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a b s t r a c t

This paper presents the adsorption of Pb(II) from aqueous solution onto Unye (Turkey) bentonite in raw
(RB), iron oxide-coated (ICB) and magnesium oxide-coated (MCB) forms. Adsorption of Pb(II) by samples
was investigated as a function of the initial Pb(II) concentration, solution pH, ionic strength, temperature
and inorganic ligand effect (Cl−). Changes in the surface and structure were characterized by means of
vailable online 26 September 2008

eywords:
entonite
dsorption
hermodynamic

XRD and N2 gas adsorption data. The Langmuir monolayer adsorption capacities of RB, ICB and MCB in
0.1 M KNO3 solution were estimated as 16.70, 22.20 and 31.86 mg/g, respectively. The spontaneity of the
adsorption process is established by decrease in �G which varied from −21.60 to −28.60 kJ/mol (RB),
−21.74 to −32.22 kJ/mol (ICB) and −26.27 to −33.11 (MCB) in temperature range 303–338 K.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

The contamination of water by heavy metals through the dis-
harge of industrial wastewater is a worldwide environmental
roblem. Heavy metals may come from various industrial sources
uch as electroplating, metal finishing, metallurgy, chemical man-
facturing, mining and battery manufacturing. Removal of heavy
etal ions from wastewater in an effective manner has become

n important issue today. The heavy metal removal methods are
hemical precipitation, membrane filtration, ion exchange and
dsorption [1]. Adsorption process provides an attractive alter-
ative treatment to other removal techniques because it is more
conomical and readily available. A lot of non-conventional, low-
ost and easily obtainable adsorbents have been tested for heavy
etal removal such as clay minerals [2–5], biomaterials [6–9] and

ndustrial solid wastes [10–13]. Those studies indicated that the
dsorption capacity of most low-cost materials is much less effec-
ive than that of commercial adsorbents.

Bentonite is natural clay that is found in many places of the
orld. Any clay of volcanic origin that contains montmorillonite
s referred to bentonite. It belongs to the 2:1 clay family, the basic
tructural unit of which is composed of two tetrahedrally coordi-
ated sheets of silicon ions surrounding a sandwiched octahedrally
oordinated sheet of aluminum ions. The isomorphous substitution

∗ Tel.: +90 386 211 45 00; fax: +90 386 211 45 25.
E-mail address: eeren@ahievran.edu.tr.
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f Al3+ for Si4+ in the tetrahedral layer and Mg2+ or Fe3+ for Al3+ in
he octahedral layer results in a net negative surface charge on the
lay [14]. Also, montmorillonite have amphoteric pH-dependent
urfaces, high exchange capacity and different modes of aggrega-
ion [14,15]. Amphoteric surfaces of the montmorillonite provide
uitable adsorption sites for cations. This character of montmoril-
onite makes it a potential adsorbent for adsorption heavy metal
rom aqueous solutions.

The heavy metal adsorption onto iron, manganese oxide-coated
dsorbents have received wider attention than that of magnesium
xide-coated adsorbents [15–21]. In the present work, a cheap,
eadily available and effective adsorbent material has identified
entonite as a potentially attractive adsorbent for the treatment
f Pb(II) contaminated aqueous solutions after coating with iron
nd magnesium oxides. Since there is a huge deposit of bentonite,
here is a great potential for its utilization in wastewater treatment.
he main objective of this study was to investigate the feasibil-
ty of using iron and magnesium oxides coated bentonite for the

aximum removal of Pb(II) ions from aqueous solutions.

. Materials and methods

.1. Materials
All reagents used were of analytical purity. Synthetic solutions
ere prepared from concentrated stock solutions (Merck). A stock

olution of Pb(II) was prepared by dissolving required amount of
b(NO3)2 (Merck) in double distilled water. HNO3 and NaOH were

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:eeren@ahievran.edu.tr
dx.doi.org/10.1016/j.jhazmat.2008.09.066
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Nomenclature

Ce equilibrium concentration of the adsorbate in the
solution (mg/l);

