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In this study, the adsorption kinetics, equilibrium and thermodynamics of Pb(II) ions on native (NB) and
acid activated (AAB) bentonites were examined. The specific surface areas, pore size and pore-size distri-
butions of the samples were fully characterized. The adsorption efficiency of Pb(II) onto the NB and AAB
was increased with increasing temperature. The kinetics of adsorption of Pb(II) ions was discussed using
three kinetic models, the pseudo-first-order, the pseudo-second-order and the intra-particle diffusion
model. The experimental data fitted very well the pseudo-second-order kinetic model. The initial sorption
rate and the activation energy were also calculated. The activation energy of the sorption was calculated
as 16.51 and 13.66 kJ mol−1 for NB and AAB, respectively. Experimental results were also analysed by the
dsorption

inetics
quilibrium
hermodynamic

Langmuir, Freundlich and Dubinin–Redushkevich (D–R) isotherm equations at different temperatures. RL

separation factor for Langmuir and the n value for Freundlich isotherm show that Pb(II) ions are favorably
adsorbed by NB and AAB. Thermodynamic quantities such as Gibbs free energy (�G), the enthalpy (�H)
and the entropy change of sorption (�S) were determined as about −5.06, 10.29 and 0.017 kJ mol−1 K−1,
respectively for AAB. It was shown that the sorption processes were an endothermic reactions, controlled

and s
by physical mechanisms

. Introduction

Among the different heavy metals, lead is one of the common
nd toxic pollutants released into the natural waters from various
ndustrial activities such as metal plating, oil refining, paint and
igment producing and battery manufacturing [1]. Lead can enter
he human body through inhalation, ingestion or skin contact. As
result when the body is exposed to lead, it can act as a cumula-

ive poison. Lead accumulates mainly in bones, brain, kidney and
uscles and may cause many serious disorders like anemia, kidney

iseases, nervous disorder and sickness even death [2–4]. Lead can
eplace calcium, which is an essential mineral for strong bones and
eeth, while play important role in sympathetic actions of nerve
nd blood vessel for normal functioning of nervous system. It also
cts as an enzyme inhibitor in body, e.g., replaces essential element
inc from heme enzymes. The high level of lead damages cognitive

evelopment especially in children [5]. Due to toxic effects of lead

ons, the removal of them from waters and wastewaters is impor-
ant in terms of protection of public health and environment [6].
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The conventional methods for heavy metal removal from water
and wastewater include oxidation, reduction, precipitation, reverse
osmosis, ion exchange, electrolysis and adsorption. Among all the
methods adsorption is highly effective and economical [7]. How-
ever, the main disadvantage of adsorption treatment is the high
price of the adsorbents, which increases the price of wastewater
treatment. Thus, adsorbents with low cost and high efficiency for
Pb(II) adsorption should be developed. Clay minerals have great
potential as inexpensive and efficient adsorbents due to their large
quantities, chemical and mechanical stability, high specific surface
area, and structural properties. Bentonite is mainly composed of
montmorillonite, which is a 2:1-type aluminosilicate. The inner
layer is composed of an octahedral sheet situated between two
SiO4 tetrahedral sheets. Substitutions within the lattice structure
of trivalent aluminium for quadrivalent silicon in the tetrahedral
sheet and of ions of lower valence, particularly magnesium, for
trivalent aluminium in the octahedral sheet result in a net neg-
ative charge on the clay surfaces. The charge imbalance is offset
by exchangeable cations such as H+, Na+ or Ca2+ on the layer
surfaces [8–10]. In aqueous solutions, water molecules are inter-

calated into the interlamellar space of bentonite, leading to an
expansion of the minerals [11]. The chemical nature and pore
structure of bentonites generally determine their adsorption abil-
ity [12,13]. Treatment of clay minerals with concentrated inorganic
acids usually at high temperature is known as acid activation.

