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a b s t r a c t

Adsorption removal of 2,4-dichlorophenol (2,4-DCP) from aqueous solutions by bentonite/CTAB was stud-
ied using two ways: the first one using organophilic bentonite as adsorbent. This material was prepared
by exchanging the organic cations as cetyltrimethylammonium bromide (CTAB) for sodium (Na+) on the
layer surface of clay (two steps method). The second way was using bentonite as adsorbent, which is in
contact with simultaneous 2,4-dichlorophenol and CTAB in solution (one-step method).

This process of wastewater treatment is of interest for the stabilization of wastes in which simultane-
ous 2,4-DCP/surfactant contaminations occurs. This wastewater treatment was based on simultaneously
synthesis of organophilic bentonite and removal of 2,4-dichlorophenol from water in one-step. Batch
adsorption studies were conducted to evaluate the effect of various parameters such as the quaternary
ammonium cation (CTAB) loading, contact time and initial 2,4-DCP concentration. Adsorption equilibrium
reached earlier by one-step method than onto organophilic bentonite. The adsorption kinetics was tested
for Elovich, intraparticle diffusion, pseudo-second-order, and pseudo-first-order reactions and rate con-
stants of kinetic models were calculated. The equilibrium adsorption data were analysed by Freundlich,
Langmuir, and Redlich–Peterson using non-linear regression technique. Freundlich isotherms best fitted

the data for adsorption equilibrium for both methods. The experimental observations indicate that adsorp-
tion behaviour of 2,4-DCP is different in each case. Due to its organophilic nature, exchanged bentonite is
able to adsorb 2,4-DCP at a very high extent (about 1.5 mmol/g) when the 2,4-DCP is the only solute. In the
case of simultaneous presence of 2,4-dichlorophenol (2,4-DCP) and cetyltrimethylammonium bromide in
solution, the adsorption capacity of 2,4-DCP strongly increases (about 2.5 mmol/g). The results indicated
that the one-step process is an efficient, simple and low cost technology for removal of organic pollutants
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. Introduction

Among the different pollutants of aquatic ecosystems, phe-
ols, especially the chlorinated ones, are considered as priority
ollutants since they are harmful to organisms even at ppb lev-
ls [1]. General weakness, fatigue, ataxia, headache, anorexia,
weating, hyperpyrexia, nausea, vomiting, tachycardia, abdominal
ain, terminal spasms and death characterize acute poisoning by
ichlorophenol. European Union (EU) has classified several phe-
ols as priority contaminants and the 80/778/EC directive lays

own a maximum concentration of 0.5 �g/L for total phenols

n drinking water [2]. Chlorinated phenols with less than three
hlorines are not used extensively, except in the production of
igher chlorophenols and chlorophenoxyacetic acid herbicides.

∗ Corresponding author. Tel.: +213 414 21581; fax: +213 414 21581.
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hey have been used in many applications over the last 50 years,
nd especially as a fungicide and insecticide for wood preserva-
ive [3]. Environmental contamination with these chemicals occurs
rom industrial effluents, decolouration of paper and paper mill
ffluents, agricultural runoff, breakdown of chlorophenoxyacetic
cid herbicides and hexachlorobenzene and from spontaneous
ormation following chlorination of water for disinfections and
eodorization [4]. The fate of phenolic compounds in the envi-
onment and their removal from aqueous media are complicated
ecause of their high solubility and low air–water partition coeffi-
ients.

Bentonites are argillaceous materials that can be effectively
mployed as adsorbents for many wastewater pollutants due to

heir high specific surface area. This outstanding capability is due
o the presence of the mineral montmorillonite. However, their
dsorption capacity for organic molecules that are highly water-
oluble, polar, is very low. This is due to the hydrophilic nature of
he mineral surfaces.

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:Derriche_zoubir@yahoo.com
dx.doi.org/10.1016/j.cej.2008.06.028
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products were washed until free bromide anions (tested by
AgNO3), dried at 60 ◦C and ground in an agate mortar. The
method to prepare organoclay was labelled as method for two
46 A. Khenifi et al. / Chemical Engi

However, by intercalation of long chain cationic surfactants,
uch as quaternary ammonium ions [R4N+], into the interlayer
pace, the natural bentonite surface properties can undergo con-
ersion of hydrophilic to hydrophobic characteristics, resulting in
odified clays having high adsorptive capacities. Such organophilic

entonite has various applications [5], and also act as adsorbents
or a great variety of organic pollutants [6,7].

The traditional applications of organophilic bentonite in
emoval of organic pollutants from wastewater include two steps:
he first is the synthesis of organophilic bentonite; the second
s using this organophilic bentonite to remove pollutants from
astewater by adsorption. The synthesis process involved pulver-

zing bentonite and agitated mixing with surfactant solution for
everal hours, and then the product was centrifuged, washed sev-
ral times, then dried and ground [8,9]. Large amounts of water and
ower were required in the process, which could be a limiting factor
or the application of bentonite to wastewater treatment. In addi-
ion, it was observed that the traditional organophilic bentonite
as difficult to be separated from the treated water by settlement,
hich posed another barrier to its industrial application [10,11].

hus, bentonite has not been applied to the engineering of wastew-
ter treatment because of complicated process and high cost [11].
n optimal adsorbent for the removal of organic compounds in
astewater should have the following properties: low cost, ease of
anding, environmental neutrality, high affinity and high capacity.

In order to reduce the cost and simplify the process of wastew-
ter treatment by organophilic bentonite, a one-step process
ncluding both the synthesis of organophilic bentonite and its
dsorption removal of organic pollutants from wastewater was pro-
osed in this research. In the one-step process, the adsorbate and
ationic surfactants were dispersed in wastewater, and then the
odium-exchanged bentonite was added. Thus, the organic pollu-
ants were removed from water accompanied with the synthesis of
rganophilic bentonite [12]. Especially, the presence of cationic sur-
actant in the wastewaters of pigments, dyestuffs, rubber products
r agriculture chemicals manufactures, may achieve the one-step
rocess by the addition of bentonite and simultaneously remove
oth the surfactants and organic pollutants [13].

Cationic surfactant in the wastewater could be utilized for the
emoval of organic pollutants. Thus, the process could greatly
educe the cost of water and power for synthesis of organophilic
entonite. Of all possibilities, this one-step process for bentonite
pplication could become a simple, efficient and economically
cceptable alternative to conventional physical–chemical treat-
ent processes. Furthermore, the adsorbed organophilic bentonite

ould be recycled or prepare porous clay hetero-structures [11].
No detailed information about adsorption potential of bentonite

rom Algerian varieties has been published on bentonite behaviour
n the presence of mixed 2,4-dichlorophenol/CTAB contamination.
n this paper the adsorption properties of organophilic bentonite in
queous phase and bentonite in the presence of both organic and
urfactant contaminations were studied. From these aspects, our
revious work was concentrated on the adsorption of the model
ollutant 2,4-DCP on surfactant–clay complexes by two ways. First,
he surfactant is added into the solution containing the pollutant
nd the complex CTAB-2,4-DCP is adsorbed onto bentonite. The
econd way is the sorption of the pollutant (2,4-DCP) onto ben-
onite exchanged with CTAB (organobentonite). The objectives of
his study are:
1) To determine the feasibility of removal 2,4-DCP by one-step
method;

2) To compare the effectiveness of one-step method with two
steps one;
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3) To study the influence of parameters such as contact time,
concentration of adsorbate and surfactant on the contaminant
removal.