ICB iron oxide-coated bentonite
IS ionic strength
KL constant that represents the energy or net enthalpy

of adsorption (l/mg);
KF Freundlich constant indicative of the adsorption

capacity of the adsorbent (mg/g);
m mass of adsorbent (g/l);
MCB magnesium oxide-coated bentonite
n experimental constant indicative of the adsorption

intensity of the adsorbent.
qe amount of adsorbate removed from aqueous solu-

tion at equilibrium (mg/g);
q mass of adsorbed solute completely required to sat-

o
a
o
d

2

i
T
f

q
t
F
a
f
w
b
0
m
p

2

f
N
s
2
fl
w
[

2

t
g
t
T
a
o
w
m
T

t
o
s
m

w
p
N
p
c
s
p
a
B
(

2

b
0
a
0
i
t
T
4
m
m
a
e
t
t
t
m
c
w
r
e

2

t
t
d
p
w
b
S
t
6
c
a
f
t
4
l
p
w

m

urate a unit mass of adsorbent (mg/g);
RB raw bentonite

btained from Merck and used for pH value adjustment. Other
gents used, such as NaCl, Fe(NO3)3, Mg(NO3)2 and KNO3 were all
f analytical grade and all solutions were prepared with double
istilled water.

.1.1. Preparation of RB
The RB sample (from Unye, Turkey) was ground and washed

n deionized water several times at a 1:10 bentonite/water ratio.
he mixture was stirred for 3 h and then kept standing overnight,
ollowed by separation, washing and drying at 60 ◦C.

RB had a mineral composition of 76% montmorillonite, 8%
uartz, 12% dolomite and 4% other minerals. Whiteness was found
o be 85%. RB was composed of 62.70% SiO2, 20.10% Al2O3, 2.16%
e2O3, 2.29%CaO, 3.64% MgO, 0.27% Na2O, 2.53% K2O, 0.21% TiO2
nd 0.02% P2O5. The ignition loss of the RB at 1273 K was also
ound to be 6.1%. The cation exchange capacity (CEC), determined
ith triethanolamine-buffered BaCl2 solution (c = 0.1 M) followed

y a reexchange with aqueous MgCl2 solution (c = 0.1 M), is of
.65 mmol/g [22]. The total pore volume value is 0.07 cm3/g, the
icropores contribute to 11.42% of total pore volume. The average

ore diameter is 8.11 nm.

.1.2. Preparation of ICB
The system was prepared by mixing 20.0 g of RB, 100 ml of

reshly prepared 1 M Fe(NO3)3·9H2O solution, and 180 ml of 2 M
aOH solution in a 2 l polyethylene flask. The addition of NaOH

olution was rapid and with stirring. The suspension was diluted to
l with twice distilled water and was held in a pyrex glass beaker
ask at 80 ◦C for 48 h. After the appropriate period the precipitate
as centrifuged, washed (until free of NO3

− ions) and finally dried
23,24].

.1.3. Preparation of MCB
Magnesium nitrate and sodium hydroxide were mainly used in

he coating of RB to enhance the adsorption capacity of RB. Twenty
rams of RB were immersed in sufficient 2 M sodium hydroxide and
emperature of the reaction mixture was maintained at 90 ◦C for 4 h.
he base activated RB was dispersed into 150 ml of 0.1 M Mg(NO3)2

queous solution. Three hundred microliters of 0.1 M NaOH aque-
us solution was added slowly with a drop rate 1 ml/h. The titration
as carried out under nitrogen flow throughout the procedure to
inimize unexpected reactions, e.g. formation of carbonate salts.

he obtained powder was rinsed with 0.01 M HCl aqueous solution

0
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aterials 165 (2009) 63–70

o remove the excess Mg(OH)2 precipitated on the outer surface
f the clay and further washed with deionized water. Then, this
ample was heated for 4 h in air at 700 K. The thermal treatment of
ixed solids in air at 700 K leads to the formation of MgO [25,26].
The mineralogical compositions of the RB and MCB samples

ere determined from the X-ray diffraction (XRD) patterns of the
roducts taken on a Rigaku 2000 automated diffractometer using
i filtered Cu K� radiation. XRD analysis of the bentonite was
erformed using the three-principal lines. The surface areas were
alculated by the Brunauer–Emmett–Teller (BET) method. The BET
urface area (SBET), external surface area (including only meso-
ores Sext.), micropores surface area (Smic.), total pore volume (Vt)
nd average pore diameter (Dp) results obtained by applying the
ET equation to N2 adsorption at 77 K and Barret–Joymer–Halenda
BJH) equation to N2 adsorption at 77 K.

