH 4.5 was pumped upward from the bottom of the column using Acuﬂow Series II, High-Pressure liquid chromatograph,
at a constant ﬂow rate of 1.00 mL/min. Efﬂuent samples were then
collected using Spectra/Chrom CF-1 fraction collector. The liquid
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samples collected were ﬁltered using a 0.45 lm syringe ﬁlter and
the total bulk sorptive concentration was measured using AAS.
The breakthrough data was further utilized to optimize the removal capacity of these solids under the dynamic conditions using
the Thomas Eq. (3) [26]:

Ce
1
¼
0 VÞ
C 0 1 þ eK T ðq0 mC
Q

ð3Þ

where Ce was As(III)/or As(V) concentration in the efﬂuent (mg/L);
C0 was As(III)/or As(V) concentration in the feed (mg/L); KT the Thomas rate constant (L/min/mg); q0 was the maximum amount of
As(III)/or As(V) could be loaded (mg/g) under the speciﬁed column
conditions; m the mass of adsorbent loaded (g); V the throughput
volume (L); and Q the ﬂow rate of pumped sorptive solution (L/
min). A non-linear regression was conducted using the column data
by the least square ﬁtting for two unknown parameters i.e., KT and
q0.
3. Results and discussion
3.1. Surface morphology of solids
SEM images of sericite and inorgano–organo-modiﬁed sericite
were shown in Fig. 1a–c respectively for the sericite, AA and AH
solids. Sericite showed very compact, ordered and layered structure. It hardly found any micro- or meso-pores on its surface. On
the other hand, however, the inorgano–organo-modiﬁed sericite
showed very heterogeneous and disordered surface structure.
The surface was propped-up to some extent, in presence of inorganic and organic ions. Some micro-pores were also visible. It
was assumed that the water molecules or even the potassium ions
present within the interspace of sericite were likely to be replaced
by the aluminum ions as aluminum hydroxide and further incorporated the HDTMA or AMBA organo cations.
3.2. Characterization of solid samples
FT-IR spectra of the sericite along with inorgano–organo-modiﬁed clay were illustrated in Fig. 2. The IR stretching bands occurred
at 3625 and 3472 cm1 were attributed respectively to the hydroxyl groups present with clay sheets and the water molecules present within the interlayer space of sericite [27–29]. On the other
hand AH and AA samples showed that the band occurred at
3472 cm1 was decreased signiﬁcantly or disappeared, which suggested that replacement of aluminum or even with organic molecule or these were grafted with the hydroxyl groups [30].
Moreover, the band occurred at 3625 cm1 shifted more at higher
frequency. Similarly, the appearance of very weak but new bands
in the spectra of the modiﬁed clay, centered at 2929 cm1 and
2856 cm1 were considered as CAH stretching vibrations, and
CAH scissoring bands respectively of HDTMA-sericite and AMBAsericite [27]. Further a band at 1652 cm1 with sericite inferred
to characteristic of Al and Mg bound water molecule which was almost disappeared with modiﬁed sericite. A frequency band at
1041 cm1 was assigned as asymmetric stretching vibrations of
SiAOASi of sericite. Also bands from 737 to 842 cm1 were further
referred as characteristic bands of quartz and bands in between
478 and 536 were assigned to OSiO bending vibrations incurred
for sericite [31].
Further, the XRD data obtained for sericite and inorgano–organo-modiﬁed sericite i.e., AA and AH were shown in Fig. 3. Sericite
showed distinct reﬂections at the 2h values of 8.81, 17.88, 19.98,
20.97, 23.00, 23.91, 25.60, 26.74 and 27.99 which were very characteristic reﬂections of the sericite clay mineral [32]. Further, AA
and AH showed almost similar reﬂections with slight changes.
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3.4. Batch reactor experiments

Fig. 1. SEM images of (a) sericite; (b) AH and (c) AA.

