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a b s t r a c t

The natural bentonite (BC) and kaolinite (KC) were modified with two surfactant of hexadecyltrimethy-
lammonium bromide (HDTMA) and phenyltrimethylammonium bromide (PTMA) to form four kinds of
organic-modified clays, i.e., HDTMA–bentonite (BHM), HDTMA–kaolinite (KHM), PTMA–bentonite (KPM)
and PTMA–kaolinite (KPM). The modified minerals were characterized by X-ray fluorescence (XRF), X-
ray diffraction (XRD) and FT-IR spectroscopy. The surface areas were determined using methylene blue
adsorption method. Cation-exchange capacity (CEC) was estimated using an ethylenediamine complex of
copper method and the modifier loading was calculated from the total carbon analysis. The ability of raw
and organo-modified clays to remove phenol from aqueous solutions has been carried out as a function
of contact time, pH and temperatures using a batch technique. The removal of phenol from aqueous solu-
dsorption
henol

tions by modified clays seems to be more effective than unmodified samples. The adsorption capacity
was found to increase with increasing temperature indication that the adsorptions were endothermic.
The adsorption of phenol onto these clays was found to be increased by increasing of pH value and the
adsorption patterns data are correlated well by Langmuir and Freundlich isotherm models and that the
adsorption is physical in nature. The experimental data fitted very well with the pseudo-second-order
kinetic model. The thermodynamic study of adsorption process showed that the adsorption of phenol

was
with these six adsorbents

. Introduction

The rapidly deteriorating water quality in many of the water
esources and increasingly stringent legislation on the purity of
rinking water has created a growing interest in the decontam-

nation of water, wastewaters and polluted trade effluents using
ineral clays in either crude or modified forms.
Phenolic compounds are common contaminants in wastewater,

eing generated from petroleum and petrochemical, coal conver-
ion, pulp and paper and phenol producing industries. Phenol are
idely used for the commercial production for a wide variety

f resins including phenolic resins, which are used as construc-
ion materials for automobiles and appliances, epoxy resins and
dhesives, and polyamide for various applications [1]. Phenols are
onsidered as priority pollutants since they are harmful to organ-
sms at low concentration and many of them have been classified

s hazardous pollutants because of their potential harm to human
ealth. Stringent US Environmental Protection Agency (EPA) reg-
lation call for lowering phenol content in the wastewater to less
han 1 mg L−1 [2].

∗ Corresponding author. Tel.: +962 796629774; fax: +962 65833473.
E-mail address: ahdujaili@yahoo.com (A.H. Al-Dujaili).
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carried out spontaneously, and the process was endothermic in nature.
© 2009 Published by Elsevier B.V.

Phenol was selected to represent the phenolic group. It is a com-
mon constituent of contaminated soil, ground water or leachate.
Phenol is also toxic to plants and aquatic life, which is reflected by
low acceptance criteria where these receptors are to be protected
[3].

Different water treatment technologies are used to remove phe-
nolic pollutants: destructive process such as destructive oxidation
with ozone [4], hydrogen peroxide [5], or manganese oxides [6] and
recuperative process such as adsorption into porous solids [7,8],
membrane separation [9] and solvent extraction [10].

Organic modification of clay minerals has been shown to sig-
nificantly increase the attenuation of some organic compounds
[11–13]. To increase the ability of mineral clays to remove non-
polar and anion water pollutants, it is necessary to modify their
surfaces. The permanent negative charge in the crystal structures
of some minerals (bentonite, koalinite, etc.), make them suitable for
surface modification by long chain and short chain organic cation
surfactants [14–16]. Three-dimensional framework of clay retains
the high molecular weight surfactants primarily on the outer sur-

face, whereby at sufficient loading the surfactant forms a bilayer.
This bilayer formation results in a reversal of the charge on the
external surface of the clay, providing sites where anions will be
retained and cations repelled, while neutral species can partition
into hydrophobic core. On the other hand, surfactant retention

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:ahdujaili@yahoo.com
dx.doi.org/10.1016/j.jhazmat.2009.03.153
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ccurs in the interlayer space of bentonite and other layer sili-
ates. These modified minerals provide a primarily hydrophobic
nvironment for the retention of organic molecules of low polarity
17].

Over the last three decades, several researchers have inves-
igated the adsorption of phenols on mineral clays, especially
entonite and kaolinite and their organically modified forms that
ere proved to be very effective in the removal of organic pol-

utants. Rawajfid and Nsour [18] investigated the interaction of
henol, 4-chlorophenol and 2,4-dichlorophenol with surfactant-
odified bentonite clay. Barhoumi et al. [19] studied the influence

f nonionic surfactants on the adsorption behaviour of alkyphenols
nto kaolinite. The published results so far are limited to certain
elected aspects of this phenomenon. The present work is more
omprehensive and aims at not only ascertaining the effectiveness
f Iraqi clay minerals and their modified forms in removing phe-
ol from water, but extends to studying all the related factors. The
aximum exchange capacities, as deduced from the adsorption

sotherms, and the thermodynamic parameters of the adsorption
rocess are but few of the comprehensive assessment of this phe-
omenon that are to be reported in this paper.