.2. Adsorption dependence on Pb(II) concentration

The adsorption of Pb(II) by bentonite samples was performed
y a batch equilibrium technique at room temperature. Briefly,
.050 g of bentonite sample and 20 ml of Pb(NO3)2 solution were
dded in 50 ml polyethylene test tubes. Ionic strength controlled at
.1 M KNO3 and the pH of the system was maintained at 6.0. The

nitial Pb(II) concentrations varied from 0.01 to 1.0 mM. A 24-h con-
acting period was found to be sufficient to achieve equilibrium.
he samples were allowed to equilibrate for 24 h, centrifuged at
500 × g for 20 min and then decanted. All the measurements were
ade in duplicate and the average values were reported. An experi-
ent without adsorbent was performed to test possible adsorption

nd/or precipitation of Pb(II) onto the test tube walls. Preliminary
xperiments showed that Pb(II) losses due to the adsorption onto
he test tubes were negligible. Adsorbed Pb(II) was calculated from
he difference between the Pb(II) initially added to the system and
hat remaining in the solution after equilibration by a Unicam 929

odel flame atomic absorption spectrophotometer, Pb(II): lamp
urrent 10 mA, wavelength 217.1 nm, slit width 0.5 nm, optimum
orking range 2–10.0 �g/ml; flame type air/acetylene, fuel flow

ate 1.2 l/s. The dilutions induced by the pH controls were consid-
red while computing the amount of Pb(II) adsorbed.

.3. Effect of ionic strength, pH, inorganic ligand and temperature

Adsorption experiments were carried out in polyethylene test
ubes at 23 ± 2 ◦C by using the batch technique. The reaction mix-
ure consisted of a total 50 ml containing 2 g/l adsorbent and the
esired concentration of Pb(II) ions. A solution of 1.0 mM Pb(II) was
repared from Pb(NO3)2 by dissolving in deionized water. The stock
as diluted to prepare a working solution of 0.05 mM Pb(II). The
ackground electrolyte solutions were 0.01, 0.05, and 0.1 M KNO3.
olution pH was adjusted with 0.1 M HNO3 or 0.1 M NaOH, such
hat the equilibrium solutions had pH values ranging from 3.0 to
.5. Preliminary kinetic studies indicated that Pb(II) adsorption was
haracterized by a rapid initial adsorption (within 1 h) followed by
much slower, continuous uptake. A 24 h contacting period was

ound to be sufficient to achieve equilibrium. The separation of
he liquid from the solid phase was achieved by centrifugation at
500 rpm for 20 min. Pb(II) adsorption in the presence of inorganic

igands was performed by equilibrating 0.05 g of bentonite sam-
le in 20 ml of 0.25 M KNO3 background electrolyte, 10 ml of Pb(II)
orking solution, and 20 ml of NaCl working solution (achieving

.01 M ligand) in 50 ml polyethylene test tubes. These experiments
ere performed in duplicate. For thermodynamic studies, the tem-
erature was varied from 303 to 338 K at a constant pH of 6.0. Two
ram per liter of MCB with 10.3 mg/l Pb (II) solutions was employed
or these experiments.
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Metal oxide-coating process of the RB has affected mainly the 0 0 1
reflection; the intensities of the 0 0 1 and 0 0 6 reflections has been
reduced, while the intensities of the 0 2 0 and 0 6 0 reflections has
been increased significantly by the coating process (Table 1).
E. Eren / Journal of Hazard

.4. Theoretical background

The adsorption capacity of Pb(II) ions adsorbed per gram adsor-
ent (mg/g) was calculated using the equation:

e = (C0 − Ce)V
m

(1)

The adsorption percentage of Pb(II) ions was calculated by the
ifference of initial and final concentration using the equation
xpressed as follows:

= C0 − Ce

C0
× 100 (2)

here qe is the equilibrium concentration of Pb(II) on the adsorbent
mg/g), C0 the initial concentration of the Pb(II) solution (mg/l), Ce

he equilibrium concentration of the Pb(II) solution (mg/l), m the
ass of adsorbent (g), V the volume of Pb(II) solution (l), and R is

he retention of Pb(II) in % of the added amount.
The analysis of the isotherm data by fitting them to different

sotherm models is an important step to find the suitable model that
an be used for design purpose. There are several isotherm equa-
ions available for analyzing experimental adsorption equilibrium
ata. In this study, the equilibrium experimental data for adsorbed
b(II) on bentonite sample were analyzed using the Langmuir, Fre-
ndlich and Dubinin–Radushkevich (D–R) isotherm models. These

sotherms are as follows:

a) Langmuir isotherm model [27]:

Ce

qe
= Ce

qm
+ 1

KLqm
(3)

where Ce is equilibrium concentration of Pb(II) (mg/l) and qe

is the amount of the Pb(II) adsorbed (mg) by per unit of ben-
tonite (g). qm and KL are the Langmuir constants related to the
adsorption capacity (mg/g) and the equilibrium constant (l/mg),
respectively.

b) Freundlich isotherm model [28]:

log qe = log KF +
(

1
n

)
log Ce (4)

where KF and n are Freundlich constants related to adsorption
capacity and adsorption intensity, respectively.

c) D–R isotherm model [1,29–32]:

ln qe = ln qm − ˇε2 (5)

where ˇ is the activity coefficient related to mean adsorp-
tion energy (mol2/J2) and ε is the Polanyi potential (ε = RT
ln(1 + (1/Ce)). The D–R isotherm is applied to the data obtained
from the empirical studies. The mean adsorption energy, E
(kJ/mol) is as follows:

E = 1√
−2ˇ

(6)

This adsorption potential is independent of the temperature,
but it varies depending on the nature of adsorbent and adsor-
bate.

Using the following equations, the thermodynamic parameters
f the adsorption process can be determined from the experimental
ata:

�S �H

n Kd =

R
−

RT
(7)

G = �H − T�S (8)

d = qe

Ce
(9) F

l

terials 165 (2009) 63–70 65

here Kd is the distribution coefficient for the adsorption, �S,
H and �G are the changes of entropy, enthalpy and the Gibbs

nergy, qe is the equilibrium concentration of Pb(II) on the adsor-
ent (mg/g), T (K) is the temperature, R (J mol−1 K−1) is the gas
onstant.

. Results and discussion

.1. Material characterization

The XRD patterns of RB, ICB and MCB samples were presented in
ig. 1. For the XRD pattern of RB, one reflection was observed in the
egion 2◦ < 2� < 8◦ (Fig. 1a). This corresponds to the 5.76 (2�) value
rom which the interlamellar distance was found to be 15.33 Å. The
osition of d0 0 1 peak of MCB sample shifted from 15.33 to 14.31 Å
Fig. 1b) which was accompanied by a intensity decrease from 100
o 9.4% (Table 1). The XRD results also show that Mg oxide-coating
rocess has caused structural changes in the bentonite sample.
ig. 1. The XRD patterns of the RB (a), ICB (b) and MCB (c) samples (M: montmoril-
onite, D: Dolomite, Q: quartz).
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Table 1
d-Spacing and intensity values of reflections for bentonite samples.

Reflection RB ICB MCB

d (Å) I/I0 d (Å) I/I0 d (Å) I/I0

d0 0 1 15.33 100 12.87 100 14.31 9.4
d0 0 3 5.05 8 – – – –
d0 2 0 4.42 34 4.49 92 4.45 100
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1 0 1 – – 4.09 7 4.05 5.9
0 0 6 2.55 21 2.57 32 2.55 13
0 6 0 1.49 13 1.49 35 1.49 41

Metal oxide-coating process of the RB yielded d1 0 1 reflection
t 4.05 Å (2� = 21.68), which is absent in the RB. Appearance of
ew reflection indicates the formation of expansible phases and

nterlamellar expansion [33]. The d0 0 3 reflection of RB at 5.05 Å
2� = 17.52) disappeared after oxide-coating processes. The forma-
ion of a new structure was illustrated by the peak appearing at
ower <6.17◦ in the XRD pattern of the MCB. The new peaks situated
t lower 2� value (<6.17◦) were likely to appear because of agglom-
ration of the MCB sheets [34]. MCB sample displays an increase of
he background in the interval between 20◦ and 30◦.

The data in Table 2 indicate the surface areas, pore volumes and
verage pore diameter for RB and oxide-coated samples. The pore
tructure evolution of RB after iron oxide-coating process is differ-
nt from that of the magnesium oxide-coating process. The results
ndicated that the micropores and parts of mesopores on bentonite

ere occupied with magnesium oxide. Obviously, the iron oxide-
oating process leads to a simultaneous micropore widening and
n increase in the micropore volume. This increase in the microp-
re size and the micropore volume might be due to the insertion
f iron oxide between the clay sheets during the coating process,
hich could create a larger interlayer space and, consequently, head

o larger micropore diameters and micropore spaces.