The d-values along with the relative intensities were obtained for
these reﬂections. Sample AA showed a positive d-value difference
which indicated that the interlayer of the sericite was propped
up with some extent. These results were in a line to our previous
ﬁndings where sand sample was modiﬁed with manganese dioxide
[22]. On the other hand there was no signiﬁcant change observed
with the solid AH indicated that the interspace of sericite was
not propped up.
3.3. pHPZC and BET analysis
The pHPZC was found to be 6.89, 6.30 and 6.20 respectively for
the sericite, AH and AA samples. There is a signiﬁcant decrease in
the pHPZC values noted with the modiﬁed sericite. On the other
hand, the BET speciﬁc surface obtained was found to be 2.06,
1.712 and 0.928 m2/g. It is evident with the BET data that the modiﬁed clay possessed with less speciﬁc surface area since the inorgano–organo molecules occupy the available pores of sericite or
anchored within the interspace region.

3.4.1. Effect of pH
pH dependence data was obtained varying the sorptive initial
pH from 2.00 to 10.00 for As(III)/or As(V) and the results were presented graphically in Fig. 4a and b respectively for As(III) and As(V).
The percent uptakes of these two ions were presented with the ﬁnal pH values in these ﬁgures. In general, it was noted that the percent removal of As(III) or As(V) was signiﬁcantly low at high pH
values. However, very high uptake was occurred for As(V) at moderate pH values i.e., pH 5.5. Moreover, low pH also favored the uptake of these two oxyanions. Quantitatively, increasing the pH
from 1.98 to 9.16 caused for an apparent decrease in percent removal of As(III) respectively from 29.49% to 1.71% for AA. On the
other hand increasing the pH from 1.95 to 8.72 caused to decrease
in percent removal of As(III) respectively from 43.59% to 4.27% for
AH. Similarly, the percent removal of As(V) was decreased from
22.67 to 14.22 for (AA) and 24.89 to 20.00 for (AH) for the respective increase in pH from 2.05 to 9.18 (for AA) and 1.93 to 9.18 (for
AH). These results could better explain with the help of speciation
of As(III) and As(V) in aqueous solutions as well the surface behavior of these solids.
Fig. 4a clearly demonstrated that the uptake of As(III) was relatively high at low pH values i.e., at pH 2.0 which was decreased
gradually increasing the solution pH and almost negligible amount
of arsenic was removed at very high pH i.e., at 9.8. However, a
sharp decrease in the uptake of As(III) was occurred at pH around
6.0. This could be explicable with the fact that both these solids i.e.,
AA and AH becomes negatively charged above the pHPZC values
respectively 6.20 and 6.30, which rendered for this sharp decrease
of As(III) uptake. The high uptake of arsenic at very low pH values
was demonstrated because the surface of the solids likely to be
positively charged at low pH (2.0) values which could facilitate
to attract electrostatically the negatively charged meta-arsenite
in solution AsO
2 . Further, gradual decrease in As(III) uptake within
the pH region (2.0–6.0) indicated that HDTMA and AMBA was
less involved in the removal process which was again conﬁrmed
with the effect of phenol concentration studies described in proceeding sections. Similar, electrostatic attraction was reported previously for the sorption of As(III) by hybrid materials as well the
other studies conducted by the soil samples as well [33–35]. Moreover, the uptake of H3AsO3 species by the iron modiﬁed sand was
reported to be attracted by the van der Waals attraction [36].
On the other hand, the uptake of As(V) was greatly affected with
pH and it was observed that increasing the pH from 2 to 6 the uptake of As(V) was increased both for AA and AH solids, however,
beyond pH 6 it was decreased signiﬁcantly. This may be explicable
with the fact that at low pH values the surface carries positive
charge and part of the As(V) was uncharged species hence, the
interaction was restricted to some extent. However, with the increase of pH, the speciation studies [37] showed that in the intermediate region of pH i.e., pH 5.0–6.5 both these anionic species i.e.,
2
H2 AsO
contribute to total arsenic concentration,
4 and HAsO4
which greatly facilitate in the attraction followed by perhaps the
‘ion- exchange’ or even the inner sphere complexation of the arsenic species with the aluminum oxide. The probable mechanism
was proposed as speciﬁc arsenic sorption and OH release from
the surface [38]. It was also reported that inorgano–organo-clay
showed anion/OH exchange reaction for phosphate sorption
[17] and mentioned that the phosphate removal was decreased
gradually with the increase in solution pH which was attributed
because not only due to increase in OH concentration but also
due to change in surface charge to negative as well in increase of
the binding strength of AOH on metal.
However, beyond pH 6.5 the surface becomes negatively
charged, since the pHPZC values obtained 6.20 and 6.30 respectively
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Fig. 2. FT-IR spectra for the sericite and AH and AA.