. Experimental

.1. Bentonite

The bentonite used in this work comes from a quarry located
n Maghnia (West of Algeria) was supplied by company “ENOF”
an Algerian manufacture specialized in the production of non-
erric products and useful substances). The main impurities are
uartz, cristobalite and calcite. Its chemical composition was found
o be as follows: 54.90% SiO2, 1.85% MgO, 27.71% Al2O3, 0.08%
2O, 0.08% CaO, 2.82% F2O3, 3.14% Na2O, 9.4% loss on ignition. The
ation exchange capacity (CEC) was determined with conductimet-
ic method as 101.25 meq/100 g of bentonite. The conductimetric
ethod was based on changed species. Ion exchanges between
g–Ba occur by titrate the barium saturated montmorillonite sus-

ension 1 g/100 mL with 0.02 M MgSO4 solution. The plot of specific
onductance against the titrant volume shows two phases. The
rst curve obtained with little change in conductance owing to the

ormation of insoluble BaSO4 and the second curve, the conduc-
ance increased owing to the presence of excess magnesium ion
nd sulfate ion in the solution. The equivalent point is taken at the
ntersection of the two linear portions corresponding to the CEC
14,15].

.2. Exchanged bentonite preparation

The organic clay was prepared by exchanging the inorganic
ation of bentonite with quaternary ammonium cation at the fol-
owing percentage of the clay’s CEC according to the procedure
escribed by Bartlet-Hunt et al. [16]: the quantity of organic cation
dded to the bentonite was determined by

= Mcation

CEC × Mclay × GMWcation × X
(1)

here f: fraction of cation exchange capacity satisfied by organic
ation (dimensionless), Mcation: mass of organic cation required
o achieve desired fraction of CEC (mass), CEC: cation exchange
apacity of clay (equivalents/mass), Mclay: mass of clay (mass),
MWcation: gram molecular weight of organic cation (mass/mol),
nd X is the moles of charge per equivalent (mole/equivalent).

Theoretically, the cation exchange capacity represents the max-
mum amount of organic cation that can be exchanged onto
he clay’s surface. The measured total organic content exchanged
nto the organoclay agreed well with the calculated theoreti-
al value [17]. The synthesis of organoclay was performed by
he following procedure: 1 g of Na–bentonite was first dis-
ersed in about 100 mL of deionised water, to which a desired
mount of cetyltrimethylammonium bromide was slowly added.
he concentrations of CTAB were from 17 CEC to 120 CEC
f bentonite. The reaction mixtures were stirred for 24 h. All
teps.
Cetyltrimethylammonium bromide (99%), of chemical formula

19H42NBr obtained from ACROS ORGANICS consists of a 16-carbon
hain tail group attached to a trimethyl quaternary amine head
roup with a permanent +1 charge.
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.3. Adsorbate

The 2,4-dichlorophenol (2,4-DCP) used in this study was an
nalytical grade reagents of 95% purity from Sigma Chemical Co.
he stock solutions were prepared in 0.1 mol/L KCl in order to
romote the flocculation and to have a constant background elec-
rolyte concentration. The properties of 2,4-dichlorophenol are
iven in Table 1. Due to the sensitivity of adsorption to pH fluc-
uations in the region near the pKa of the chlorophenols, as weak
rganic acids with a relatively high Kow and pKa 7.83, the use
f the buffer to prevent pH change was felt to be more impor-
ant than the shift in adsorption capacity at a given pH due to
he presence of the buffer. It was shown in a previous study
hat the adsorption of phenolic compounds is reduced drasti-
ally when the pH value is larger than pKa [18]. In this study
he pKa value of chlorinated phenols was always greater than
he pH values. Therefore the dissociation of phenolic compounds,
rom neutral form to phenolate form, would not be signifi-
ant.

.4. Kinetic and equilibrium experiments

The adsorption experiments were determined by using the
atch equilibration technique, and were conducted in laboratory by
ontacting a specific volume of 2,4-DCP (adsorbate) with the same
uantity of bentonite or organophilic bentonite as an adsorbent.

The effect of cetyltrimethylammonium bromide ions on
,4-dichlorophenol adsorption was assessed through the determi-
ation of CTAB isotherm in the presence of the 2,4-DCP at 5 mmol/L
oncentration.

In order to evaluate kinetic data, 5 g of adsorbent was
dded to 1 L of known initial concentration 5 mmol/L of 2,4-DCP
organophilic bentonite alone for two step or bentonite in pres-
nce of CTAB for one step) and the mixture was allowed to agitate
t an identical stirring speed of 300 rpm. In preliminary adsorption
est, negligible effect of the stirring speed was observed. At given
ime intervals, about 2.5 mL of solution was sampled using a 10 mL-
yringe, then centrifuged and the equilibrium concentrations of the
dsorbate were calculated, after measuring their absorbance values
t wavelength of 285 nm by UV–vis spectroscopy (SAFAS bundle of
ype MC2) [19].

Isotherm experiments were carried out at 25 ± 1 ◦C using a water
ath shaker. 50 mL of solutions of varying concentration of the 2,4-
CP from 1 to 20 mmol/L were placed in vials. An equal amount
.25 g of organophilic bentonite was introduced into each vial, stir-
ing for 40 min. The collected samples were then centrifuged and
nalysed as mentioned above.

The adsorption isotherms were carried out by shaking 0.25 g of
odium-exchanged bentonite with 50 mL of the solution containing
ariable initial concentration (1–20 mmol/L) in distilled water and
n the presence of 5 mmol/L CTAB. After stirring for 40 min, each
ample was centrifuged. The supernatant were analysed at 285 nm.

Controls containing DCP solution and no adsorbent were mea-

ured for each adsorption experiment. The controls were used to
btain a calibration curve for each measurement.

For the adsorption experiment, the mass of the chlorophenol
hat was lost from solution during equilibration was assumed to be

able 1
elected physical and chemical characteristics of 2,4-DCP

ompound Formula MW (g/mol) Water solubility
(mg/L)

log Kow pKa

,4-DCP C6H3Cl2OH 163.01 4500 3.23 7.85

w
+
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Fig. 1. X-ray diffraction of raw and sodium-exchanged bentonite.

dsorbed by the adsorbent:

e = (Ci − Ce) × V

M
(2)

here qe is the mass of solute adsorbed by the adsorbent (mmol/g),
i is the initial concentration of solute (mmol/L), Ce is the solution-
hase solute concentration at the end of the adsorption experiment
mmol/L), V is the volume of solution (L), and M is the mass of the
dsorbent (g).