.2. Adsorption isotherms and parameters

The equilibrium data for Pb(II) adsorption on bentonite sam-
les were fitted to Langmuir equation (Eq. (3)): an equilibrium
odel able to identify chemical mechanism involved. Linear plots

f Ce/qe versus Ce (Fig. 2) were employed to determine the value of
m (mg/g) and KL (l/mg). The data obtained with the correlation

2
oefficients (R ) was listed in Table 3. The Langmuir monolayer
dsorption capacities of RB, ICB and MCB in 0.1 M KNO3 solu-
ion were estimated as 16.70, 22.20 and 31.86 mg/g, respectively
Table 3). As given in Table 3, the equilibrium constant values for
B, ICB and MCB were found to be 1.30, 0.87 and 3.79, respectively.

o
m
a
o
b

able 2
orous structure parameters of the raw and metal oxide-coated bentonite samples.

ample SBET (m2/g) Sext.
a (m2/g) Smic. (m2/g)

B 57 19 38
CB 63 36 27

CB 30 10 20

a Sext = Smeso.
b 4 V/A by BET.

able 3
angmuir, Freundlich and D–R isotherm parameters for the adsorption of Pb(II) onto bent

ample Langmuir isotherm constants Freundlich isother

qm (mg/g) KL (l/mg) R2 n KF (

B 16.70 1.30 0.986 14.30 12.8
CB 22.20 0.87 0.996 1.14 12.7

CB 31.86 3.79 0.996 1.16 59.2
ig. 2. Langmuir isotherm plot for the adsorption of Pb(II) onto bentonite samples.
= 295 K, initial pH 6.0, m = 2 g/l, squares, RB; triangles, ICB; circles, MCB.

The monolayer adsorption capacities of the adsorbents for the
emoval of Pb(II) have been compared with those of other adsor-
ents reported in literature and the values of monolayer adsorption
apacities have been presented in Table 4. The experimental data of
he present investigation are comparable with the reported values
21,24,35–47]. Zhu et al. [35] reported that Langmuir adsorption
apacity for Pb(II) on bentonite has been shown to be 78.82 mg/g.
he uptake of Pb(II) on MX-80 bentonite has Langmuir mono-
ayer capacity qm = 68.58 mg/g [36]. Bhattacharyya and Gupta [37]
ave reported a Langmuir monolayer capacity, qm, of 33 mg/g at

or Pb(II) adsorption onto montmorillonite. Adsorption of Pb(II) on
linoptilolite follows the Langmuir isotherm model with an adsorp-
ion capacity of 80.933 mg/g [38]. The uptake of Pb(II) on natural
orbent has Langmuir monolayer capacity qm = 66.24 mg/g [39].
zer [40] reported that the Langmuir adsorption capacity for Pb(II)
n sulphuric acid-treated wheat bran was found as 55.56 mg/g.
ari et al. [41] reported that the Langmuir adsorption capacity for
b(II) on Turkish kaolinite was found as 31.75 mg/g. Comparison of
aximum experimental adsorption capacities of Pb(II) for metal

xide-coated adsorbents were also given in Table 4 [21,24,44–47].
aximum adsorption capacity of Pb(II) for the metal oxide-coated

amples was approximately two to three times higher than that

f the raw material. Lai and Chen [24] reported that the Lang-
uir adsorption capacity for Pb(II) on iron-coated sand was found

s 1.211 mg/g. Langmuir adsorption capacity for Pb (II) adsorption
n Al2O3-supported iron oxide has been shown to be 28.98 mg/g
y Huang et al. [45]. The Pb(II) adsorption capacities of diatomite

Vt (cm3/g) Vmic. (cm3/g) Vmeso (cm3/g) Dp
b (nm)

0.084 0.010 0.074 5.72
0.084 0.013 0.067 5.30
0.065 0.005 0.060 7.82

onite samples.

m constants D–R isotherm constants

(mg/g) (l/mg)1/n) R2 qm (mg/g) E (kJ/mol) R2

6 0.942 8.46 2.98 0.971
7 0.978 5.43 0.73 0.977
4 0.965 7.57 5.32 0.991
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Table 4
Adsorption results of Pb(II) ions from the literature by various adsorbents.

Adsorbent Adsorption
capacity (mg/g)

Ref. no.