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:hkoyuncu@yyu.edu.tr
dx.doi.org/10.1016/j.jhazmat.2010.03.009
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Nomenclature

A Frequency factor
c A constant for intra-particle diffusion (mg g−1)
C0 Initial concentration of the adsorbate in the solution

(mg L−1)
Ce Equilibrium concentration of the adsorbate in the

solution (mg L−1)
E Mean adsorption energy (kJ mol−1)
Ea Activation energy of sorption (kJ mol−1)
k0 Initial sorption rate (mg g−1 min−1)
k1 Rate constant for pseudo-first-order reaction

(min−1)
k2 Rate constant for pseudo-second-order reaction

(g mg−1 min−1)
ki Intra-particle diffusion rate constant

(mg g−1 min−1/2)
kf Freundlich isotherm constant
K Langmuir isotherm constant (L mg−1)
K′ Adsorption energy constant (mol2 kJ−2)
m Amount of bentonite (g)
n Freundlich isotherm constant
q0 Maximum concentration retained by the adsorbent

(mg g−1)
qe Amount solute sorbed at equilibrium (mg g−1)
qm Theoretical monolayer saturation capacity

(mol g−1)
qt Amount solute sorbed at any time (mg g−1)
R Universal gas constant (J mol−1 K−1)
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t Time (min)
T Absolute temperature (K)

cid treatments of clay minerals are an important control over
ineral weathering and genesis [14]. Such treatments can often

eplace exchangeable cations with H+ ions and release Al and other
ations out of both tetrahedral and octahedral sites, but leaving
he SiO4 groups largely intact. The ion exchange capacity of clay

inerals is attributed to structural defects, broken bonds and struc-
ural hydroxyl transfers [15]. Also, acid treatment of bentonite
as been shown to create enhanced mesoporosity with impor-
ant textural and structural changes [16,17]. The objective of this
tudy is to investigate comparative adsorption characteristics for
emoval of Pb(II) from aqueous solution by the use of native ben-
onite (NB) and acid activated bentonite (AAB). The effect of several
arameters such as contact time, Pb(II) concentration and tem-
erature were studied. The adsorption mechanism of Pb(II) ions
nto NB and AAB were evaluated in terms of kinetics, equilibrium
nd thermodynamics. The data obtained from the batch sorption
xperiments were fitted to pseudo-first-order, pseudo-second-
rder and intra-particle diffusion models. The Langmuir, Freundlich
nd Dubinin–Radushkevich (D–R) isotherm models were used to
escribe equilibrium data.

. Materials and methods

.1. Materials

The bentonite sample used in this study was obtained from

ütahya region in Turkey. The chemical constituent of the bentonite
as analysed by XRF and given in Table 1. A stock solution of Pb(II)
as prepared by dissolving required amount of Pb(NO3)2 (Merck)

n double distilled water at room temperature. Other agents used,
uch as HCl and silver acetate were all of analytical grade.
us Materials 179 (2010) 332–339 333

2.1.1. Preparation and characterization of samples
In order to increase the surface area and provide physico-

chemical changes in the structure of bentonite, acid activation test
was performed. The acid treatment was carried out using a Pyrex
glass reactor with reflux condenser. The reactor was placed onto
Chiltern Hotplate Magnetic Stirrer HS 31. 50 g raw bentonite was
slowly added to 250 mL 5N HCl solution, stirred and maintained at
boiling temperature (approximately 378 K) during 3 h. After treat-
ment, the reaction products were filtered and 15 times washed with
distilled water to remove traces of acid. After each washing Cl− ions
were detected with silver acetate solution and then the sample was
centrifuged with MSE MISTRAL 2000 at 4500 rpm for 5 min. The
final sample was centrifuged and kept at 333 K in an oven (Philip
Harris Ltd.) to remove some of the moisture for 48 h. The sample
was milled passing 235 mesh sieve (61.75 �m) to eliminate the for-
mation of lumps produced during drying and saved in a desiccator
[14–16]. Specific surface areas (BET) and pore-size distributions of
the raw and activated bentonite samples were determined using a
Quantachrome NOVA 2200 series volumetric gas adsorption instru-
ment. The determinations were based on measurements of the
corresponding nitrogen adsorption isotherms at 77 K. Before mea-
surements, moisture and gases such as nitrogen and oxygen that
were adsorbed on the solid surface or held in the open pores were
removed under reduced pressure at 423 K for 5 h. Cation exchange
capacities (CEC) of raw (NB) and activated bentonites (AAB) were
determined via methylene blue test (ANSI/ASTM C837-76).