tive concentration from 1 to 20 mg/L caused to an substantive decrease in percent uptake of As(III) or As(V) by these solids. This
could be explicable with the fact that at low arsenic concentrations
more and more active sites were available for relatively smaller
number of sorbing species. However, at higher sorptive concentration comparably lesser number of active sites were available for
very large number of sorbing ions [21,24].

Fig. 3. XRD pattern of sericite, AH and AA.

for AA and AH, and the arsenic species were also negatively
charged hence greatly hampered the further uptake of the arsenic
oxyanion.

3.4.2. Effect of sorptive concentration
As(III)/or As(V) concentration was increased from 1 mg/L to
20 mg/L at constant pH 4.5. The results were presented graphically
as amount of As(III) or As(V) removed as a function of sorptive concentration (cf Fig. 5a and b respectively for As(III) and As(V)). The
data was also included with the virgin sericite as to compare the
efﬁciency of the modiﬁed solid. It was noted AH and AA possessed
higher removal percentage than sericite throughout the studied
sorptive concentrations. It further showed that increasing the sorp-

3.4.3. Equilibrium modeling
The concentration dependence study was further utilized to
model it towards the known Freundlich and Langmuir adsorption
isotherm to its linear and non-linear equations. The Freundlich
model which was assumed to the basic assumptions that sorption
occurred on an energetically heterogeneous solid surface on which
the sorbed species were interacted laterally. On the other hand, the
Langmuir model assumed that active sites were energetically
homogeneously distributed onto the solid surface and the adsorbing species aggregated forming monolayer coverage onto the surface. The equilibrium concentration dependence data were ﬁtted
to the standard Freundlich and Langmuir adsorption linear equation and the Freundlich and Langmuir constants were estimated.
These constants along with the R2 values were returned in Table 1.
The ﬁtting data clearly indicated the applicability of these two
models studied. Additionally, a non-linear ﬁtting of the equilibrium state sorption data was ﬁtted and solved using the solver
add-in with Microsoft’s spreadsheet using Microsoft Excel. The results obtained were returned in Table 2. Further, the results obtained by the two different way of data ﬁtting showed
insigniﬁcant difference. Moreover, the marked difference in capacity estimated by these two models i.e., Freundlich and Langmuir
was attributed to the different basic nature and assumptions of
the models. However, it was inferred that the modiﬁed sericite

Table 1
Freundlich and Langmuir adsorption isotherms constants estimated for the sorption of As(III) and As(V) by sericite, AH and AA solids using linear adsorption equations.
System

Sericite-As(III)
AA-As(III)
AH-As(III)
Sericite-As(V)
AA-As(V)
AH-As(V)

Freundlich isotherm

Langmuir isotherm

Kf ± 3.r

1/n ± 3.r

R2

qm ± 3.r

b ± 3.r

R2

0.0777 ± 0.0002
0.0899 ± 0.0003
0.1385 ± 0.0004
0.0775 ± 0.0002
0.1320 ± 0.0004
0.1699 ± 0.0005

0.416 ± 0.003
0.392 ± 0.002
0.314 ± 0.003
0.580 ± 0.005
0.503 ± 0.004
0.438 ± 0.003

0.858
0.922
0.829
0.969
0.928
0.941

0.1616 ± 0.0003
0.2720 ± 0.0004
0.4095 ± 0.0003
0.4643 ± 0.0004
0.4844 ± 0.0005
0.5340 ± 0.0004

1.440 ± 0.008
0.5082 ± 0.004
0.6857 ± 0.005
0.1801 ± 0.003
0.4311 ± 0.004
0.5101 ± 0.005

0.968
0.977
0.944
0.921
0.964
0.969
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(a)