. Results and discussion

.1. Characterization of bentonite

The presence of quartz and calcite impurities was detected from
-ray Diffraction (XRD) pattern in Fig. 1. Saturation of the clay by
+ changed the diffraction from 15.65 to 12.12 Å (Table 2). It is thus
smectite. Vermiculite gave a reading of 10.5 Å after this test. The

rreversible collapse of the layers of a smectite at 9.6 Å after sat-
ration with lithium, heating overnight to 250 ◦C and immersion

n glycerol, shows that the mineral is a montmorillonite. Saponites
nd swelling beidellites give a reading of 17.7 Å after this treatment.
o our clay thus consists of montmorillonite [20].

The basal spacing of the bentonite is found to be 12.12 Å (Table 2).
he cation exchange capacity was 101,25 meq/100 g of Bentonite
nd BET surface area was determined as 110,07 m2/g in a previous
aper [21].

.2. Characterization of organophilic bentonite

Bentonite modified by large alkyl cations such as CTAB gives
rganophilic clay. As shown in Table 3 the CTAB cations were inter-
alated in the interlayer space of the bentonite and the spacing
ncreased gradually with CTAB salt addition. When the concentra-
ion of CTAB was over the CEC of the initial bentonite, the interlayer
pacing of organophilic bentonite did not increase further, our
esults is similar to that given by the literature [22].
The CTAB molecule is formed by a 16-carbon chain tail group
ith a trimethyl quaternary amine head group with a permanent

1 charge. The position of the organic molecules in the clay layer
hanges according to the amount of what was added [23,24]. At low
ddition of CTAB, equivalent to 0.35 times the CEC, the spacing was

able 2
he variations of the basal distance according to tests of behaviour’s clay

amples Raw clay Solvatation of
ethylene glycol

Saturation of K+ Hofman
Kleme test

0 0 1 (Å) 15.65 17.77 12.12 9.61
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Table 3
Interlayer spacing of sodium and CTAB-bentonite

C e clay’s CEC (% CEC)

( 1 68 85 100 117
d 5.44 16.44 18.34 19.87 19.02

a
m
a
s

e
d
p
m
s
s
(
c
o
s

i
[
a
m
a
t
s
b
c
o
t

o
a
l

3
b

l
a
t
d

F
t

s
f
2
5
p
m
l
a
s
t
A
w

a
p
h
f
t

TAB concentration used in synthesizing CTAB-bentonite following percentage of th

% CEC) BNa 17 34 5
0 0 1 (Å) 12.12 13.76 14.34 1

round 14.0 Å, Table 3, indicated that one monolayer of the alkylam-
onium cation is accommodated in the interlayer [25]. Subsequent

ddition of CTAB cation into the layers led to an increase in d(0 0 1)

pacing up to around 20 Å, Table 3.
The orientation of alkylammonium ions between silicated lay-

rs is variable. Alkylammonium ions form a monolayer (13.7 Å), a
ouble layer (17.7 Å), a pseudo-trimoleculaire layer (21.7 Å) or a
arafinic complex (>22 Å) [26]. The bentonite obtained by treat-
ent with CTAB equivalent to 100% the CEC of initial bentonite

howed high spacing of 19.87 Å (Fig. 2). This basal spacing corre-
ponds to a bilayer of organic cations between the silicate layers
thickness about 7 Å). In aqueous systems, quaternary ammonium
ations can be retained by both the outer and interlayer surfaces
f clay via an ion exchange process and are not easily displaced by
maller cations as H+, Na+, or Ca2+ [27–29].

The adsorption of surfactants from water on mineral substrates
s governed mainly by electrostatic and hydrophobic interactions
30] which include both the interaction between the surfactant
nd the surface and the mutual interaction between surfactant
olecules (the main factors involved are (i) electrostatic inter-

ctions between the surfactant head group and the surface, (ii)
he interaction between the tails, and (iii) the electrostatic repul-
ion between the head groups). Further adsorption of CTAB occurs
y interaction between alkyl tails of the pre-adsorbed surfactant
ations and the surfactant molecules in solution. The double layer
f quaternary ammonium result in a built up of positive charge on
he clay surface [27,31].

The experimental value of organic contents of the prepared
rganoclay (17.67%) was fairly close to 100% CEC [20]. General char-
cteristics of the bentonite and organophilic bentonite samples are
isted in Table 4.

.3. Effect of amount of CTAB on adsorption of 2,4-dichlorophenol
y bentonite (method one step)

The effects of CTAB were examined in more detail in the fol-

owing series of experiments, in which amounts of the adsorbent
nd initial 2,4-DCP concentrations were kept constant, whereas
he surfactant concentrations varied. The dependency of the 2,4-
ichlorophenol adsorption with the concentrations of surfactant is

Fig. 2. XRD spectrum of the CTAB modified bentonite (100% CEC).
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ig. 3. Percentage removal of 2,4-DCP on bentonite from 5 mmol/L solution as func-
ion of the total quantity of surfactant (C0, 5 mmol/L; V, 1 L; m, 5 g; pH 5).

hown in Fig. 3. As can be seen, the presence of cationic (CTAB) sur-
actants exhibited a rather pronounced effect on the adsorption of
,4-DCP on bentonite. However, as CTAB concentration adds up to
mmol/L, the adsorption percentage of 2,4-DCP was reduced. In the
resence of an excess of CTAB, the 2,4-dichlorophenol reduced dra-
atically. The 2,4-DCP adsorption was enhanced in the presence of

ow concentrations of surfactant. At high surfactant concentrations,
steep decrease in the 2,4-DCP adsorption was observed in this

ystem, probably due to the formation of micelles that solubilise
he 2,4-dichlorophenol molecules and prevent their adsorption.
dsorption isotherms of 2,4-DCP in presence of CTAB compound
ere investigated, with a constant CTAB concentration of 5 mmol/L.

The adsorption of 2,4-DCP on bentonite in the presence of
cationic surfactant is enhanced if surfactant has been com-

letely adsorbed. The extent of this enhancement depends on the
ydrophobicity of the clay surface. Other works [32] explain dif-
erent types of adsorption depending on the extent and density of
he adsorbed surfactant layer: for small concentration of cationic
urfactant, adsorption of the pollutant can be assumed on simulta-
eous adsorption of pollutant in addition to the cationic surfactant.

f the density of the adsorbed surfactant layer is large, retention of
he pollutant in the surfactant film can be assumed. With amounts
f surfactant higher than the CEC of the adsorbent, synergistic
ffects occur. These are expressed in a further enhancement of the

ollutant adsorption and a simultaneous enhancement of surfac-
ant adsorption. With increasing surfactant concentration, micelles
ormation is preferred to formation of a mixed film at the surface.
he micelles compete with the adsorbed surfactant films for the
ollutant molecules. The decrease of the adsorption amount of the

able 4
eneral characteristics of Na-bentonite and surfactant-modified bentonite

roperty Sample

Na+ bentonite CTAB-bentonite

ation formula – C19H42N+

olecular weight of cation – 364.46
EC (meq/100 g clay) 101.25 –
BET (m2/g) 110.07 –
rganic carbon content (%) 0.05 17.67
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ollutant with increase in the equilibrium surfactant above its crit-
cal micelle concentration after the maximum adsorption amount
as been reached, is presumably due to solubilisation of the pollu-
ant in the micelles in the aqueous phase [33]. These phenomena
ad been also observed in some co adsorption studies [33,34]. It
as observed that the co adsorption amount of organic solutes
ecreased when the surfactant concentration close to the critical
icelle concentration (CMC) in the bulk phase. However, interest-

ngly, the residue CTAB concentration was low far from CMC in this
tudy when the adsorbed amount began to decline. Compared with
he results of some adsolubilisation studies onto other particles
35,36], the adsorbed amount of CTAB was much more than those
esults. As the surfactant-packing amount kept on increasing, the
acancy volume in the interlayer of bentonite was not large enough
o take up more molecules. The steric hindrance effects occurred.

hen the concentration of CTAB further increased, the free micelles
ere formed in the solution; the solute was incorporated in these
icro reservoirs, which led to the removal efficiency of phenols

ontinue to decrease.