The study present in this paper is part of large study aimed
t demonstrating the technical feasibility of simple organic mod-
fication procedures to increase the organic attenuation capacity
f selected Iraqi clay materials. In this part, two cationic sur-
actant hexadecyltrimethylammonium bromide (HDTMA) and
henyltrimethylammonium bromide (PTMA) were used for the sur-

ace modification of natural (raw) Iraqi bentonite and koalinite, and
he adsorption equilibrium and adsorption kinetics of phenol from
queous solutions onto these modified surfaces, were studied.

. Materials and methods

.1. Materials

Phenol was obtained in excess of 99% purity from Aldrich Chem-
cal Company. Stock solution of 1000 mg L−1 was made. The stock
olution was kept in lightproof container below 5 ◦C. Sodium azide
as used as the bacterial growth retardant in this work. Distilled

nd deionised water with conductivity value of 1.5 × 10−6 S cm−1

as used in all experiments.
HDTMA and PTMA were purchased from Aldrich chemicals and

pecified to be ≥99% and 98% purity, respectively.
Two mineral clays namely bentonite and koalinite used in the

xperiments were received from the General Company for Geolog-
cal Survey and Mining in Baghdad, Iraq. They were crushed with

hammer and ground in a ceramic mill, the samples was sieved
o produce the desired particle size fractions. The samples with a
article size 45 �m was then dried for 24 h at 110 ◦C in an electric
ven and stored in a dessicator until use.

.2. Preparation of organo-modified clays

Both clayey materials were organically modified by adsorption
f HDTMA and PTMA and resulted in four organo-modified clays
vailable for further investigation. The surface-modified bentonite
nd koalinite samples were prepared as follows.

An aqueous HDTMA or PTMA solutions (50 mmol L−1) was added
o a 7% aqueous clay suspension. The mixture was stirred in a mixer
or 3 h at 350 rpm. The organo-modified clay was separated from the
ixture by filtration, washed about five times with distilled water,
nd dried at 110 ◦C for 3 h, until constant mass.

The modifier loading was assessed by total carbon analysis
a Leno-2000 CHN analyzer). The difference in carbon content
etween the unmodified samples and the modified samples was
s Materials 169 (2009) 324–332 325

considered to be entirely due to the exchanged modifier. The
total carbon content before, %CN, and after, %CM, modification, was
related to the modifier loading, LM, by the following formula [20]:

LM = 1
%CmWmod

[
%CM − %CN

1 − (%CM(mWmod/mWCmod))

]
· Vmod · 100

1000
(1)

where LM is modifier loading in milliequivalents per 100 g of
unmodified clay, %CN is the carbon fraction of the unmodified clay,
%CM is the carbon fraction of the modified clay, mWCmod is the
molecular weight of carbon in the modifying cation, mWmod is the
molecular weight of the modifying cation and Vmod is the valency
of the modifying cation (1 for both HDTMA and PTMA).

2.3. Material characterization

The surface areas for the investigated clays are estimated using
methylene blue (MB) adsorption method [21]. This method has
advantages over BET gas adsorption measurements in being read-
ily applicable to a wide range of areas and especially to minerals
under aqueous conditions [22]. The method is simple, rapid and
economical. Different concentration of adsorbate was placed sepa-
rately in 250 mL stoppered Erlenmeyer flasks and 100 mL of 50 ppm
MB solution was added. The mixtures, together with a control sam-
ple of MB were left in subdued light at room temperature for the six
weeks to be sure that equilibrium is reached. The concentration of
equilibrium and standard solution were determined using UV–vis
spectrophotometer at 664 nm.

The results of Langmuir adsorption isotherms for MB are used
to estimate the monolayer capacity Xm using Langmuir equation:

S = Xm · NA · Am (2)

where S is the surface area (m2 g−1), NA is the Avogadro’s num-
ber (molecule/mol) and Am is the molecular cross sectional area
(m2 molecule−1) of MB. The molecular cross sectional area used for
MB to estimate the surface area is 1.20 nm2 [23].

Cation exchange capacity (CEC) of the clays was determined
using an ethylenediamine complex of Cu Cu(EDA)2

2+) method pro-
posed by Bergaya and Vayer [24]. The CEC of the samples examined
can be obtained by the difference in Cu content in initial and
final solutions as determined by atomic absorption spectrometry
(Thermo S1 (UK)) and the CEC calculated from the quantity of
Cu(EDA)2

2+ absorbed (amount initially added to the clay minus
amounts remains).