2.2. Methods

Equilibrium and kinetic studies were performed with NB and
AAB. Adsorption studies were performed by the batch technique at
different temperatures (303 K, 318 K and 328 K). The batch mode
adsorption was selected due to its simplicity and reliability. For
that purpose, 10 mL of Pb(II) solution in the concentration range
of 5–25 mg L−1 was transferred into a polyethylene test tube. Then
0.1 g of the bentonite sample was added to the solution and the
mixture was shaken at 300 rpm using a thermostatic shaker for
each corresponding time intervals. The suspension was centrifuged
(Philip Harris Ltd.) at 5000 rpm for 10 min. The supernatant was fil-
tered and the filtrate was analysed for Pb level by flame atomic
absorption spectrophotometer (FAAS). The reproducibility during
concentration measurements was ensured by repeating the exper-
iments two times under identical conditions and calculating the
average values. Standard deviations of experiments were found to
be within ±5.0%.

The adsorption capacity of adsorbent was calculated through
the following equation:

qe = (C0 − Ce)V
m

(1)

where qe is the adsorption capacity of Pb(II) on adsorbent (mg g−1),
C0 is the initial concentration of Pb(II) (mg L−1), Ce is the equilibrium
Pb(II) concentration in solution (mg L−1), m is the mass of adsorbent
used (g) and V is the volume of Pb(II) solution (L).

3. Results and discussion

3.1. Characterization of the samples

Nitrogen adsorption isotherms of NB and AAB samples are
shown in Fig. 1. The specific surface areas of the samples were cal-

culated from nitrogen adsorption isotherms by the BET method
mainly for comparative purposes. AAB markedly affected N2
adsorption characteristics of the bentonite. However, the general
shape of the isotherm stayed at the same, after the activation rela-
tively increased the nitrogen uptake as seen in Fig. 1.
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Table 1
The chemical composition of Kütahya bentonite.

CaO

2.23
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SiO2 Al2O3 Fe2O3 TiO2

g/100 g 71.600 13.150 0.660 0.070

a Loss of ignition at 1025 ◦C.

The BET surface areas of the samples are also determined. The
cid activation causes formation of smaller pores in solid parti-
les resulting higher surface area (109.80 m2/g) relative to than NB
71.95 m2/g). For a textural characterization of any porous solid,
he concept of surface area does not give a visual picture of it. Pore
ize and pore-size distributions are necessary if the material is to
e fully characterized. The pore-size distribution in the mesopore
egion was obtained by applying the method of BJH [18] to the
esorption branch of the isotherms of nitrogen at 77 K, assuming
he pores to be cylindrical in shape. Fig. 2 compares the change of
ore-size distribution for the NB and AAB samples. As seen from
he figure, the samples have almost mesopores of which diame-
ers are between 20 and 500 Å. The NB and AAB samples exhibited

axima in differential pore volumes at about 39.46 and 34.50 Å in

ore diameter respectively. The cation exchange capacities (CEC)
f the NB and AAB were found as 65 and 97 mequiv./100 g, respec-
ively.

ig. 1. Adsorption isotherms of nitrogen at 77 K of the native and activated bentonite
amples.

ig. 2. Pore-size distributions for the native and activated bentonite samples.
MgO Na2O K2O LoIa Others

0 2.790 0.260 0.360 8.450 0.430

3.2. The adsorption efficiency

The results showed that 100 min was enough to reach the
dynamic equilibrium between fluid phase and solid phase in all
studied solution concentration and temperatures. The adsorption
efficiency of Pb(II) ions was calculated by the difference of initial
and final concentration using the equation expressed as follows:

Ads-Eff (%) =
[

C0 − Ce

C0

]
× 100 (2)

The adsorption efficiency increases with increasing temperature.
The effect of temperature is fairly common and increasing the tem-
perature increase the mobility of the solute. Also, it was explained
that the endothermic adsorption enthalpy. Similar results have
been reported by [2,17,19]. Adsorption efficiency for AAB reached
at about 78% while it was at about 50.4% for NB at 328 K (Fig. 3). It
was found that the adsorption efficiency with the AAB was greater
than NB in all studied solution concentration and temperatures.
It was expected, because the acid activation causes formation of

smaller pores in solid particles resulting higher surface area relative
to NB. Bhattacharyya and Sen Gupta [15] noted that acid activation
increased the adsorbent capacity to a good extent.

