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bstract

This paper presents the adsorption of Pb(II) and Cr(III) from aqueous solution on Celtek clay. Batch experiments were carried out as a function
f the adsorbent dosage, solution pH, shaking time, and temperature. The equilibrium data of fitted well with the linear Langmuir and Freundlich

odels. Dubinin–Radushkevick (D–R) isotherm model was applied to describe the nature of the adsorption of the metals, and found that it occurred

hysically. Thermodynamic parameters, the change in Gibbs free energy change (�G◦), enthalpy (�H◦) and entropy (�S◦) were also calculated.
hese parameters indicated that the adsorption of Pb(II) and Cr(III) on Celtek clay was feasible, spontaneous and exothermic process in nature. Based
n the results, it was concluded that Celtek clay had a significant potential for removing Pb(II) and Cr(III) from wastewater using adsorption method.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Toxic heavy metals such as cadmium, lead, chromium,
rsenic, and selenium are constantly released into the environ-
ent. Toxic metals are dangerous environmental pollutants due

o their toxicity and strong tendency to concentrate in envi-
onment and in food chains [1–5]. They can mean danger for
cosystems and human health. Heavy metal contamination exists
n aqueous waste streams of many industries, such as metal plat-
ng facilities, mining operations and tanneries [5]. Wastewaters
rom a chemical industry polluted by heavy metal ions represent
hazard for all living organisms especially for human [6,7].

Adsorption is the one of the important procedure for the
emoval of the traces heavy metals from the environment. The
ain properties of the adsorbents for heavy metal removal are

trong affinity and high loading capacity. Natural adsorbents
ave generally these properties. Various substances, such as acti-
ated carbon, ion exchange resins, natural and synthetic zeolites
nd clay minerals have been used as adsorbents for the removal

f heavy metals from water and wastewater [6–25].

Clay is a natural, earthy, fine-grained material composed
argely of a group of crystalline minerals. Clays have been used
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or thousands of years and they still keep their position among
he most important industrial material [26]. Clays have been
lso used for chemical studies for various purposes including
dsorption of various organic, inorganic substances, radioactive
pecimen and heavy metals [8,9,12,14–18,20,21,23–25].

Celtek clay was chosen as adsorbent material. The clay was
ollected from Celtek town of Amasya-Turkey. This material
as been commonly used as industrial raw material for the con-
truction of ceramic and brick in the middle Anotalia-Turkey.
ccording to our literature survey, Celtek clay has not been
sed as adsorbent for the removal of heavy metals from water
nd wastewater.

In this work, the influence of adsorbent dosage, solution pH,
haking time, and temperature on the adsorption of Pb(II) and
r(III) from aqueous solution on Celtek clay were investigated.
ell-known isotherm models were applied to the equilibrium

ata. Thermodynamic functions were also calculated and, the
ature of the sorption process was described.

. Experimental procedures

.1. Instrumentation
A Perkin-Elmer Analyst 700 flame atomic absorption spec-
rometer with deuterium background corrector was used. All

easurements were carried out in an air/acetylene flame. A

mailto:mtuzen@gop.edu.tr
dx.doi.org/10.1016/j.jhazmat.2006.09.080


4 rdous

1
w
s
p
v

2

g
d
i
u
t
A

a
d
2
a
a
s
n
a
r

2

T
w
w
t
b
w
t
T
d
D
A
0
c
4
1
c
a
3
o
m
1
o
o

2

A

o
b
f
w
c

3

3

d
c
e
i
i
c
a
t

3

p
s
o
t
a
a
a

3.3. Effect of shaking time

The influence of shaking time for the adsorption of Pb(II)
and Cr(III) on Celtek clay were investigated at the temperature
2 A. Sarı et al. / Journal of Haza

0 cm long slot-burner head, a lamp and an air-acetylene flame
ere used. The operating parameters for working elements were

et as recommended by the manufacturer. A pH meter, Sartorius
p-15 Model glass-electrode was employed for measuring pH
alues in the aqueous phase.

.2. Reagent and solutions

All chemicals used in this work, were of analytical reagent
rade and were used without further purification. Double
eionised water (Milli-Q Millipore 18.2 M� cm−1 conductiv-
ty) was used for all dilutions. The element standard solutions
sed for calibration were produced by diluting a stock solu-
ion of 1000 mg l−1 of the given element supplied by Sigma and
ldrich.
Sodium phosphate buffer (0.1 mol l−1) was prepared by

dding an appropriate amount of phosphoric acid to sodium
ihydrogen phosphate solution to result in a solution of pH
. Ammonium acetate buffers (0.1 mol l−1) were prepared by
dding an appropriate amount of acetic acid to ammonium
cetate solutions to result in solutions of pH 4–6. For pH 7,
odium borate (0.1 mol l−1) buffer solution was used. Ammo-
ium chloride buffer solutions (0.1 mol l−1) were prepared by
dding an appropriate amount of ammonia to ammonium chlo-
ide solutions to result in solutions of pH 8–12.