The samples were characterized by X-ray diffraction (XRD)
(Phillips 2kW model X-ray spectrophotometer with a nickel filtered
copper X-ray radiation (Cu K� 1.5418 Å)), X-ray fluorescence (XRF)
(Phillips PW 1404 X-ray spectrometer wavelength dispersive), and
FT-IR spectroscopic analysis (Nexus 870 FTIR spectrophotometer).

2.4. Adsorption experiments

Batch adsorption experiments were carried out by allowing an
accurately weighted amount (Shimadzu analytical balance model
AW 120 measures to the nearest of 0.0001 g) of bentonite or koali-
nite or the four organo-modified clays to reach the equilibrium
with phenol solution of known concentration. At the end of the
desired equilibrium period the contents of the bottles were filtered,
centrifuged for 10 min at 5500 rpm using a mLw T5 (Germany) cen-
trifuge and the supernatant was subsequently analyzed for residual
concentration of phenol. The concentration of phenol in solutions
was typically in the range of 10–100 mg L−1. The batch test was con-

ducted by combining 50 mL of phenol solutions with 0.25 g of raw
clays or organo-modified samples. The narrow-neck darkly brown
coloured bottles were used to prevent photoxidation. The bottles
were consequently capped with screw caps fitted with teflon lin-
ers and placed on a temperature-controlled GFL 1083 (Germany)
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Fig. 1. FT-IR spect

rbital shaker and agitated at a constant speed of 150 rpm. The pH
as adjusted by adding a small amount of dilute HCl and NaOH

olution using a WTW inolab 720 (Germany) pH meter. All adsorp-
ion experiments were conducted at various time intervals, pHs
2, 6.5 and 10), and temperatures (25, 35 and 45 ◦C). The equilib-
ium concentration of phenol was determined at (270 nm) using
T7 UV–visible PG Instruments (UK) spectrophotometer. The cal-

bration curve at this wavelength was established as a function
f phenol concentration. The reproducibility of the data varied in
he range of ±1.5%. The adsorption capacity or amount of phe-
ol adsorbed by raw and organo-modified clays (qe, mg g−1) was
alculated by the following formula [25]:

e = (Ci − Ce) · V

m
(3)

here Ci is the initial concentration (mg L−1); Ce is the equilibrium
r residual phenol concentration (mg L−1); V is the volume of the
olution (L); and m is the mass of adsorbent (g).

.5. Adsorption equilibrium kinetics
Samples raw and organo-modified clays of particle size 45 �m
ere agitated at 150 rpm with fixed concentrations of phenol

olution at 25 ◦C in a thermostated bath. The initial phenol con-
entration was 60 mg L−1, solution volume used was 100 mL and
he amount of clay was 0.25 g. The samples were taken at different

Fig. 2. FT-IR spectra of K
C, BHM and BPM.

intervals of time. This solution aliquot was filtered and centrifuged
the supernatant was analyzed for phenol by UV–vis spectropho-
tometery. The results show that equilibrium time required for the
adsorption of phenol on BC and KC is 120 min and on BHM, BPM,
KHM, and KPM is 30 min.

3. Results and discussion

3.1. Characterization of clay adsorbents

The FTIR spectrum of the pure BC and KC which were compared
with standard samples [26,27] are shown in Figs. 1 and 2. The char-
acterization bands of BC (Fig. 1) that appear at 3434–3625 as a
broad bands is assigned to OH stretching vibrations (�OH), which
may arise from the isomorphic substitution in the tetra and octa-
hedral layers in bentonite [26]. On the other hand, the characteristic
IR bands of Al and Mg bound water molecule appear at 1642 cm−1.
The band at 1039 is assigned to the asymmetric stretching vibra-
tion of Si O Si of bentonite. Also the bands from 720 to 839 cm−1

are the most characteristic for quartz and the bands at 423–523

can be attributed to typical OSiO bending vibrations [28]. It can be
seen from the spectrum of raw KC (Fig. 2) that the absorption bands
of OH within the crystal structure appear at 3621–3698 cm−1. The
band at 1631 cm−1 corresponds to the OH deformation of water,
because the OH stretching band at 3467 cm−1 suggests the pres-

C, KHM and KPM.
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Table 1
Characteristics of bentonite and kaolinite clay.