.4. Effect of amount of CTAB on adsorption of 2,4-dichlorophenol
y organophilic bentonite (method two step)

Fig. 4 shows the influence of surfactant added at the percent-
ge of the clay’s CEC on the percentage removal of 2,4-DCP on
rganophilic bentonite. It has been reported that natural bentonite
o not show adsorption capacity for chorophenols, being the con-
ribution of physical adsorption by surface and edge groups of the
ilicate layers negligible [37–39]. Hence, the adsorption increment
f 2,4-DCP showed by the sodium-exchanged bentonite, can be
ttributed to the presence of the hydrophobic sites on the surface
eveloped by siloxane groups of the intercalated CTAB cations.

The adsorption of 2,4-DCP increases with increasing amount of
ntercalated CTAB until 100% of the initial CEC, has been reached. If
ven higher quantities of surfactant are intercalated, the adsorbed
mount of 2,4-dichlorophenol decreases again significantly. This
grees well with the results found by other works [12]. The natural
entonite had little affinity for phenols in the absence of cationic
urfactant, when the amount of CTAB increased, the removal effi-
iency increased sharply to 100%. However, the removal efficiency
as not monotonically increased with the increase of CTAB amount.
hen CTAB amount exceeded 200% CEC, the removal efficiency

ecreased about 15%. The results implied that the ratio of CTAB
ntercalated to bentonite had a great influence on phenols removal.
To reveal the behaviour of CTAB in the adsorption, a more
etailed investigation was conducted for adsorption of 2,4-DCP.
s shown in Fig. 4, almost all CTAB was removed by bentonite at

he amount below 200% CEC of bentonite, which suggested that
TAB was firmly anchored on negatively charged bentonite in that

ig. 4. Percentage removal of 2,4-DCP onto bentonite exchanged with CTAB cations
t the percentage of the clay’s CEC (C0, 5 mmol/L; V, 1 L; M, 5 g; pH 5).
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ig. 5. Adsorption kinetics for 2,4-DCP by two methods (C0, 5 mmol/L; V, 1 L; M, 5 g;
H 5).

ange. The CTAB was anchored by cationic exchange [12]. When
he cationic exchange exceeded 100% CEC, CTAB was adsorbed. Van
er Waals hydrophobic interactions were suggested to operate in
uch cases and lead to a bilayer of interdigitated alkyl chains [25].
n consequence, the admicelles, hemimicelles, or other aggregated
urfactant states formed an effective medium (i.e., a solvent-like
hase) for solute partitioning, which greatly enhanced the phenols
ptake and more surfactants were adsorbed.

From this results, we tried to compare the kinetic and the
sotherm for the adsorption of 2,4-DCP by two methods: first by
rganophilic bentonite (CTAB exchanged bentonite at 100% CEC
abelled method at two step) and by sodium-exchanged bentonite
n the presence of mixed 2,4-dichlorophenol and constant concen-
ration 5 mmol/L of CTAB (method labelled method at one step).

.5. Adsorption kinetics experiments

Fig. 5 shows the plot of the amount of 2,4-DCP adsorbed
mmol/g) against contact time at initial concentration of 5 mmol/L
y bentonite in presence of CTAB in solution (one-step method)
nd by organophilic bentonite (two-step method). The kinetic
urves show that the equilibrium time and adsorption capacity of
entonite in presence of CTAB in solution and organophilic ben-
onite are quite different. Using bentonite in one-step method
s adsorbent, the removed amount of 2,4-DCP presents a faster
nitial step (5 min) and after that it increases slowly until
pproximately 30 min. The amount of adsorbed 2,4-DCP was
.857 mmol/g. For organophilic bentonite, only 10 min were nec-
ssary for reaching equilibrium and the maximum amount of
dsorbed 2,4-DCP was 0.528 mmol/g. The rate of adsorption of
,4-DCP was found to be 0.1945 and 0.098 mmol/g min−1 by
ne step and two steps respectively. Between 5 and 30 min
he rate of adsorption of 2,4-DCP decreased with bentonite in
resence of CTAB in solution, given 0.0320 mmol/g min−1 and
rganophilic bentonite, given 0.0216 mmol/g min−1 for 5 mmol/L
f 2,4-DCP concentrations. Above 60 min the rate of 2,4-DCP
ecreased, given 1.462 × 10−2 mmol/g min−1 by one step and
.506 × 103 mmol/g min−1 by two steps. However, a prediction of
he effects of surfactants on adsorption is not easy, as several simul-
aneous and competitive mechanisms may be operating during the
dsorption process. To explain complicated effects of surfactants

n the adsorption of 2,4-DCP onto bentonite, the following mech-
nisms were considered:

The slow adsorption of 2,4-DCP onto organophilic bentonite may
e explained by the fact that the surfactant is initially exchanged

n bentonite. So, the removal of the pollutant is rapid when CTAB
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ing the adsorption capacity of the adsorbent as a function of the
square root of time [49]. Ho and Mc Kay [50] have shown that it
is essential for the qt vs.

√
t plots to go through the origin if the

intraparticle diffusion is the sole rate-limiting step. When the plots

Table 5
Kinetics constants for removal 2,4-DCP by one step and two steps (C0, 5 mmol/L; V,
1 L; M, 5 g; pH 5)

Method

Pseudo-first-order k1 (min−1) qe (mmol/g) R2

One step 0.025 0.28 0.92
Two step – – –

Pseudo-second-order k2 (g/mmol min) qe (mmol/g) h (mmol/g min) R2

One step 0.323 0.95 0.292 1.00
50 A. Khenifi et al. / Chemical Engi

s present in solution. In this case, adsorption of the pollutant can
e assumed on simultaneous adsorption of pollutant in addition to
he cationic surfactant. When the density of the adsorbed surfactant
ayer is large, an adsolubilisation of the pollutant in the surfactant
lm can be assumed.