.3. Characterization of Celtek clay

Celtek clay was obtained from Celtek town of Amasya in
urkey. It was first dried and sieved form 200-mesh, then washed
ith distilled water several times to remove any dust and other
ater-soluble impurities. The washed sample was dried in elec-

ric oven at 378 K for 24 h and then placed in a desiccator
efore adsorption experiments. The specific surface analysis
as found to be 69 m2/g by using a surface analyzer (Quan-

achromosorb) and Brunauer–Emmett–Teller (BET) method.
he chemical and mineral composition of dry Celtek clay was
etermined by X-ray powder diffractometry (XRD; RIGAKU
-MAX 2200 model). It was composed of 59.46% SiO2, 14.92%
l2O3, 2.45% K2O, 1.98% MgO, 5.18% Fe2O3, 4.75% CaO,
.10% SO3, 0.98% Na2O, 0.73% TiO2, and it had a mineral
omposition of 16.64% kuvars, 8.14% calcite, 11.53% anortite,
2.58% illite and 21.11% chlorite. The ignition loss of the clay at
273 K was also found to be 8.73% (w/w). Celtek clay was also
haracterized by FT-IR spectrophotometer (JASCO-430 model)
t room temperature. The broad bands was observed at 3417,
621 and 3696 cm−1 was due to the O–H stretching vibration
f the silanol (Si–OH) groups and HO–H vibration of the water
olecules adsorbed on the silica surface. The bands observed at

029, 796 and 694 cm−1 were because of the Si–O–Si groups
f the tetrahedral sheet and the deforming and bending modes
f the Si–O bond, respectively.
.4. Adsorption procedure

Adsorption experiments were carried out using batch method.
sample volume of 50 ml, containing various concentrations

F
C
1
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f Pb(II) and Cr(III), was transferred into a beaker; 10 ml of
uffer solution was added using a mechanical shaker. After a
ast shaking, 100 mg of Celtek clay was added, and the mixture
as shaken again for 30 min. The solutions were filtered and the

oncentrations of metal ions were determined by AAS.

. Results and discussion

.1. Effect of adsorbent dosage

Adsorbent dosage is an important parameter because this
etermines the capacity of an adsorbent for a given initial con-
entration of the adsorbate at the operating conditions. The influ-
nces of Celtek clay dose on the adsorption of Pb(II) and Cr(III)
s depicted in Fig. 1. The adsorption of the metals increased with
ncreasing dosage of the clay and, the adsorption was almost
onstant at higher dosages than 0.1 g. This was because of the
vailability of more and more adsorbate surfaces for the solutes
o adsorb.

.2. Effect of pH

The pH of the aqueous solution is an important controlling
arameter that strongly affects the adsorption of metals on the
urface of the clay [6]. The influence of pH on the adsorption
f Pb(II) and Cr(III) were investigated at pH values 2–12, and
he results were shown in Fig. 2. A significant increase in the
dsorption of Pb(II) and Cr(III) on Celtek clay was not observed
t pH values higher than 6. Therefore, the pH 6 was selected for
ll further studies.
ig. 1. Effect of dosage of Celtek clay on adsorption of Pb(II) and Cr(III) on
eltek clay (metal concentration: 4 mg l−1; shaking time: 30 min; pH 6.0; V:
0 ml; T: 293 K).
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ig. 2. The effect of pH on adsorption of Pb(II) and Cr(III) on Celtek clay
metal concentration: 4 mg l−1; adsorbent dosage: 0.1 g; shaking time: 30 min;
: 10 ml; T: 293 K).

ange of 293–323 K, and the results were depicted in Fig. 3.
he adsorption percentages of the analytes were raised with

he increasing shaking time and decreasing temperature. On the
asis of the results, a 30 min of shaking time was found suitable
or maximum adsorption and used in all subsequent measure-
ents at 293 K.