Fig. 3. The adsorption efficiency of Pb(II) onto the native (a) and activated bentonites
(b) at various temperatures (equilibrium time 100 min).
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Table 2
Comparison of the pseudo-first-order, pseudo-second-order and intra-particle diffusion models for Pb(II) on the native (NB) and activated (AAB) bentonites (303 K and
5 mg L−1).

qe,exp (mg g−1) qe,cal (mg g−1) k1 (min−1) R2 SSE (%)

Pseudo-first-order kinetic model
NB 0.201 0.119 0.055 0.898 0.079
AAB 0.330 0.228 0.028 0.969 0.104

qe,exp (mg g−1) qe,cal (mg g−1) Deviation (%) k2 (g mg−1 min−1) k0 (g mg−1 min−1) R2 SSE (%)

Pseudo-second-order kinetic model
NB 0.201 0.214 6.5 0.803 0.037 0.994 0.027
AAB 0.330 0.369 11.6 0.175 0.024 0.995 0.021

qe,exp (mg g−1) qe,cal (mg g−1) ki (mg g−1 min−1/2) C (mg g−1) R2 SSE (%)

.017

.027
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of the clay particles occurs in several steps. The overall adsorption
process may be controlled either by one or more steps (e.g., film or
external diffusion, pore diffusion, surface diffusion and adsorption
on the pore surface) or a combination of more than one step. Besides
Intra-particle diffusion model
NB 0.201 0.192 0
AAB 0.330 0.262 0

.3. Kinetic studies

Kinetic models can be helpful to understand the mechanism of
etal adsorption and evaluate performance of the adsorbents for
etal removal. A number of kinetic models have been developed

o describe the kinetics of heavy metal removal: (a) a pseudo-first-
rder kinetic model of Lagergren [20,21] based on solid capacity,
b) a pseudo-second-order kinetic model of Ho [20,22] based on
olid phase sorption, and (c) intra-particle diffusion model of Weber
nd Morris [22,23]. In this study, batch sorption kinetics of Pb(II)
ons with the bentonites have been studied in terms of pseudo-
rst-order kinetic, pseudo-second-order kinetic and intra-particle
iffusion models. First, the kinetics of adsorption was analysed by
he pseudo-first-order equation given by Lagergren [21] as,

n(qe − qt) = ln qe − k1t (3)

here qe and qt are the amounts of solute adsorbed (mg g−1) at
quilibrium and at time t (min), respectively, and k1 (min−1) is
he rate constant adsorption. Values of k1 at 303–328 K were cal-
ulated from the plots of ln(qe − qt) versus t (figures not shown)
or initial solutions with different concentration of Pb(II). The R2

alues obtained were lower than that of the pseudo-second-order
inetic model and the experimental qe values did not agree with
he calculated values obtained from the linear plots (Table 2). This
ndicates that the adsorption of Pb(II) NB and AAB does not follow
seudo-first-order kinetics. The similar results were found for the
dsorption of Pb(II) ions on various adsorbents by several authors
24,25].

Experimental data were also applied to the pseudo-second-
rder kinetic model [22] which is given in the following form:

t

qt
= 1

k2q2
e

+ t

qe
(4)

here k2 is the rate constant for pseudo-second-order reaction
g mg−1 min−1), qe and qt are the amounts of solute sorbed at equi-
ibrium and any time (mg g−1), respectively. The straight line plots
f t/qt versus t are used to obtain the constants for pseudo-second-
rder reaction. Herein, the initial sorption rate is

0 = k2q2
e (5)

ig. 4 illustrates pseudo-second-order sorption kinetics of adsorp-
ion of Pb(II) onto NB and AAB at various temperatures. The values
f correlation factor R2, obtained from the plots of pseudo-second-

rder kinetics given in Fig. 4 are greater (R2 > 0.99) than that of
he pseudo-first-order and intra-particle diffusion models for all
tudied initial Pb(II) concentration and temperatures (Table 2). It
lso showed a good agreement between the experimental and
he calculated qe values (deviations +2.28 to +12.40%, Table 2).
0.056 0.672 0.038
0.071 0.918 0.026

The small deviation might be due to the uncertainty inherent in
obtaining the experimental qe values. These results showed that
the adsorption of Pb(II) ions onto NB and AAB follows well the
pseudo-second-order kinetics. The similar results were reported
for the adsorption of Pb(II) on different adsorbents [24,26]. The
rate constants k2, were found as 0.803 and 0.175 g mg−1 min−1

for NB and AAB at 303 K and 5 mg L−1 initial solution concentra-
tion (Table 2). Kenedy Oubagaranadin and Murthy [27] reported
that the rate of adsorption of Pb(II) on montmorillonite-illite type
clay (MIC) followed second order rate mechanism, with decreas-
ing rate constant values of 0.1097, 0.0571 and 0.0022 g mg−1 min−1

as the initial Pb(II) concentration was increased in the order of
100, 150 and 200 ppm, respectively. Hefne et al. [28] reported
that the rate of adsorption of Pb(II) onto natural and treated
bentonite followed pseudo-second-order kinetics and rate con-
stant value was determined to be 0.68 g mg−1 min−1 for natural
bentonite.