The increased adsorption capacity of bentonite treated with
etyltrimethylammonium ions for 2,4-DCP is due to the alkyl
hains in the interlamellar spaces. The adsorption on organophilic
entonite may occur via different mechanisms or additional
echanisms, because the resultant organoclay (CTAB exchanged

entonite) have low surface areas and act as partitioning media in
he sorption [39].

Three consecutive mass transport steps are associated with the
dsorption of solute from solution by porous adsorbent [40]. First,
he adsorbate migrated thought the solution to the external surface
f the adsorbent particles by molecular diffusion, i.e., film diffusion,
ollowed by solute movement from the particles surface into inter-
al sites by pore diffusion and finally the adsorbate is adsorbed
nto active sites at the interior of the adsorbent particles. This
henomenon takes relatively long contact time.

In order to study the rate-determining step for the adsorption of
,4-DCP, the pseudo-first-order, pseudo-second-order, Elovich and

ntraparticle diffusion kinetic models are analysed. The conformity
etween experimental data and the model-predicted values was
xpressed by the correlation coefficients (R2). A relatively high R2

alue indicates that the model successfully describes the kinetics
f 2,4-DCP adsorption.

The pseudo-first-order kinetic equation in the following form
an be used [41].

og(qe − qt) = log qe − k1 × t

2.303
(3)

here qt and qe represent the amount of 2,4-DCP adsorbed
mmol/g) at any time t and at equilibrium time, respectively, and
1 represents the rate constant of pseudo-first-order adsorption
min−1).

A pseudo-second-order equation based on adsorption capacity
ay be expressed in the following form [42]:

t

q
= 1

k2 × q2
e

+
(

1
qe

)
× t (4)

here k2 is the rate constant of pseudo-second-order adsorption
g/(mmol min)) and qe is the amount of 2,4-DCP adsorbed at equi-
ibrium (mmol/g).

The kinetics of adsorption of 2,4-DCP was also examined using
lovich equation [43] in the following form:

t = ˇ ln (˛ˇ) + ˇ ln t (5)

here ˛ is the initial adsorption rate (mmol/g min), ˇ is the des-
rption constant (g/mmol) during any one experiment. The Elovich
oefficient could be computed from the plots of qt vs. ln t.

Fig. 6 shows the linearised form of the pseudo-first-order and
seudo-second-order kinetic for adsorption of 2,4-DCP by two
ethods (one and two step). The rate constants k1 and k2 obtained

rom the plots of Eqs. (3) and (4) are shown in Table 5. Pseudo-
rst-order model only achieved a good fitting for the first minutes
f experimental data. The best fits, in the whole data range, were
ound with the pseudo-second-order model, indicating that the
ate-limiting step is a chemical adsorption process between 2,4-
CP and organophilic bentonite and bentonite in the presence of

TAB in the same solution of 2,4-DCP. Similar conclusions were

ound by Ho and McKay as a result of an analysis of data from the
iterature. They reported that the most of the adsorption systems
ollow a pseudo-second-order kinetic model [42]. From Table 5,
t is interesting to note that the initial adsorption rate of 2,4-DCP

T

I

O
T

ig. 6. Pseudo-second-order kinetics for adsorption of 2,4-DCP on bentonite
y one step and two step. Inset, pseudo-first-order kinetics for adsorp-
ion of 2,4-DCP on bentonite by two different methods (C0, 5 mmol/L;
, 1 L; M, 5 g; pH 5).

nto adsorbents by two methods had the following tendency: one
tep > two step. Also adsorption of 2,4-DCP by one step had a higher
dsorption capacity towards two steps, and exhibited faster kinet-
cs. This implies that a stronger interaction may occur between
,4-DCP and some active sites of the same activity than with other
ites on the organophilic bentonite surface. The reactivity might
e related to the presence of CTAB in solution. For chemisorptions
n highly heterogeneous adsorbents, the Elovich equation some-
imes gives a better account of the second-order kinetics. The plot
f the Elovich equation for the experimental data was obtained
ith correlation coefficients between 0.78 and 0.83 (results not

hown). These values are lower than those of the pseudo-second-
rder equation. The Elovich equation does not predict any definite
echanism, but it is useful in describing adsorption on highly het-

rogeneous adsorbents [44–46]. Similar trend was observed by
¨zacar et al. [47] for the adsorption of lead onto valonia tannin

esin.
The intraparticle diffusion model was tested in this work. The

ntraparticle diffusion originates from Fick’s second law. Weber and
orris stated that if intraparticle diffusion is the rate-controlling

actor, uptake of the adsorbate varies with the square root of time
48]. Thus, rates of adsorption are usually measured by determin-
wo step 0.284 0.63 0.113 0.99

ntraparticle-diffusion kP (mmol/g min0.5) R2

ne step 0.0103 0.90
wo step 0.0062 0.92
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adsorption and partition, associated with the interfacial behaviour
ig. 7. Intraparticle diffusion plot for adsorption of 2,4-DCP by one step and two
teps methods (C0, 5 mmol/L; V, 1 L; M, 5 g; pH 5).

o not pass through the origin, this is indicative of some degree
f boundary layer control and this further indicates that the intra-
article diffusion is not the only rate-limiting step, but also other
inetic models may control the rate of adsorption, all of which may
e operating simultaneously. Since this was also not the case in
he present work, it may be concluded that surface adsorption and
ntraparticle diffusion were concurrently operating.

According to Weber et al. [48], an intraparticle diffusion coeffi-
ient kp is defined by the equation:

t = kp ×
√

t (6)

here kp is the intraparticle diffusion rate constant
mmol/g min0.5), can be obtained from the slope of the plot
f qt (mmol/g) versus

√
t (min0.5).

From Fig. 7 it was noted that the adsorption process tends to be
ollowed by two phases. The slower of two-step controls the overall
ate process. Generally, intraparticle diffusion is the rate-limiting
tep in batch process, the correlation coefficients of intraparticle
iffusion model are given in Table 5 for the adsorption of 2,4-DCP
y one and two steps and although all high (>0.850), they are signif-
cantly lower than that of the pseudo-second-order kinetic model.
t was found that the linear portion ended with a smooth curve
ollowed by a linear portion. The two phases in the intraparticle
iffusion plot suggest that the sorption process proceeds by sur-

ace sorption and intraparticle diffusion. The initial curved portion
f the plot indicates a boundary layer effect while the second linear
ortion is due to intraparticle or pore diffusion. A similar type of
attern was reported previously by Sankar et al. [51] for acid and
irect dye onto rice bran-activated carbon and also by Sivaraj et
l. [52] for acid violet onto orange peel. The slope of the second
inear portion of the plot has been defined as the intraparticle dif-
usion parameter kp (mmol/g min0.5) and the intercept of the plot
eflects the boundary layer effect. The larger the intercept is the
reater the contribution of the surface sorption in the rate-limiting
tep. The calculated intraparticle diffusion coefficient kp value was
iven as 0.0062, 0.0103 mmol/g min0.5 for organophilic bentonite
nd bentonite with presence of CTAB respectively.