.4. Adsorption isotherms

Langmuir and Freundlich isotherm models were applied

o establish the relationship between the amount of Pb(II)
nd Cr(III) adsorbed by Celtek clay and their equilibrium
oncentration in aqueous solution. The experimental data
onformed to the linear form of Langmuir model [27] expressed

ig. 3. Variation in adsorption of Pb(II) and Cr(III) on Celtek clay as a function of
haking time at different temperatures (metal concentration: 4 mg l−1; adsorbent
osage: 0.1 g; pH 6.0; V: 10 ml).
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ig. 4. Linear plots of Langmuir isotherm of Pb(II) and Cr(III) adsorption on
eltek clay (adsorbent dosage: 0.1 g; shaking time: 30 min; pH 6.0; V: 10 ml; T:
93 K).

s the following equation:

Ce

qe
= Ce

qm
+ 1

KLqm
(1)

here Ce is equilibrium concentration of the metal (mg l−1) and
e is the amount of the metal adsorbed (mg) by per unit of Celtek
lay (g). qm and KL are Langmuir constant related to adsorp-
ion capacity (mg g−1) and the energy of adsorption (l g−1),
espectively. qm and KL constants were evaluated from slope
nd intercept of the linear plots of Ce/qe versus Ce, respectively
Fig. 4).

The sorption equilibrium data was also applied to the Fre-
ndlich model in logarithmic form [28] given as follows:

og qe = log KF + 1

n
log Ce (2)

here KF (mg g−1) and n are Freundlich constants related to
dsorption capacity and adsorption intensity, respectively. KF
nd 1/n were determined from the intercept and slope of linear
lot of log qe versus log Ce, respectively (Fig. 5).

The adsorption pattern of the metals on Celtek clay was well
tted with the Langmuir and Freundlich model because of the r2

alues were in the range of 0.96–0.99 (Figs. 5 and 6). Langmuir
odel was more applicable than Freundlich model since the r2

alues evaluated from Langmuir model (0.9910 for Pb(II) and
.9852 for Cr(III)) were higher than that determined from Fre-
ndlich model (0.9881 for Pb(II) and 0.9654 for Cr(III)). Lang-
uir adsorption maxima, qm, was quite high with the values of

8.08 and 21.55 mg g−1 for Pb(II) and Cr(III), respectively. The
angmuir equilibrium constant, KL, had values of 0.38 l g−1 for
b(II) and 0.42 l g−1 for Cr(III). Freundlich adsorption capacity,

−1

F, was found to be 0.58 and 0.54 mg g for Pb(II)and Cr(III),

espectively. Moreover, the Freundlich coefficient (1/n) was
maller than 1 and indicating that the adsorption of Pb(II) and
r(III) on Celtek clay under studied conditions was favorable.
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Fig. 5. Linear plots of Freundlich isotherms of Pb(II) and Cr(III) adsorption on
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eltek clay (adsorbent dosage: 0.1 g; shaking time: 30 min; pH 6.0; V: 10 ml; T:
93 K).

The sorption data was modeled by D–R isotherm to determi-
ate the adsorption type (physical or chemical). The linear form
f this model [10,16,22] is expressed by

n qe = ln qm − βε2 (3)

here qe is the amount of the metal adsorbed onto per unit
osage of the Celtek clay (mol l−1), qm the monolayer capac-
ty (mol g−1), is the equilibrium concentration (mol dm−3), and

is the activity coefficient related to mean sorption energy
mol2 J−2). ε is the Polanyi potential described as

( )

= RT ln 1 + 1

Ce
(4)

ig. 6. D–R isotherms of Pb(II) and Cr(III) adsorption on Celtek clay (adsorbent
osage: 0.1 g; shaking time: 30 min; pH 6.0; V: 10 ml; T: 293 K).
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he mean sorption energy, E (kJ mol−1), can be calculated by
q. (5) [10,16,22]:

= 1√−2β
(5)

As seen in Fig. 6, the slopes of the D–R plots give β con-
tant and, qm value is calculated from the intercept of the
lot. The monolayer sorption capacity (qm) was evaluated as
.27 × 10−5 and 5.83 × 0−5 mol g−1 for the adsorption of Pb(II)
nd Cr(III), respectively. The mean sorption energy (E) was
ound to be 0.10 and 0.09 kJ mol−1 for the adsorption of Pb(II)
nd Cr(III) on Celtek clay, respectively. The E value ranges
rom 1.0 to 8.0 kJ mol−1 for physical adsorption and from 9.0
o 16.0 kJ mol−1 for chemical adsorption [10,16]. Therefore, the

values calculated for the adsorption of Pb(II) and Cr(III) was
ssentially physical in nature.