Analysis Bentonite Kaolinite

CEC (meq/100 g) 80 71
Carbon content (%) 0.75 0.23
S
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nol is a weak acid, pKa = 9.92) and such negatively charged species
is easy to be adsorbed on positively clay surfaces due to attractive
forces prevailing at higher pH values. The high adsorption capacity
is due to the strong electrostatic interaction between the N+(D or
urface area (m2/g) 123
ineralogy Quartz (mj), montmorillonite (mi), calcite (mi), Renne

j: major, mi: minor, t: trace.

nce of some interlamellar water. After the BC and KC had been
reated with HDTMA, a pair of strong bands at 3434 and 3625 cm−1

or BC and the bands at 3467 and 3654 cm−1 for KC was observed
hich can be assigned to the symmetric and asymmetric stretch-

ng vibrations of the methylene groups (�CH2 ) and their bending
ibrations are between 1384 and 1470 cm−1, which supporting the
ntercalation of surfactant HDTMA molecules between the silica
ayers, but these stretching bans are not observed in the raw BC
nd KC. Due to these observations of the changes in the IR spectra
t is thought that the surfaces of BC and KC had been replaced by
DTMA. Figs. 1 and 2 clearly show that the medium strong vibration
f the bonded OH of BC and KC appearing at 3432 and 3625 cm−1

nd 3467 and 3621 cm−1 of BC and KC respectively, has shifted to
439 and 3630 cm−1 and 3470 and 3629 cm−1 in BPM and KPM.
lso the appearance of new absorption bands at 693 and 695 cm−1

or BC and KC respectively, belonging to the mono-substituted ben-
ene group of PTMA. These observations can be interpreted as being
he covering of PTMA molecules the surfaces of these two clays.

The chemical composition of BC and KC samples as determined
y XRF technique (wt%) are found as follows: BC: SiO2, 49.70; Al2O3,
0.30; Fe2O3, 14.60; CaO, 8.87; TiO2, 1.60; V2O5, 0.10; SrO, 0.096;
rO2, 0.056; ZnO, 0.095; K2O, 0.63; L.O.I., 9.5. KC: SiO2, 51.30; Al2O3,
1.70; Fe2O3, 4.11; CaO, 0.37; TiO2, 5.87; V2O5, 0.23; ZrO2, 0.27; PdO,
.80; L.O.I., 12.10. It seems from the chemical compositions of the
aw samples the predominant exchangeable cation was calcium.
he loss on ignition (L.O.I.) figures indicates the loading of mineral
y the organic compounds. The ratio of Al2O3/SiO2 show interesting
ehaviour. It was 0.41 for BC compared with 0.61 for KC.

The main characteristics of raw BC and KC clays are given in
able 1. The characteristic XRD peaks for the two clays are shown
n this table. The clay mineral constituents of the samples are
etermined, and identified as major (mj), minor (mi) and trace (t)
mounts. The raw BC and KC samples contain mainly quartz with
he other minerals as minor and trace amounts. The carbon content
f both clayey is considered to be predominantly related to organic
atter.
The two clayey are organically modified by adsorption of HDTMA

nd PTMA and resulted in four organo-modified clays labeled as
HM, BPM, KHM and KPM respectively. HDTMA was chosen as a
epresentative long chain modifier and PTMA was chosen as a rep-
esentative short chain modifier. The main characteristics of these
our organo-modified clays are listed in Table 2.
.2. Contact time

The adsorption data for the uptake of phenol versus contact time
t constant initial concentration is presented in Fig. 3. As seen from

able 2
hysical characteristics of organically modified clay adsorbents.

nalysis BHM BPM KHM KPM

EC (meq/100 g) 19 27 15 45
arbon content (%) 9.76 4.73 8.87 2.22
CEC exchange 76 66 79 37
odifier loading (meq/100 g) 48 37 42 17

urface area (m2/g) 108 104 246 265
273
i), muscovite (t) Quartz (mj), kalonite (mi), witherite (mi), muscovite (t)

Fig. 3 that equilibrium time required for the adsorption of phenol
on BC and KC is almost 2 h. It also seen that the remaining con-
centration of phenol becomes asymptotic to the time axis after 2 h.
HDTMA and PTMA modification covered the BC and KC surfaces and
increased molecular interaction between phenol molecules and the
BC and KC surfaces. Therefore, adsorption capacities increased from
0.247 mg g−1 on raw BC clay to 8.435 and 3.481 mg g−1 for BHM
and BPM, respectively, and from o.468 mg g−1 on raw KC clay to
2.351 and 0.675 mg g−1 for KHTM and KPTM respectively. The mod-
ification of the clays by HDTMA and PTMA increased adsorption
capacities for phenol, reached equilibrium after 30 and 50 min of
contact time, respectively. After the equilibrium time, the increas-
ing rate of adsorption of phenol decreased, and the amount of
phenol adsorbed remained almost the same.

3.3. Effect of pH

The adsorption of phenol by BC and KC and the four modified
clays was investigated, phenol solution of 100 mL in volume and
60 mg L−1 in concentration were used at pH values of 2, 6.5 and
10. In the experiments, clay content was kept constant (0.25 g) and
adsorption was carried out until equilibrium. The results obtained
are listed in Table 3. The pH was measured before and after adsorp-
tion process and it has been found that the difference between the
two measurements values of pH is less than 0.3 for all samples.