.6. Adsorption isotherm experiments

The adsorption of a substance from one phase to the surface of

nother in a specific system leads to a thermodynamically defined
istribution of that substance between the phases as the system
eaches equilibrium. This distribution can be expressed in terms of
dsorption isotherms [53].

o
r
t
n

ig. 8. Adsorption isotherms of 2,4-DCP described by the Langmuir, Freundlich and
edlich–Peterson models for (a) 2,4-DCP alone by organophilic bentonite and (b)
,4-DCP with presence of CTAB in solution by bentonite.

The adsorption isotherms of 2,4-dichlorophenol on bentonite
n the presence of CTAB and on organophilic bentonite are com-
ared in Fig. 8(a and b). The experiments for 2,4-DCP adsorption
y the two methods lead different results, as shown in Fig. 8(a
nd b). The comparison of plots, make clear that the presence of
TAB in solution makes the 2,4-DCP isotherm change. It dramat-

cally increases the adsorption capacity of 2,4-DCP. According to
he classification by Giles et al. [54] based on the initial slope and
he shape of the upper part of the curve, the results of the adsorp-
ion experiments of 2,4-DCP on bentonite in the presence of CTAB
one-step method) shown that adsorption isotherm is of class L
Langmuir), subgroup 4. It is a multilayer type isotherm, typical of
hose obtained by moderate interaction between the organic com-
ound and the bentonite, followed by a cooperative effect of the
dsorbed molecules in the multilayer adsorption [55]. The isotherm
s very different from the case of the adsorption of 2,4-DCP alone
n organophilic bentonite. The result turn to type L subgroup 2
Langmuir monolayer), and the formation of the monolayer takes
lace at the same equilibrium concentration in both cases. The low
dsorbent uptake of 2,4-DCP concentrations in presence of CTAB
p to about 0.05 mmol/L makes evident those solute adsorbent

nteractions are quite weak at low concentrations. Then, as this
oncentration increases, cooperative adsorption takes place to a
uch greater extent and brings the total adsorption capacity of

bout 2.5 mmol of 2,4-DCP per gram of bentonite in the presence of
TAB in solution. In the latter case interactions occur between alkyl
mmonium and bentonite, but, once a CTAB molecule is adsorbed,
dsorbent–CTAB interactions promote the adsorption in coopera-
ive fashion. However, the adsorption capacity reaches values as
ow as about 1.5 mmol of 2.4 DCP/g of organophilic bentonite.
,4-DCP is weakly adsorbed by bentonite [56]. The reason is that
ater is preferentially adsorbed. There are two types of interaction
etween polar organic compounds (NOCs) and organobentonites,
f organic compounds in the system organobentonite/water, and is
elated to the organic matter and mineral surface, respectively, of
he medium. Surface adsorption may include ion exchange, proto-
ation, hydrogen bonding, and coordination/ion-dipole reactions
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Table 6
Freundlich, Langmuir and Redlich–Peterson isotherm constants for the adsorption
of 2,4-dichlorophenol by one step and two steps methods

Method Fitted equation qmax (mmol/g) b (L/g) R2

Langmuir constants
One step qe = (50.249Ce/1 + 14.17Ce) 3.546 14.170 0.984
Two steps qe = (24.746Ce/1 + 10.792Ce) 2.293 10.792 0.951

Method Fitted equation kf (mmol/g) n R2

Freundlich constants
One step qe = 5.173C0.51

e 5.173 0.515 0.999
Two steps qe = 2.541C0.32

e 2.541 0.329 0.999

Method kR aR ˇ R2

R

e

q

k
t
i
i
v
E

l

R
a
l
L
l
n
b
i
i
t
T
f
n
2,4-DCP. Values of qmax, which is defined as the maximum capac-
ity of adsorbent, have been calculated from the Langmuir plots.
The maximum capacities of organophilic bentonite and bentonite
for 2,4-DCP alone and with CTAB in same solution are 2.293 and
3.546 mmol/g respectively.

Table 7
Comparison of the maximum 2,4-dichlorophenol uptake capacities of various
adsorbents

Adsorbent qmax References

Activated carbon fiber 370 mg/g [68]
Static-air-activated carbon fibers 400 mg/g [69]
Allophanic soil 2400 �mol/kg [70]
Palm pith carbon 19.16 mg/g [19]
Granular activated carbon: 250 mg/g [71]
Immobilized white-rot fungus Phanerochaete 7.15 mg/g [72]
52 A. Khenifi et al. / Chemical Engi

ith clays [57,58]. Partition involves interactions between organic
atter and NOCs. When a large organic molecule, for example
DTMAB, interacts with bentonite, the partition process plays an

mportant role. Chlorophenol adsorption in soil has been described
ssuming hydrophobic partitioning of the neutral species to soil
rganic matter [59] or as described by He et al. [60] as a hole-filling
dsorption mechanism into the soil organic matter, facilitated by H-
onding. Resulting from the organic ion exchange the hydrophilic

ons in the interlayer are replaced, and the smectite becomes gener-
lly hydrophobic. Organophilic smectites are used as an adsorbent
f organic pollutants. It is proposed to regard the organophilic inter-
ayer as an organic solvent [6,8,61,62].

The adsorption data obtained from these isotherms were anal-
sed with respect to the Freundlich and Langmuir isotherm
quations. Freundlich developed an empirical equation to describe
he adsorption process [63]. His development was based on the
ssumption that the adsorbent had a heterogeneous surface com-
osed of different classes of adsorption sites, with adsorption on
ach class of sites following the Langmuir isotherm. Freundlich [63]
emonstrated that the ratio of the amount of solute adsorbed onto
given mass of an adsorbent to the concentration of the solute in

he solution was not constant at different solution concentrations.
his isotherm does not predict any saturation of the adsorbent by
he adsorbate; thus infinite surface coverage is predicted mathe-

atically, indicating multilayer adsorption of the surface [64]. The
reundlich isotherm assumes that if the concentration of solute in
he solution at equilibrium, Ce, is raised to the power n, the amount
f solute adsorbed being qe, then Cn

e is constant at a given temper-
ture.

The Freundlich adsorption isotherm can be written as:

e = kfC
n
e (7)

here kf is adsorption capacity at unit concentration, and n is
dsorption intensity. n values indicate the type of isotherm to be
rreversible (n = 0), favourable (0 < n < 1), unfavourable (n > 1) [65].
q. (7) can be rearranged to a linear form:

og qe = log kf + (n)log Ce (8)

The Langmuir isotherm equation [66] initially derived from
inetic studies is based on the assumption that on the adsorbent
urface there is a definite and energetically equivalent number
f adsorption sites, at each of which one molecule of a perfect
olecule may be adsorbed. Langmuir adsorption model serves

o estimate the maximum uptake values where they cannot be
eached in the experiments. It is based on the physical hypothe-
is that the maximum adsorption capacity consists of a monolayer
dsorption, and that there are no interactions between adsorbed
olecules. The adsorption energy is distributed homogeneously

ver the entire coverage surface. Langmuir’s equation is

e = qmaxbCe

1 + bCe
(9)

here b is the equilibrium adsorption coefficient (L/mg) and qmax

he maximum adsorption capacity (mmol/g), Ce the equilibrium
oncentration (mmol/L), qe is the amount adsorbed at equilibrium
mmol/g). The linear form of Eq. (9) is:

Ce

qe
= 1

bqmax
+ Ce

qmax
(10)
The Redlich–Peterson isotherm model combines elements from
oth the Langmuir and Freundlich equations, where the mechanism
f adsorption is a hybrid one and does not follow ideal mono-
ayer adsorption [67]. The Redlich–Peterson equation is widely used
s a compromise between Langmuir and Freundlich systems. It is

c
O
K
A
P

edlich–Peterson constants
One step 0.905 20.687 2.418 0.801
Two steps 1.953 13.984 1.080 0.876

xpressed by: Eq. (11):

e = kRCe

1 + aRCˇ
e

(11)

R and aR are the Redlich–Peterson isotherm constants and ˇ is
he exponent, which lies between 0 and 1. The Redlich–Peterson
sotherm incorporates three parameters and can be applied either
n homogenous or heterogeneous systems. Eq. (11) can be con-
erted to a linear form by taking logarithms of both the sides as
q. (12).

n
(

kR
Ce

qe
− 1

)
= lnaR + ˇlnCe (12)

The experimental data fitted to Langmuir, Freundlich and
edlich–Peterson isotherm equation are shown in Fig. 8. The
djustable parameters (qmax, b, kf, n, kR, aR, and ˇ) obtained are
isted in Table 6. The Freundlich model exhibits better fits than the
angmuir and Redlich models. According to the coefficient of corre-
ation obtained. The Langmuir and Redlich–Peterson isotherms are
ot adequate for modelling the adsorption of 2,4-DCP on bentonite
y both methods. Freundlich model present good fit to the exper-
mental data (Table 6, Fig. 8), and is adequate for modelling the
sotherm of adsorption. The Freundlich exponent n gives informa-
ion about surface heterogeneity and surface affinity for the solute.
he Freundlich exponent n between 0.515 and 0.329 indicates
avourable adsorption. Since the degree of favourability increases as
approaches zero, both of the methods show a very high affinity for
hrysosporium
rganically modified layered hexaniobate
4Nb6O17

2.5 mmol/g [73]

naerobic granular sludge 1.6 mg/g [74]
hanerochaete chrysosporium biomass 12 mg/g [75]
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Table 7 shows a comparison of the maximum uptake of 2,4-DCP
y the two different methods with different adsorbents found
n literature. As can be seen, the removal capacity by one-step

ethod is considerably higher than that exhibited by many of the
dsorbents commonly used in many practical phenol recovery
pplications. More extensive compilations of the adsorption of
,4-DCP by different materials can be found in the literature.

. Conclusion

This paper deals with the removal of 2,4-DCP from aqueous solu-
ion by two ways; first organobentonite which is a simple bentonite
xchanged at 100% CEC with CTAB and the second way is the adsorp-
ion of the pollutant and CTAB by bentonite (one step). The results of
his study indicate that the method of one step improves greatly the
dsorption behaviour of 2,4-DCP. The results showed that organic
ollutants such as 2,4-DCP and CTAB could be simultaneously and
uickly removed from water by bentonite.

Batch kinetic studies performed by organobentonite and ben-
onite/CTAB systems indicated that adsorption capacity by the two

ethods and kinetics data tended to fit well the second-order
odel. The intraparticle diffusion is not the only rate-limiting step;

he surface adsorption and intraparticle diffusion were concur-
ently operating during the 2,4-DCP and CTAB-bentonite interac-
ion. The isotherms in CTAB solutions exhibit L4 multilayer cooper-
tive model, which increases on increasing 2,4-DCP concentration.
nteractions of adsorbent–adsorbate and adsorbate–adsorbate
solute–solute) type are responsible for this behaviour.

The findings of this study were useful in determining optimum
onditions for 2,4-DCP removal both from water on organophilic
entonite, and in the presence of cationic surfactant CTAB.

eferences

[1] B. Antizar-Ladislao, N.I. Galil, Biosorption of phenol and chlorophenols by accli-
mated residential biomass under bioremediation conditions in a sandy aquifer,
Water Res. 38 (2004) 267–276.

[2] I. Rodriguez, M.P. Llompart, R. Cela, Solid phase extraction of phenols, J. Chro-
matogr. 885 (2000) 291–304.

[3] S. Sinkkonen, J. Paasivirta, Polychlorinated organic compounds in the Arctic cod
liver: trends and profiles, Chemosphere: (Oxf.) 40 (2000) 619–626.

[4] I. Sabbah, M. Rebhum, Adsorption–desorption of trichlorophenol in water–soil
systems, Water. Environ. Res. 69 (1997) 1032–1038.

[5] Y.H. Hsu, M.K. Wang, C.W. Pai, Y.S. Wang, Sorption of 2,4-dichlorophenoxy pro-
pionic acid by organo–clay complexes, Appl. Clay Sci. 16 (2000) 147–159.

[6] S.A. Boyd, M.M. Mortland, C.T. Chiou, Sorption characteristics of organic com-
pounds on hexadecyltrimethylammonium-smectite, J. Soil Sci. Soc. Am. 52
(1988) 652–657.

[7] M.C. Hermosin, J. Cornejo, Removing 2,4-D from water by organo-clays, Chemo-
sphere 24 (1992) 1493–1503.

[8] J.A. Smith, P.R. Jaffe, Comparison of tetrachloromethane sorption to an
alkylammonium-clay and an alkyldiammonium-clay, Environ. Sci. Technol. 25
(1991) 2054–2058.

[9] J.A. Smith, A. Galan, Sorption of nonionic organic contaminants to single and
dual organic cation bentonites from water, Environ. Sci. Technol. 29 (1995)
685–692.

10] L. Zhu, B. Chen, S. Tao, C. Chiou, B. Chen, Sorption behaviour of p-nitrophenol on
the interface between anion–cation organobentonite and water, Environ. Sci.
Technol. 34 (2000) 2997–3002.

11] L.Z. Zhu, S.L. Tian, Y. Shi, Adsorption of volatile organic compounds onto porous
clay hetero structures based on spent organobentonites, Clay Clay Miner. 53
(2005) 123–136.

12] Ma. Jianfeng, Z. Lizhong, Removal of phenols from water accompanied with
synthesis of organobentonite in one-step process, Chemosphere 68 (2007)
1883–1888.

13] M.M. Saleh, On the removal of cationic surfactants from dilute streams by
granular charcoal, Water Res. 40 (2006) 1052–1060.
14] G. Kahr, F.T. Madsen, Determination of the cation exchange capacity and the
surface area of bentonite, illite and kaolinite by methylene blue adsorption,
Appl. Clay Sci. 9 (1995) 327–336.

15] Y.C. Chiu, L.N. Huang, C.M. Uang, J.F. Huang, Determination of the cation
exchange capacity of clay minerals by potentiometric titration using divalent
cation electrodes, J. Colloids Surf. 46 (1990) 327–337.