The metal ions transport from the solution phase to the surface
Fig. 4. Effect of temperature on pseudo-second-order kinetics of Pb(II) onto the
native bentonite (a) and activated bentonite (b) (5 mg L−1 initial solution concen-
tration).
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ig. 5. Effect of temperature on intra-particle diffusion kinetics of Pb(II) onto the
ative bentonite (a) and activated bentonite (b) (5 mg L−1 initial solution concen-
ration).

dsorption at the outer surface of the adsorbent, there is also a
ossibility of intra-particle diffusion of the metal ion from the bulk
f the outer surface into the pores of the adsorbent material, which
s usually a slow process. The possibility of intra-particle diffusion
tudied using the intra-particle diffusion model [2,29,30]:

t = kit
1/2 + c (6)

here ki is the intra-particle diffusion rate constant
mg g−1 min−1/2) and c is the intercept. In this model, due to
he porous nature of adsorbent, pore diffusion is expended to
e surface sorption. According to this model, plotting a graphic
f qt versus t1/2, if a straight line is obtained passing through
he origin, it can be assumed that the mechanism involves the
iffusion of the species and the slope of the linear curve is the rate
onstant of intra-particle transport (ki). In the present study, any
lot did not passed through the origin and this deviation from
he origin might be due to the difference in the mass transfer
ate in the initial and final stages of adsorption. The plots present
ultilinearity, indicating that three steps take place. As can be

een in Fig. 5 (qt versus t1/2) the first, sharper portion may be
onsidered as an external surface adsorption or faster adsorption
tage. The second portion describes the gradual adsorption stage,
here intra-particle diffusion is rate-controlled. The third portion

s attributed to the final equilibrium stage, where intra-particle
iffusion starts to slow down due to the extremely low adsorbate
oncentrations in the solution. In the intermediate stage where
he adsorption is gradual, the process may be controlled by intra-
article diffusion. The rate of uptake might be limited by the size of
he adsorbate molecule, the concentration of the adsorbate and its
ffinity to the adsorbent, the diffusion coefficient of the adsorbate
n the bulk phase, the pore-size distribution of the adsorbent, and
he degree of mixing [31]. The values of R2, obtained from the
lots of intra-particle diffusion kinetics are lower than that of the
seudo-second-order model (Table 2) but this model indicates that

he adsorption of Pb(II) onto the NB and AAB may be followed by
n intra-particle diffusion model up to 15 min. This indicates that
lthough intra-particle diffusion was involved in the adsorption
rocess, it was not the only rate-controlling step. Kenedy Ouba-
aranadin and Murthy [27] reported that the adsorption process
us Materials 179 (2010) 332–339

of Pb(II) on montmorillonite-illite type clay (MIC) was controlled
by both intra-particle diffusion and film diffusion.

3.4. Validity of kinetic models

The adsorption kinetics of Pb(II) onto NB and AAB was verified
at different initial Pb(II) concentration. The validity of each model
determined by sum of squared errors (SSE, %) given by,

SSE =
[∑

(qe,exp − qe,cal)
2

N

]1/2

(7)

where N is the number of data points. The lower value of SSE indi-
cates the better a fit is. Table 2 lists the SSE values obtained for the
three kinetic models studied. It was found that the pseudo-second-
order kinetic model yielded the lowest SSE values. This agrees with
the R2 values obtained earlier and proves that the adsorption of
Pb(II) ions onto NB and AAB can be best described by the pseudo-
second-order kinetic model.

As a result, it is clear that the values of correlation coefficients
obtained for the linear plots from the pseudo-second-order equa-
tion are greater than those obtained for the pseudo-first-order and
intra-particle diffusion equation under all conditions studied. Also,
the values of SSE obtained for the pseudo-second-order equation
are lower than those obtained for the pseudo-first-order and intra-
particle diffusion equation under all conditions studied. Therefore,
it can be said that kinetics of Pb(II) onto NB and AAB complies
best with the pseudo-second-order model due to the higher cor-
relation coefficient as reported by Mathialagan and Viraraghavan
[30] and lower SSE values as reported Tan et al. [32], and a good
agreement between the experimental and the calculated qe values
(Table 2). Also, the kinetics data derived using the intra-particle
diffusion model indicates that intra-particle diffusion rate is one of
the rate determining steps. This is also confirmed by the activation
energy values shown below.