It is evident that the amount of adsorption strongly depends on
solution pH. The adsorption capacity of phenol with all unmodified
and modified clays is increased with increase of pH values. Adsorp-
tion of clays at higher pH is higher and is may be explained on the
assumption that HDTMA and PTMA modification covered the clay
surfaces with positive charges and increased electrochemical inter-
action between phenol molecules and the modified clay surfaces. It
is well known the dependency of phenol ionization on the pH value.
Obviously, phenol will be dissociated to C6H5O− at pH > pKa (phe-
Fig. 3. Comparison of phenol adsorption by raw BC and KC and BHM, BPM, KHM and
KPM (temperature, 25 ◦C; pH, 6.5; Co, 60 mg L−1).
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Table 3
Adsorption capacities at equilibrium (qe) for phenol.

BC (mg g−1) BHM (mg g−1) BPM (mg g−1) KC (mg g−1) KHM (mg g−1) KPM (mg g−1)

Temperature (◦C) Co, 60 mg L−1; pH, 6.5
25 0.247 8.435 3.481 0.468 2.351 0.675
35 0.231 7.712 3.325 0.422 1.987 0.532
45 0.214 7.229 3.169 0.344 1.688 0.377
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H Co, 60 mg L ; T, 25 C
2 0.208 6.922 3.2
6.5 0.247 8.435 3.4
10 0.292 10.338 4.7

h)(CH3)3 of BHM, KHM, BPM or KPM and phenoxide. On the con-
rary, at lower pH more protons will be available, thereby increasing
lectrostatic repulsions, causing decrease in phenol adsorption.
imilar behaviour has been reported by Karadag et al. [29] and
enizil et al. [30].

.4. Effect of temperature

Temperature study on adsorption of phenol on clays is carried
ut at three different temperatures, i.e., 25, 35 and 45 ◦C. The results
btained are listed in Table 3. The equilibrium adsorption capaci-
ies of phenol increased with an increase in temperature from 25
o 45 ◦C. Increasing adsorption capacity with increasing temper-
ture indicates that the adsorption of phenol is controlled by an
ndothermic reaction.

.5. Adsorption isotherms

Several models have been published in the literature to describe
xperimental data adsorption isotherms. The Langmuir [31] and
reundlich [32] are the most frequently employed models. In this
ork, both models were used to describe the relationship between

he amount of phenol adsorbed and its equilibrium concentration in
olutions at different temperatures and pH values. The adsorption
sotherms obtained for phenol on the four modified clays and two
nmodified clays are presented in Fig. 4 as a representative example
t 25 ◦C and pH, 6.5.

.5.1. Langmuir isotherm

This model supposes that the adsorption take place at a specific

urface with the single coating layer on this surface. The attraction
etween molecules decreases as getting further from the adsorp-
ion surface [33]. Langmuir isotherm model can be represented by

ig. 4. Adsorption isotherms for phenol onto BC, BHM, BPM, KC, KHM and KPM at
5 ◦C and pH, 6.5.
0.390 2.013 0.506
0.468 2.351 0.675
0.579 2.600 0.818

the following relation:

qe = qmaxKLCe

1 + KLCe
(4)

where qe is the amount of phenol adsorbed onto clay at equilibrium
(mg g−1), qmax is the theoretical monolayer capacity(mg g−1), KL is
the Langmuir equilibrium constant related to the affinity of binding
sites and energy of adsorption and Ce is the equilibrium solution
concentration (mg L−1).

The linear form of the Langmuir equation can be written as fol-
lows:

Ce

qe
= 1

KLqmax
+ Ce

qmax
(5)

The values of qmax and KL can be evaluated from the intercept and
the slope of the linear plot of experimental data of Ce/qe versus Ce

(Fig. 5).
One of the essential characteristics of the Langmuir equation

could be expressed by dimensionless constant called equilibrium
parameter RL which is defined as [34]:

RL = 1
1 + KLCo

(6)

where Co is the highest initial concentration (mg L−1). The value
of RL indicates the type of isotherm to be irreversible adsorption
(RL = 0), favourable adsorption (0 < RL > 1), unfavourable adsorption
(RL > 1) and linear adsorption (RL = 1). As seen from Tables 4 and 5,
the adsorption of phenol on modified and unmodified clays is
favourable [35].

3.5.2. Freundlich isotherm
Freundlich isotherm is used for modelling the adsorption on het-
erogeneous surfaces. Freundlich isotherm can be defined according
to the following formula:

qe = KF C1/n
e (7)

Fig. 5. Langmuir plot for the adsorption of phenol onto BC, BHM, BPM, KC, KHM and
KPM at 25 ◦C.
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Table 4
Langmuir and Freundlich isotherm parameters for adsorption of phenol onto BC,
BHM and BPM at different temperatures and pH values.