(a)

(b)
(b)

Fig. 5. Effect of sorptive concentration in the removal of (a) As(III); and (b) As(V)
using sericite and inorgano–organo-modiﬁed sericite.
Fig. 4. Effect of pH in the removal of (a) As(III); and (b) As(V) using inorgano–
organo-modiﬁed sericite.

possessed with signiﬁcantly higher removal capacity compared to
the virgin sericite sample. Comparing to AH and AA, AH showed
higher sorption capacity and it was found to be more than two
times higher than the capacity of sericite sample. Moreover, the
Freundlich constants 1/n, which was termed to the adsorption
intensity, possessed with fractional values for these systems
pointed it towards the heterogeneous nature of the solid surface
along with exponential distribution of sorption/active sites
[24,39,40].
Similarly, the Langmuir constant ‘b’ reﬂected to the strength
and afﬁnity of the solids towards the sorbing species [41]. It also
was related to an equilibrium constant of the process uptake process as: As(III)/or As(V) + Solid Surface ? As(III)/or As(V). . ..Solid
(surface adsorption complex).
3.4.4. Effect of background electrolyte concentration
In order to demonstrate the speciﬁc and non-speciﬁc adsorption, the effect of background electrolyte concentration could perhaps assist to explain it [42]. It was reported that the speciﬁc
sorption was unaffected with the change in ionic strength, whereas
the non-speciﬁc adsorption was inﬂuenced greatly by the change
of ionic strength because of the competitive adsorption with coun-

ter ions. Hence keeping in view the study was extended to observe
the change of background electrolyte concentration i.e., NaNO3 in
the sorption behavior of these solids at least for the removal of
studied oxyanions at constant pH 4.5. The Background concentration was increased from 0.0001 to 0.1 mol/L of NaNO3 (1000 times)
and the corresponding percent removal of As(III)/or As(V) was presented graphically in Fig. 6a and b respectively for As(III) and As(V).
Quantitatively, it was observed that increasing the background
concentration from 0.0001 to 0.1 mol/L NaNO3 (i.e., 1000 times increase) caused for decrease of the As(III) uptake respectively from
66.48% to 23.08% for AA i.e., 43.4% decrease and 56.59% to 26.37%
i.e., 30.22%. Similarly the uptake of As(V) was decreased from
58.72% to 46.54% for AA i.e., 12.18% decrease; 57.34% to 48.85%
for AH i.e., 8.49% decrease, respectively for the increase of background electrolyte concentration from 0.0001 to 0.1 mol/L NaNO3.
These results demonstrated that the 1000 times increase of background electrolyte concentration caused insigniﬁcantly the decrease of As(V) sorption onto these solid materials pointed that
sorbing ions were sorbed speciﬁcally and forming an inner sphere
complexation with the surface active sites. Hence, it favored that
these oxyanions were mostly sorbed with the aluminum oxides
which was introduced within the interspace of sericite. On the
other hand the sorption of As(III) sorption onto the AA and AH solids was greatly hampered with the background electrolyte concen-
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Table 2
Freundlich and Langmuir adsorption isotherms constants estimated for the sorption of As(III) and As(V) by sericite, AH and AA solids using non-linear adsorption equations.
System

Sericite-As(III)
AA-As(III)
AH-As(III)
Sericite-As(V)
AA-As(V)
AH-As(V)

Freundlich isotherm

Langmuir isotherm
3

Kf ± 3.r

1/n ± 3.r

Least square sum  10

qm ± 3.r

b ± 3.r

Least square sum  103

0.0873 ± 0.0002
0.1031 ± 0.0004
0.1655 ± 0.0005
0.0689 ± 0.0004
0.1596 ± 0.0005
0.1903 ± 0.0006

0.252 ± 0.002
0.328 ± 0.004
0.333 ± 0.003
0.596 ± 0.005
0.398 ± 0.004
0.374 ± 0.005

2.66
5.55
22.75
4.41
12.42
12.54

0.1412 ± 0.0006
0.1224 ± 0.005
0.1958 ± 0.0006
0.0580 ± 0.0002
0.1988 ± 0.0004
0.2627 ± 0.0004