[

[

g Journal 146 (2009) 345–354 353

16] S.L. Bartelt-Hunt, S.E. Burns, J.A. Smith, Nonionic organic solute sorption to two
organobentonites as a function of organic-carbon content, J. Colloid Interface
Sci. 266 (2003) 251–258.

17] A.Z. Redding, S.E. Burns, R.T. Upson, E.F. Anderson, Organoclay sorption of ben-
zene as a function of total organic carbon content, J. Colloid. Interface Sci. 250
(2002) 261–264.

18] Y.S. Kim, D.I. Song, Y.W. Jeon, S.j. choi, Adsorption of organic phenols onto
hexadecyltrimethyammonium-treated montmorillonite, Sep. Sci. Technol. 31
(1996) 2815–2830.

19] M. Sathishkumar, A.R. Binupriya, D. Kavitha, S.E. Yun, Kinetic and isothermal
studies on liquid-phase adsorption of 2,4-dichlorophenol by palm pith carbon,
Bioresour. Technol. 98 (2007) 866–873.

20] Z. Bouberka, A. Khenifi, F. Sekrane, N. Bettahar, Z. Derriche, Adsorption of direct
red 2 on bentonite modified by cetyltrimethylammonium bromide, Chem. Eng.
J. 136 (2008) 295–305.

21] Z. Bouberka, S. Kacha, M. Kameche, S. Elmaleh, Z. Derriche, Sorption study of
an acid dye from an aqueous solutions using modified clays, J. Hazard. Mater.
119 (2005) 117–124.

22] C. Volzone, J.O. Rinaldi, J. Ortiga, Retention of gases by
hexadecyltrimethylammonium–montmorillonite clays, J. Environ. Manag. 79
(2006) 247–252.

23] G. Lagaly, Clay organic interactions, Philos. Trans. R. Soc. London A311 (1984)
315–332.

24] S.Y. Lee, S.J. Kim, Expansion of smectite by hexadecyltrimethylammonium, Clay
Clay Miner. 50 (2002) 435–445.

25] J.L. Bonczek, W.G. Harris, P. Nkedi-Kizza, Monolayer to bilayer tran-
sitional arrangements of hexadecyltrimethylammonium cations on Na-
montmorillonite, Clay Clay Miner. 50 (2002) 11–17.

26] W.F. Jaynes, S.A. Boyd, Clay mineral type and organic compound sorption by
hexadecyl trimethylammonium exchanged clays, J. Soil. Sci. Soc. Am. 55 (1991)
43–48.

27] S. Xu, S.A. Boyd, Alternative model for cationic surfactant adsorption by layer
silicates, Environ. Sci. Technol. 29 (1995) 3022–3028.

28] Z.Z. Zhang, D.L. Sparks, N.C. Scrivner, Sorption and desorption of quaternary
amine on clays, Environ. Sci. Technol. 27 (1993) 1625–1631.

29] E.J. Sullivan, J.W. Carey, R.S. Bownam, Thermodynamics of cationic surfac-
tant sorption onto natural clinoptilolite, J. Colloid Interface Sci. 206 (1998)
369–380.

30] J.M. Cases, F. Villieras, Thermodynamic model of ionic and nonionic surfac-
tant adsorption–abstraction on heterogeneous surfaces, Langmuir 8 (1992)
1251–1264.

31] C.C. Wang, L.C. Juang, C.K. Lee, T.C. Hsu, J.F. Lee, H.P. Chao, Effects of exchange
surfactant cation on the pore structure and adsorption characteristics of mont-
morillonite, J. Colloid Interface Sci. 280 (2004) 27–35.

32] E. Klumpp, H. Heitmann, M.J. Schwuger, Synergistic effects between cationic
surfactants and organic pollutants on clay minerals, Colloids Surf. A Physic-
ochem. Eng. Asp. 78 (1993) 93–98.

33] K. Esumi, M. Goino, Y. Koide, Adsorption and adsolubilization by monomeric,
dimeric, or trimeric quaternary ammonium surfactant at silica/water interface,
J. Colloid Interface Sci. 183 (1996) 539–545.

34] F. Aloulou, S. Boufi, M. Chakchouk, Adsorption of octadecyltrimethylammo-
nium chloride and adsolubilization on to cellulosic fibbers, Colloid Polym. Sci.
282 (2004) 699–707.

35] N. Okamoto, T. Yoshimura, K. Esumi, Effect of pH on adsolubilization of single
and binary organic solutes into a cationic hydrocarbon surfactant adsorbed
layer on silica, J. Colloid Interface Sci. 275 (2004) 612–617.

36] A. Adak, A. Pal, M. Bandyopadhyay, Removal of phenol from water environment
by surfactant-modified alumina through adsolubilization, J. Colloid Surface A
277 (2006) 63–68.

37] W. Matthes, G. Kahr, Sorption of organic compounds by al and zr-
hydroxy-intercalated and pillared bentonite, Clays Clay Miner. 48 (2000)
593–602.

38] B.R. Bickmore, K.M. Rosso, K.L. Nagy, R.T. Cygan, C.J. Tadanier, Ab initio
determination of edge surface structures for dioctahedral 2:1 phyllosili-
cates: implications for acid-base reactivity, Clays Clay Miner. 51 (2003)
359–371.

39] P.D. Kaviratna, J.T. Pinnavaia, P.A. Schroeder, Dielectric properties of smectite
clays, J. Phys. Chem. Solids 57 (1996) 1897–1906.

40] J.F. Lee, M.M. Mortland, S.A. Boyd, C.T. Chiou, Shape-selective adsorption of
aromatic molecules from water by tetramethylammonium–smectite, J. Chem.
Soc. Faraday Trans. 85 (1989) 2953–2962.

41] S. Lagergren, Zur theorie der sogenannten adsorption geloster Stoffe, Kungliga
svenska vetenskapsakademiens, Handlingar band. 24 (1898) 1–39.

42] Y.S. Ho, G. McKay, Pseudo-second order model for sorption processes, Process.
Biochem. 34 (1999) 451–465.

43] S.H. Chien, W.R. Clayton, Application of Elovich equation to the kinetics
of phosphate release and sorption in soil, J. Am. Soil Sci. Soc. 44 (1980)
265–268.

44] K.G. Bhattacharyya, A. Sharma, Adsorption of Pb (II) from aqueous solution

by Azadirachta indica (Neem) leaf powder, J. Hazard. Mater. B 113 (2004)
97–109.

45] D.L. Sparks, Kinetics of Reaction in Pure and Mixed Systems, Soil Physical Chem-
istry, CRC Press, Boca Raton, 1986, pp. 12–18.

46] G. Annadurai, R.S. Juang, D.J. Lee, Use of cellulose-based wastes for adsorption
of dyes from aqueous solutions, J. Hazard. Mater. 92 (2002) 263–274.



3 neerin

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[
[

[

[

[

[

[

[

[

[74] G. Ruiying, W. Jianlong, Effects of pH and temperature on isotherm parameters
of chlorophenols biosorption to anaerobic granular sludge, J. Hazard. Mater.
54 A. Khenifi et al. / Chemical Engi
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