Langmuir Freundlich

R2 qmax KL RL R2 KF n

T, ◦C BC, pH, 6.5
25 0.996 0.278 0.068 0.128 0.922 25.704 2.632
35 0.999 0.265 0.062 0.139 0.944 20.044 2.757
45 0.998 0.251 0.055 0.154 0.920 19.928 3.125

pH BC, T, 25 ◦C
2 0.992 0.238 0.056 0.152 0.917 9.419 4.762
6.5 0.996 0.278 0.068 0.128 0.922 25.704 2.632

10 0.986 0.325 0.074 0.119 0.920 29.419 2.551

T, ◦C BHM, pH, 6.5
25 0.998 23.888 0.024 0.294 0.946 4.499 1.511
35 0.997 19.231 0.011 0.476 0.957 3.388 1.925
45 0.996 14.286 0.009 0.526 0.924 2.720 2.176

pH BHM, T, 25 ◦C
2 0.999 10.173 0.004 0.714 0.986 3.457 1.699
6.5 0.998 23.888 0.024 0.294 0.946 4.499 1.511

10 0.996 25.573 0.028 0.263 0.936 7.778 1.305

T, ◦C BPM, pH, 6.5
25 0.996 8.306 0.016 0.385 0.997 11.013 1.234
35 0.993 7.143 0.011 0.476 0995 7.871 1.333
45 0.991 6.258 0.008 0.556 0994 5.888 1.429

pH BPM, T, 25 ◦C

w
i

a

l

T
L
K

2 0.986 6.452 0.009 0.526 0.994 5.248 1.471
6.5 0.996 8.306 0.016 0.385 0.997 11.013 1.234

10 0.997 10.137 0.007 0.588 0.999 17.762 1.190

here KF is the Freundlich constant (L g−1) and 1/n is the adsorption
ntensity.

The logarithmic linear form of the Freundlich equation is given

s:

og qe = log KF + 1
n

log Ce (8)

able 5
angmuir and Freundlich isotherm parameters for adsorption of phenol onto KC,
HM and KPM at different temperatures and pH values.

Langmuir Frenudlich

R2 qmax KL RL R2 KF n

T, ◦C KC, pH, 6.5
25 0.995 0.520 0.083 0.108 0.943 5.370 5.376
35 0.998 0.484 0.068 0.128 0.965 4.385 6.578
45 0.998 0.417 0.048 0.172 0.974 4.266 7.246

pH KC, T, 25 ◦C
2 0.997 0.416 0.144 0.065 0.931 3.507 6.667
6.5 0.995 0.520 0.083 0.108 0.943 5.370 5.376

10 0.996 0.613 0.134 0.069 0.964 6.385 4.535

T, ◦C KHM, pH, 6.5
25 0.997 3.846 0.021 0.323 0.987 15.642 1.357
35 0.992 3.571 0.015 0.400 0.981 10.162 1.459
45 0.992 3.279 0.011 0.069 0.984 6.803 1.582

pH KHM, T, 25 ◦C
2 0.994 3.436 0.035 0.222 0.969 10.803 2.083
6.5 0.997 3.846 0.021 0.323 0.987 15.642 1.357

10 0.998 3.972 0.015 0.400 0.979 17.906 1.235

T, ◦C KPM, pH, 6.5
25 0.990 1.111 0.019 0.345 0.973 19.124 1.473
35 0.998 0.909 0.015 0.400 0.977 18.261 1.449
45 0.997 0.714 0.013 0.436 0.939 13.823 1.401

pH KPM, T, 25 ◦C
2 0.998 1.023 0.010 0.500 0.969 15.884 1.835
6.5 0.990 1.111 0.019 0.345 0.973 19.124 1.473

10 0.997 1.144 0.026 0.278 0.988 21.804 1.320
Fig. 6. Freundlich plot for the adsorption of phenol onto BC, BHM, BPM, KC, KHM
and KPM at 25 ◦C.

Fig. 6 shows the dependence of log qe on log Ce (KF and 1/n were
calculated from the intercept and slope of the plot of log qe versus
log Ce.

Two regression curves were fitted to each data set, based
on the two linear equations of Langmuir and Freundlich. The
adsorption equations, estimated from the results of the batch equi-
librium adsorption tests for phenol to unmodified and modified
clays.