.5. Effect of temperature and thermodynamic parameters

In order to investigate the effect of temperature on the adsorp-
ion of Pb(II) and Cr(III) on Celtek clay, the distribution coeffi-
ient, Kd (l g−1), was calculated at the temperature of 293, 303,
13 and 323 K by using Eq. (6) [10,12,18]:

d = qe

Ce
(6)

he Kd values calculated for the adsorption Pb(II) and Cr(III)
n Celtek clay are given in Table 1. As seen from the results,
he Kd value decreased with increasing temperature (from 303
o 323 K) and revealing the adsorption of metals on the clay to
e exothermic.

Thermodynamic parameters, the enthalpy change (�H◦) and
he entropy change (�S◦), were calculated from the slope
nd intercept of the plot of ln Kd against 1/T, respectively
10,12,14–16,18,22], as shown in Fig. 7:

n Kd = �S◦

R
− �H◦

RT
(7)

he other thermodynamic parameter, Gibbs free energy change
�G◦) was calculated by

G◦ = −RT ln Kd (8)

here R is the universal gas constant (8.314 J mol−1 K−1) and

is the temperature (K).
The enthalpy change, �H◦ had a value of −35.89 J mol−1 for

he adsorption of Pb(II) and −32.88 J mol−1 for the adsorption
f Cr(III). The negative �H◦ exhibited that the adsorption of the

able 1
istribution coefficient (Kd) values calculated for the adsorption of Pb(II) and
r(III) on Celtek clay at different temperatures

etal Distribution coefficient, Kd (l g−1)

293 K 303 K 313 K 323 K

b(II) 3700 2700 1900 900
r(III) 3800 2850 1567 1150
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ig. 7. Thermodynamic distribution coefficient (Kd) calculated for the adsorp-
ion of Pb(II) and Cr(III) on Celtek clay as a function of temperature (adsorbent
osage: 0.1 g; shaking time: 30 min; pH 6.0; V: 10 ml).

etal ions on Celtek clay was exothermic. The low �H◦ val-
es mean that there are weak interactions between the metal ions
nd the functional group (Si–O−) on the surface of clay mineral.
hange in the entropy change (�S◦) was found to be −53.36
nd 43.30 J mol−1 K−1 for the adsorption of Pb(II) and Cr(III),
espectively. This result implied that Pb(II) and Cr(III) in bulk
hase (aqueous solution) were in a much more chaotic distribu-
ion compared to the relatively ordered state of solid phase (sur-
ace of adsorbent). Moreover, Gibbs free energy change (�G◦)
as between −20.01, −19.90, −19.64, and −18.27 kJ mol−1

or the adsorption of Pb(II) and −20.07, −20.04, −19.15, and
18.93 kJ mol−1 for the adsorption of Cr(III) at the temperatures

f 293, 303, 313 and 323 K, respectively. The negative �G◦ val-
es indicated that the adsorption of Pb(II) and Cr(III) on Celtek
lay was feasible and spontaneous thermodynamically. In addi-
ion, the process proceeded physically because �G◦ values had
ower value than −20.0 kJ mol−1 [29]. This result was in well
greement with that obtained from the D–R isotherm.

. Conclusions

The experimental results indicated that Celtek clay can be
uccessfully used for the adsorption of Pb(II) and Cr(III) from
queous solutions. Experimental parameters such as dosage of
dsorbent, solution pH, shaking time, and temperature must be
ptimally selected to obtain the highest possible removal of
b(II) and Cr(III) from aqueous solutions using Celtek clay.
he equilibrium data well followed the linear Langmuir and Fre-
ndlich models. The value of mean sorption energy, E obtained
rom the D–R isotherm indicated that the adsorption of the met-
ls on Celtek clay was physical in nature. The negative �G◦

alues showed that the adsorption of Pb(II) and Cr(III) on Cel-
ek clay was feasible and spontaneous. The negative �H◦ value
epicted that the adsorption of Pb(II) and Cr(III) on the clay
as an exothermic process. The decrease in the Kd value with

[
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ncreasing temperature also supported this conception. The neg-
tive �S◦ values revealed that the orderliness of the adsorbed
ystem was higher than the solution phase before adsorption.

On the basis of all results, it can be concluded that Celtek
lay can effectively be used for the removal of metal cations
rom wastewater using adsorption method. This clay mineral
resents a major advantage of giving low cost recovery processes
aking them suitable for use in water purification. Moreover, its

egeneration does not present any problem and, when needed,
he recovering of the fixed element could be reached even by
eaching the loaded material.
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