3.5. Activation energy

Generally, a rise in temperature of a chemical reaction increases
the rate of the reaction, and the temperature dependence results
in a change in the rate constant. Activation energy of the sorption
for Pb(II) onto NB and AAB can be estimated by Arrhenius equation
providing the relationship between rate constant and temperature
as shown in the following:

k = A exp
(

− Ea

RT

)
(8)

where k is the rate constant for sorption (g mg−1 min−1), A is the
Arrhenius constant which is a temperature independent factor
(g mg−1 min−1), Ea activation energy (kJ mol−1), R universal gas
constant (8.314 J mol−1 K−1) and T is the solution temperature in
Kelvin (K).

In this study, activation energy of sorption process was
calculated using the values of the rate constant from a pseudo-
second-order kinetic equation at three different temperatures. The
values of Ea and A from the Arrhenius plots (figures not shown)
for NB and AAB are 16.51 kJ mol−1 and 15.62, and 13.66 kJ mol−1

and 2.26, respectively. Hence, the Arrhenius equation for the

Pb(II)/native bentonite sorption system can be written as follows:

k = 15.62 exp

(
−16.51 × 103

RT

)
(9)
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ig. 6. The adsorption isotherms of Pb(II) on the native and activated bentonites at
arious temperatures (equilibrium time 100 min).

q. (8) can be written for the Pb(II)/activated bentonite sorption
ystem:

= 2.26 exp

(
−13.66 × 103

RT

)
(10)

he values of Ea are low for Pb(II)/native bentonite and
b(II)/activated bentonite sorption systems. Moreover, the Ea

btained is very low for Pb(II)/activated bentonite sorption system,
nd thus the sorption process may involve not only an activated
rocess but also a physical sorption.

.6. Equilibrium studies

The analysis of the isotherms data by fitting them into different
sotherm models is an important step to find the suitable model
hat can be used for design process. It was found that the adsorp-
ion equilibrium time of Pb(II) onto NB and AAB was 100 min. Fig. 6
hows the plots of qe versus of Ce for the adsorption isotherms of
b(II) on the NB and AAB at various temperatures. These curves
re convex upward throughout are designated as favorable type
33]. The experimental data were applied to the Langmuir, Fre-
ndlich and D–R, isotherm equations. The constant parameters of
he isotherm equations for this adsorption processes were calcu-
ated by regression using linear form of isotherm equations. The
onstant parameters and correlation coefficients (R2) are summa-

ized in Table 3.

The Langmuir adsorption isotherm [34] has been successfully
pplied to many real sorption processes. It predicts the maximum
onolayer adsorption capacity of the adsorbent and also deter-
ines if the adsorption is favorable or not. The linearized Langmuir

able 3
onstant parameters and correlation coefficients calculated for various adsorption mo
entonites.

Isotherm equation NB

303 K 313 K 32

Langmuir
q0 (mg g−1) 19.1939 8.1103 6.4
K (L mg−1) 0.0038 0.0109 0.0
R2 0.9977 0.9967 0.9
RL 0.9811 0.9482 0.9

Freundlich
kf 0.8178 0.8498 0.8
n 2.6525 2.5714 2.4
R2 0.9891 0.9960 1.0

D–R
qm (mol g−1) 0.0094 0.0084 0.0
K′ (mol2 kJ−2) 0.0071 0.0063 0.0
E (kJ mol−1) 8.3918 8.9087 9.5
R2 0.9977 0.9962 0.9
us Materials 179 (2010) 332–339 337

isotherm is represented by following equation:

Ce

qe
= 1

q0K
+ Ce

q0
(11)

where Ce is the solute concentration at equilibrium (mg L−1), qe

the adsorption capacity in equilibrium (mg g−1), K the Langmuir
adsorption constant (L mg−1), and q0 is the maximum concentra-
tion retained by the adsorbent (mg g−1). The Langmuir (Ce/qe versus
Ce) plots of Pb(II) were found to be linear the whole concentra-
tion range studied and the correlation coefficients were extremely
high. The maximum adsorption capacities were determined as
6.49 mg g−1 for Pb(II)/NB and 2.32 mg g−1 for Pb(II)/AAB systems (at
328 K). Mishra and Patel [35] reported that the Langmuir adsorp-
tion capacities for Pb(II) onto bentonite, kaolin and active carbon
were found as 7.56, 4.50 and 6.68 mg g−1, respectively. Han et al.
[36] reported that the Langmuir adsorption capacity for Pb(II) on
manganese oxide coated sand was found to be 1.34 mg g−1. Eren
[19] reported that the adsorption capacities for Pb(II) on raw, iron-
and magnesium-coated bentonite were obtained as 16.70, 22.20
and 31.86 mg g−1, respectively. In another study, Kenedy Ouba-
garanadin and Murthy [27] reported that the maximum monolayer
adsorption capacity of Pb(II) on montmorillonite-illite type clay
(MIC) was determined to be 52 mg g−1. To determine if adsorp-
tion process is favorable or unfavorable, for the Langmuir type
adsorption process, isotherm can be classified by a term RL, a
dimensionless constant separation factor, which is defined as
below [37]:

RL = 1
1 + KC0

(12)

The RL values are found in the range of 0.92–0.98 and 0.51–0.59 for
Pb(II) onto NB and AAB at 303–328 K, showing favorable adsorption
and a relatively high metal uptake by the adsorbent is achievable
at low concentrations in the solution [27,38].

The Freundlich adsorption isotherm model is based on multi-
layer adsorption. In this model, the mechanism and the rate of
adsorption are functions of the constants n and kf. The Freundlich
adsorption isotherm can be expressed [39] as,

ln qe = ln kf +
(

1
n

)
ln Ce (13)

where kf and n are isotherm constant which indicate the capac-

ity and intensity of the adsorption, respectively. The linear plot
of ln qe versus ln Ce at each temperature indicates that adsorption
of Pb(II) also follows Freundlich isotherm. The Freundlich adsorp-
tion isotherm constants and correlation coefficients were given in
Table 3. The values of kf and n determined from the Freundlich

dels at different temperatures for Pb(II) on the native (NB) and activated (AAB)

AAB

8 K 303 K 313 K 328 K

977 1.7349 2.1749 2.3175
165 0.1386 0.1429 0.1847
930 0.9989 0.9981 0.9992
236 0.5906 0.5833 0.5198

875 1.1372 1.2292 1.3696
492 2.6954 2.2696 1.9984
000 0.9958 0.9992 0.9941

080 0.0014 0.0017 0.0024
055 0.0035 0.0033 0.0032
346 11.9523 12.3091 12.5000
917 0.9712 0.9879 0.9997
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Table 4
Thermodynamic parameters for the sorption processes Pb(II) on the native (NB) and activated (AAB) bentonites.

Adsorbent T (K) K �G (kJ mol−1) �H (kJ mol−1) �S (kJ mol−1 K−1) R2

NB
303 0.0038 −14.0058

47.3865 0.1109 0.9904313 0.0109 −11.7519
328 0.0165 −11.1861
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AAB
303 0.1386 −4.9782
313 0.1429 −5.0630
328 0.1847 −4.6059

odel changed with the rise in temperature, kf values increase with
emperature. However, n values decrease with increasing temper-
ture for Pb(II) onto NB and AAB. The value of n for Freundlich
sotherm was found to be greater than 1, indicating that Pb(II) ions
re favorably adsorbed by NB and AAB at all the temperature stud-
ed [40,41]. Also, a higher value of n indicates better adsorption
nd formation of relatively strong bond between the adsorbate and
dsorbent [27].

The Dubinin–Radushkevich (D–R) adsorption isotherm model is
emperature independent and a more general model than the Fre-
ndlich and Langmuir models. It predicts the energy of adsorption
er unit of adsorbate and a maximum adsorption capacity for the
dsorbent. The linear form of the D–R isotherm [24] is,

n qe = ln qm − K ′ε2 (14)

here ε (Polanyi potential) is equal to RT ln(1 + 1/Ce), qe is the
mount of the solute adsorbed per unit NB or AAB (mol g−1), qm the
heoretical monolayer saturation capacity (mol g−1), Ce the equi-
ibrium concentration of the solute (mol L−1), K′ the constant of
he adsorption energy (mol2 kJ−2). K′ is related to mean adsorption
nergy (E, kJ mol−1) as,