The Langmuir and Freundlich isotherm constants at different
temperatures and PH values for the adsorption of phenol on BC,
BHM, BPM and KC, KHM and KPM are presented in Tables 4 and 5
respectively. Jaynes and Boyd [36] proposed that the adsorption
conforms to the Langmuir and Freundlich models when the value
of correlation coefficient (R2) is greater than 0.89. The R2 values
shown in Tables 4 and 5 are greater than 0.89, indicating that
both the Langmuir and Freundlich isotherm models can adequately
describe the adsorption data. The applicability of the two isotherm
models to the all investigated systems implies that both mono-
layer adsorption (i.e., only a limited number of surface sites are
adsorbing sites for the phenol molecule) and heterogeneous sur-
face conditions exist under the experimental conditions studied.
The adsorption of phenol on these surfaces is thus complex, involv-
ing more than one mechanism. Similar observations have been
reported by Rawajfih and Nsour [18] and Barhoumi et al. [19] for
the adsorption of phenol by unmodified and organo-modified ben-
tonite and kaolinite clays. KF and qmax are related to adsorption
capacity, and they can be used to distinguish adsorption per-
formance [37]. Comparing the KF and qmax values indicates that
increasing temperature increased the adsorption capacities of phe-
nol. On the other hand, qmax values indicate that the optimum pH for
phenol is 10.

One of the Freundlich constants KF indicates the adsorption
capacity of the adsorbent. The other Freundlich constants n is a
measure of the deviation from linearity of the adsorption. If a value
for n is equal to unity, this implies that adsorption process is chem-
ical, but a value for n is above to unity, adsorption is favourable a
physical process (Tables 4 and 5) [12].

It is obvious observation of the adsorption isotherms, and
the adsorption coefficients, that the organically modified clays
are much more efficient adsorbents of phenol than the unmod-
ified bentonite and kaolinite. Clays that are organically modified
with short chain organic cations (C<10) are often referred to as
“adsorbent complexes”; while clays modified with long chain mod-
ifiers are called “partitioning complexes”. The mechanism in both
unmodified clays and in their adsorbent complexes is considered
to be of the surface adsorption type; hence has a limited capac-
ity due to the finite surface area available. On the other hand the

mechanism for “partitioning complexes” is considered to be organic
partitioning; hence has no such limitation. This explains the higher
values of qmax of the surfactant-modified clays in comparison to the
unmodified clays [18].
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ig. 7. Pseudo-first-order kinetics of phenol adsorption (temperature, 25 ◦C; pH, 6.5;
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.6. Kinetics of adsorption

Two kinetic models; Lagergreen (pseudo-first-order) and
seudo-second-order reaction were used to test experimental data
o predict to the adsorption kinetic.

.6.1. Pseudo-first-order reaction kinetic
The adsorption rate constant proposed by Lagergreen [38] using

rst order reaction kinetic is shown below:

dqt

dt
= k1(qe − qt) (9)

here k1 is the adsorption rate constant (min−1) for the first order
dsorption, qt is the amount of phenol adsorbed at time t (mg g−1)
nd qe is the amount of phenol adsorbed at equilibrium (mg g−1).

If it is supposed that q = 0 at t = 0, then

n(qe − qt) = ln qe − k1t (10)

.6.2. Pseudo-second-order reaction kinetic
Adsorption data was also evaluated according the pseudo-

econd-order reaction kinetic proposed by Ho and McKay [39]:

dqt

dt
= k2(qe − qt)

2 (11)

here k2 is the second order reaction constant (g mg−1 min−1). If
he differential equation is integrated with boundary conditions
t = 0 → t and qt = 0 → qe) the following expression is obtained

t

qt
= 1

k2q2
e

+ t

qe
(12)

The rate constants k1, k2 and qe were calculated from the slopes

nd intercepts of the linear plot of ln(qe − qt) or t/qt against t respec-
ively (Figs. 7a and 8). The values of qe,calculated, k1 ad k2 are listed
n Table 6. As the difference between qe,calculated and qe,experimental
alues is considered, it is seen that phenol removal with all clays is
ell described by the second order reaction kinetic. Moreover, all

able 6
seudo-first-order and pseudo-second-order adsorption rate constants and calculated qe,

lay qe,experimental (mg g−1) Pseudo-first-order

k1 (min−1) qe,calculated (mg g−1)

C 0.247 0.027 0.164
HM 8.435 0.086 1.364
PM 3.481 0.113 0.294
C 0.468 0.126 0.658
HM 2.351 0.073 0.604
PM 0.675 0.049 0.306
Fig. 8. Pseudo-second-order kinetics of phenol adsorption (temperature, 25 ◦C; pH,
6.5; Co, 60 mg L−1).

the correlation coefficients R2, of second order reaction kinetic are
higher than that of the first order reaction kinetic.

3.7. Thermodynamic parameters

The amount of adsorption of phenol by raw and modified BC
and KC were measured in temperature 298.15–318.15 K. The equi-
librium constant K for the adsorption process at each temperature
was calculated from the Langmuir equation [40]:

Ce

qe
= K

qmax
+ Ce

qmax
(13)

where K is the equilibrium constant related to Langmuir constant
KL, and is defined by the following equation [41]:

K = qe

Ce
(14)

The following relationships have been used to evaluate the ther-
modynamic parameters enthalpy, �H, Gibbs free energy, �G and
entropy, �S [42]:

�G = −RT ln K (15)

ln K = −�H

RT
+ �S

R
(16)

A plot of ln K versus 1/T (Fig. 9) should be linear with a slope
equal �H/R and with intercept equal �S/R. The changes in Gibbs
free energy were calculated at each temperature from Eq. (15).