0.785 ± 0.005
0.428 ± 0.004
0.420 ± 0.004
0.105 ± 0.003
0.391 ± 0.005
0.481 ± 0.004

1.20
2.97
12.0
3.12
5.80
8.44

(a)

(b)

Fig. 7. Effect of simultaneous presence of phenol in the removal of (a) As(III); and
(b) As(V) using inorgano–organo-modiﬁed sericite.
Fig. 6. Effect of background electrolyte concentration in the removal of (a) As(III);
and As(V) using inorgano–organo-modiﬁed sericite.

tration indicated that As(III) was mostly sorbed with an electrostatic attraction rather sorbed speciﬁcally. Previous, studies also
showed that the As(V) was sorbed speciﬁcally onto c-Al2O3 within
the pH region 3.0–9.2 whereas As(III) was sorbed un-speciﬁcally
within the pH region 4.5–9.0 [30,32]. However, As(III) sorption
onto the zirconium(IV)oxide-ethanolamine was reported to be
ion-exchange along with the electrostatic attraction [31]. Vaishya
and Gupta [36] assumed that the major driving force in adsorption
of As(III) onto the iron-modiﬁed sand was the van der Waals
attraction.
3.4.5. Effect of phenol concentration
Further, the phenol concentration was increased from 0.5 to
2 mg/L and the removal of As(III)/or As(V) was assessed using the
materials AH and AA. The studies could enable to view that solids
were useful in simultaneous removal of these pollutants. There
might be two different domains of active sites capable to sorb inorganic and organic pollutants separately. Results showed that the
percent uptake of As(III) was decreased from 42.15% to 40.48%

(for AH) and from 40.22% to 30.95% (for AA) samples for the increase of phenol concentration respectively, from 0.5 to 2 mg/L
(cf Fig. 7a and b). Whereas the similar increase of phenol concentration caused to decrease of As(V) uptake respectively from
32.75% to 18.22% (for AH) and 35.37% to 25.70% (for AA). These results indicated that insigniﬁcant decrease of As(III) or As(V) (maximum of 14.5%) was occurred even with increase of phenol
concentration to four times i.e., from 0.5 to 2.0 mg/L. Hence, it
was concluded that As(III) or As(V) was sorbed mostly at inorganic
sites comparing to the organic end of HDTMA or AMBA. The previous studies described that inorgano–organo-clay i.e., bentonite
was modiﬁed with Fe polycations and cetyltrimethylammonium
bromide (CTMAB) in the simultaneous removal of phosphate and
phenanthrene from aqueous solution. They further reported that
the solid possessed two different sorption sites capable to remove
different types of pollutants i.e., organic and inorganic pollutants
from the aqueous solutions simultaneously [17].
The removal mechanism of As(III) or As(V) was suggested as inner sphere complexation with the aluminum ion introduced within
the interspace as anion/OH exchange reactions [38,43]. Similarly,
the adsorption of phosphate was showed speciﬁc sorption onto the
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free Al or Fe oxides in the soils [44]. The adsorption of As(V) on to
ferrihydrite proceeded with surface charge reduction associated
with net OH release. This was suggested to the speciﬁc adsorption
of As(V), took place onto the surface of metal oxides [45]. X-ray
absorption structure spectroscopic studies indicated that the
bidentate and binuclear complexes were formed onto c-Al2O3 with
As(V) [30,46,47] whereas inner- and outer-sphere adsorption processes coexist for As(III) onto c-Al2O3 [30]. Hence keeping these
observations and similar previous studies, it was concluded that
the As(V) was sorbed speciﬁcally with the aluminum oxide introduced within interspace. The ion exchange mechanism could be
presented as:

Sericite  AlðOHÞ3 þ 3H2 AsO4 ! Sericite  ½AlðH2 AsO4 Þ3
þ 3OH

ð4Þ

and/or

Sericite  ½2AlðOHÞ3  þ 3HAsO2
4
! Sericite  ½Al2 ðHAsO4 Þ3   þ6OH

(a) 1.000

ð5Þ

As(III)