= 1

(2K ′)1/2
(15)

he constant obtained from the plot of ln qe versus ε2 at 303, 313
nd 328 K adsorption temperature are shown in Table 3. The differ-
nce of q0 derived from the Langmuir and qm from D–R models is
arge. The difference may be attributed to the different definition of

aximum adsorption capacity in two models. In Langmuir model,
0 represents the maximum adsorption of metal ions at mono-
ayer coverage, whereas qm represents the maximum adsorption of

etal ions at the total specific micropore volume of the adsorbent
n D–R model. The mean adsorption energy (E) gives information
bout chemical and physical adsorption [42]. It was found to be in
he range of 8.39–12.50 kJ mol−1, which is lower than the range of
dsorption reaction 8–16 kJ mol−1. The type of adsorption of Pb(II)
nto NB and AAB was defined as physical adsorption.

.7. Thermodynamic studies

The type of sorption may be determined through such thermo-
ynamic quantities as Gibbs free energy (�G), the enthalpy change
�H) and entropy change (�S) for the sorption of Pb(II) onto NB
nd AAB are given in Table 4. �G is calculated using the following
quation:

G = −RT ln K (16)

here K is the adsorption equilibrium constant (from Langmuir
odel). The relation between K and the thermodynamic parame-
ers of �H and �S can be described by Van’t Hoff correlation in Eq.
17):

n K =
(

�S

R

)
−

(
�H

RT

)
(17)
10.2961 0.0169 0.9902

�H and �S were calculated from the slope and intercept of Van’t
Hoff plots, respectively. The negative values for the Gibbs free
energy change, �G showed that the adsorption process for the ben-
tonite samples was feasible and spontaneous thermodynamically.
However, the decrease in �G values with increase in temperature
showed that the adsorption was not favorable at higher temper-
atures [43]. The positive values of �H indicate the endothermic
behavior of the adsorption reaction of Pb(II) ions and suggest that
a large amount of heat is consumed to transfer the Pb(II) ions from
aqueous into the solid phase. As was suggested by Nunes and Airoldi
[44], the transition metal ions must give up a larger share of their
hydration water before they could enter the smaller cavities. Such
a release of water from the divalent cations would result in posi-
tive values of �S. This mechanism of the adsorption of Pb(II) ions is
also supported by the positive values of �S, which show that Pb(II)
ions are less hydrated in the bentonite layers than in the aque-
ous solution. Also, the positive value of �S indicates the increased
disorder in the system with changes in the hydration of the adsorb-
ing Pb(II) cations. Hefne et al. [28] noted that positive �S value
occurs as a result of redistribution of energy between the adsor-
bate and the adsorbent. Before adsorption occurs, the heavy metal
ions near the surface of the adsorbent will be more ordered than
in the subsequent adsorbed state and the ratio of free heavy metal
ions to ions interacting with the adsorbent will be higher than in the
adsorbed state. As a result, the distribution of rotational and trans-
lational energy among a small number of molecules will increase
with increasing adsorption by producing a positive value of �S and
randomness will increase at the solid–solution interface during the
process of adsorption. The values of thermodynamic parameters for
the adsorption of Pb(II) ions onto the clays are consistent with that
given in the literature [39,45,46].

4. Conclusions

The adsorption efficiency increases with increasing tempera-
ture. Also, the adsorption efficiency with the AAB was greater than
NB in all studied solution concentration and temperatures. The
equilibrium time was 100 min. The kinetics of sorption processes
were best described by a pseudo-second-order kinetic model and
also fitted well the intra-particle diffusion model up to 15 min,
but diffusion was not the only rate-controlling step. The activation
energy of sorption was calculated using the pseudo-second-order
rate constant, and it was found to be 16.51 and 13.66 kJ mol−1

for the NB and AAB, respectively. From the values of the activa-
tion energy, it was seen that the intra-particle diffusion kinetics
was one of the rate determining steps as well as pseudo-second-
order kinetics for the sorption processes. Langmuir, Freundlich
and Dubinin–Redushkevich (D–R) isotherm models were used
to represent the experimental data, and the models fitted well.
The adsorption of Pb(II) ions onto NB and AAB was found to be

endothermic according to Langmuir isotherm. RL separation fac-
tor for Langmuir and the n value for Freundlich isotherm show
that Pb(II) ions are favorably adsorbed by NB and AAB. The type
of adsorption of Pb(II) ions onto NB and AAB was defined as phys-
ical adsorption. The negative value of �G and positive value of �S
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