The calculated values of adsorption enthalpies, free energies and
entropies of phenol on modified and unmodified clays are pre-
sented in Table 7.

Generally, the change of free energy for physisorption is between
−20 and 0 kJ mol−1, but chemisorption is a range of −80 to
−400 kJ mol−1 [43]. The over all free energy change during the

adsorption process was negative for the experimental range of tem-
perature (see Table 6), corresponding to a spontaneous physical
process of phenol adsorption and that the system does not gain
energy from an external source. The negative value of �G also indi-
cate the feasibility of the process and also suggest the adsorption

calculated values of phenol onto clays at 25 ◦C and pH 6.5.

Pseudo-second-order

R2 k2 (g mg−1 min−1) qe,calculated (mg g−1) R2

0.991 0.328 0.230 0.998
0.975 0.128 7.968 0.997
0.878 0.675 3.203 1.000
0.988 0.369 0.449 0.998
0.955 0.487 1.821 0.999
0.948 0.391 0.589 0.998
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Fig. 9. Plot of ln KC vs. 1/T for estimation of thermodynamic parameters for the
adsorption of phenol onto BC, BHM, BPM, KC, KHM and KPM.

Table 7
Thermodynamic parameters calculated for the adsorption of phenol onto clays.

Clay �G (kJ/mol) �H (kJ mol−1) �S (J K−1 mol−1)

298.15 K 308.15 K 318.15 K

BC 6.664 7.124 7.672 8.351 50.316
BHM 9.245 11.554 12.460 38.909 162.248
BPM 10.250 11.554 12.771 27.346 126.148
K
K
K

o
t
s
b
t
s
p

t
t
m
a
e
o

t
T
c
p

4

w
t
e
r
f
o
a
c
5

a
p
a
a

[

[

[

[22] M. Sunjug, S.M. Musleh, M. Tutanji, G. Derwish, Urea and thiourea Jordanian
C 6.170 6.887 8.032 21.523 92.659
HM 9.576 10.759 11.929 25.499 117.651
PM 9.824 10.759 11.487 14.998 83.364

f phenol on all clays is spontaneous. Such negative value in all
emperatures under study suggests that the adsorption is more
pontaneous also results in increase in retention time of phenol
y adsorbents. When the temperature decreases from 45 to 25 ◦C,
he magnitude of free energy change shifts to high negative value
uggested that the adsorption was more spontaneous at low tem-
erature [44].

The mean adsorption enthalpy, �H values for these study sys-
ems are positive, indicated the uptake of phenol on all adsorbents
o be a physical sorption and is also endothermic. The endother-

ic enthalpy gives clear indication of strong interaction between
dsorbates and adsorbents. This can be explained by the fact that
ach molecule of sorbate has to displace more than one molecules
f solvent. The net result corresponds to an endothermic process.

The positive values of �S show the increased randomness of
he solid-solution interface during the sorption of phenol on clays.
hese positive values of entropy may be due to some structural
hanges in both adsorbates and adsorbents during the adsorption
rocess.

. Conclusions

In this work, surface modification of bentonite and kaolinite
ith HDTMA and PTMA was studied. An assessment of the adsorp-

ion of phenol by four modified clays indicates that the modification
mployed resulted in an increase in adsorption capacity from the
aw clays of approximately thirty and twelve order of magnitude
or BHM and BPM and an increase of approximately four and one
rder of magnitude for KHM and KPM. It is also determined that the
dsorption is completed in relatively short time period. Optimum
ontact time are 30 min for removal of phenol by BHM and BPM and
0 min by KHM and KPM.

An increase in adsorption temperature resulted in an increase in

mount of phenol adsorbed, which showed that the adsorption of
henol is controlled by an endothermic reaction. The equilibrium
dsorption capacity of phenol onto raw and modified clays showed
maximum at pH 10.

[
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The empirical values are evaluated according to the Langmuir
and Freundlich that are generally used to describe the adsorption
processes. Both isotherm models fit the experimental data very
well. The qmax values are increased with an increase of temperature
from 25 to 45 ◦C, while increased with increase of pH from 2 to 10.

Phenol adsorption onto all clays is well described with the
pseudo-second-order reaction kinetics. In the second-order-
reaction kinetic, qe,calculated and qe,experimental values are quite
close to each other. Negative values of the change in free energy
�G, indicate that adsorption of phenol by all clays is spontaneous.
Changes in enthalpy �H indicate positive values, and therefore, the
adsorption mechanism is found to be endothermic. The positive
values of �S for phenol suggest that randomness increases during
adsorption.
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