0.800

Ce /C0

0.600

0.400
Measured-AA
Calculated-AA

0.200

Measured-AH

Table 3
Thomas constants for the removal of As(III) and As(V) from aqueous solutions by
inorgano–organo-modiﬁed sericite.
Systems

q0 (mg/g)

KT  103 (L/min/mg)

As(III)-AA
As(III)-AH
As(V)-AA
As(V)-AH

0.338
0.433
0.541
0.852

6.76
6.48
5.99
4.12

On the other hand the As(III) was sorbed at the solid surface by
an electrostatic or even van der Waals type of attraction.
3.5. Breakthrough curves for As(III) and As(V)
The applicability of the AA and AH hybrid materials was further
assessed in the removal of As(III) and As(V) under the dynamic
conditions. These data were found to be direct practical implication of these materials in the possible large scale or pilot scale
treatment of water contaminated with arsenic. The column conditions were maintained as stated before and the results obtained
were presented graphically in Fig. 8a and b respectively for the
As(III) and As(V). It was interesting to note that complete breakthrough was occurred for As(III) at the throughput volume of
0.357 L for AA and 0.393 L for AH solids. Similarly, it was observed
for the As(V) at 0.483 L for AA and 0.756 L for AH solids. These results indicated that AH showed better suitability for the removal of
As(III) or As(V) from aqueous solutions. Further, the breakthrough
data was used for the non-linear ﬁtting to the Thomas equation
(Eq. (3)) in order to optimize the two unknown parameters viz.,
q0 and KT. Reasonably a good ﬁtting of breakthrough curve was obtained for these systems as shown in Fig. 8a and b with the calculated lines. Similar results were also reported previously using the
biosorbents or manganese coated sands, etc. [24,48,49]. The Thomas constants i.e., q0 and KT were estimated for these solids and
were presented in Table 3. Table clearly demonstrated that the solid AH possessed with better removal capacity for As(III) or As(V)
compared to the AA solid. These results were in accordance to
the batch reactor data obtained previously.

Calculated-AH

4. Conclusions

0.000
0.0

0.1

0.2

0.3

0.4

Throughput volume (L)

(b) 1.000

As(V)

0.800

Ce /Co

0.600

0.400

Measured-AA
calculated-AA
Measured-AH
Calculated-AH

0.200

0.000
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

Throughput volume (L)
Fig. 8. Breakthrough curves for the removal of (a) As(III); (b) As(V) by inorgano–
organo-modiﬁed sericite ﬁtted for the Thomas model.

The novel inorgano–organo-sericite materials were obtained in
the laboratory and assessed for its applicability in the removal of
As(III) and As(V) from aqueous solutions. The aluminum and
HDTMA/or AMBA modiﬁed sericite was characterized with the
help of IR and XRD analytical data. The morphological images
showed that very compact layered sericite was become more disordered and heterogeneous in presence of these inorgano–organo
ions. The batch reactor data enabled that the removal of these
two ions were greatly affected with pH. Presence of background
electrolyte concentrations i.e., NaNO3 greatly affected the removal
of As(III) whereas it was almost unaffected for As(V). Increase in
sorptive concentration apparently enhanced with amount removed however, the percent removal was decreased. The equilibrium modeling showed the applicability of linear and non-linear
Freundlich and Langmuir adsorption isotherm. The presence of
phenol concentration pointed it that the solid possessed with
two different types of active sites endured to two different types
of pollutants. The mechanism of As(V) was suggested with the speciﬁc sorption (inner sphere complexation) occurred with OH release, whereas As(III) was sorbed mostly by the electrostatic or
even van der Waals type of attraction. The column reactor data ﬁtted well with the Thomas equation and therefore, the maximum
amount of As(III) or As(V) to be loaded in the column under the
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speciﬁed column conditions was optimized which indicated that a
signiﬁcant amount of As(III) or As(V) could be loaded in the column. These results further pointed the potential use of these materials, in particular the treatment of arsenic contaminated waters.
Further, comparing these two solids studied, AH possessed with
higher removal capacity than the AA at least in the removal of
As(III) or As(V).
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