Bentonite (298 K) 78.82 [35]
Montmorillonite 31.1 [36]
Montmorillonite (303 K, pH 5.7) 33 [37]
Clinoptilolite (295 K, pH 4.5) 80.933 [38]
Natural sorbent (298 K, pH 4.5, 24 h) 66.24 [30]
Acid-treated wheat bran (298 K, pH 6, 2 h) 55.56 [40]
Turkish kaolinite (295 K, pH 5) 31.75 [41]
Sand ≈0 [42]
Al2O3 17.5 [43]
Iron-coated sand (IS = 0.1 M NaNO3, pH 6) 1.211 [24]
Manganese oxide coated sand (303 K) 1.34 [44]
Al2O3-supported iron oxide (300 K, pH 5) 28.98 [45]
Diatomite (pH 5, 24 h) 24.0 [46]
Mn-diatomite (pH 5, 24 h) 99.0 [46]
Mn oxide-coated carbon nanotube (pH 5) 78.74 [47]
Carbon nanotube (pH 5) ≈26.24 [47]
RB (IS = 0) 64.29 [21]
RB (IS = 0.1 M KNO3) 16.70 [21]
Mn oxide-coated RB (IS = 0) [21]
Mn oxide-coated (IS = 0.1 M KNO3) [21]
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CB (IS = 0.1 M KNO3) 22.20 In this study
CB (IS = 0.1 M KNO3) 31.86 In this study

S: Ionic strength (controlled by KNO3).

nd Mn-diatomite were determined as 24 and 99 mg/g, respec-
ively [46]. In another study, Wang et al. [47] studied with Mn
xide-coated carbon nanotube, for Pb(II) removal from aqueous
olution. They reported that the carbon nanotube adsorbed Pb(II)
ith the adsorption capability of ≈26.24 mg/g. The capacity of the
n oxide-coated carbon nanotube increased to 78.74 mg/g. From

hese observations, it is appeared that the surface properties of
aw bentonite could be improved upon coating of metal oxide as
reviously reported by other researchers [21,24,44–47].

The equilibrium data also fitted to Freundlich equation (Eq. (4)),
fairly satisfactory empirical isotherm can be used for non-ideal

dsorption. The Freundlich isotherm constants KF and n are con-
tants incorporating all factors affecting the adsorption process
uch as of adsorption capacity and intensity of adsorption. The con-
tants KF and n were calculated from Eq. (4) and Freundlich plots

Fig. 3). The values for Freundlich constants and correlation coeffi-
ients (R2) for the different adsorbents used during the study are
lso presented in Table 3. Freundlich parameters (KF and n) indicate
hether the nature of adsorption is either favorable or unfavor-

ig. 3. Freundlich isotherm plot for adsorption of Pb(II) onto bentonite samples.
= 295 K, initial pH 6.0, m = 2 g/l, squares, RB; triangles, ICB; circles, MCB.
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ig. 4. D–R isotherm plot for adsorption of Pb(II) onto bentonite samples. T = 295 K,
nitial pH 6.0, m = 2 g/l, squares, RB; triangles, ICB; circles, MCB.

ble. The intercept is an indicator of adsorption capacity and the
lope is an indicator of adsorption intensity. A relatively slight slope
� 1 indicates that adsorption intensity is favorable over the entire

ange of concentrations studied, while a steep slope (n > 1) means
hat adsorption intensity is favorable at high concentrations but

uch less at lower concentrations. In the adsorption systems, n
alue is >1 which indicates that adsorption intensity is favorable
ver the entire range of concentrations studied. The KF value of the
reundlich equation (Table 3) also indicates that MCB has a very
igh adsorption capacity for lead ions in aqueous solutions.

A plot of ln qe against ε2 is given in Fig. 4. D–R isotherm con-
tants, qm, for RB, ICB and MCB in 0.1 M KNO3 solution were found
o be 8.46, 5.43 and 7.57 mg/g, respectively (Table 3). The differ-
nce of qm derived from the Langmuir and D–R models is large.
he difference may be attributed to the different definition of qm

n the two models. In Langmuir model, qm represents the maxi-
um adsorption of metal ions at monolayer coverage, whereas it

epresents the maximum adsorption of metal ions at the total spe-
ific micropore volume of the adsorbent in D–R model. Thereby,
he value of qm derived from Langmuir model is higher than that
erived from D–R model. The differences are also reported in pre-
ious studies [29,31]. The magnitude of E is used for estimating
he type of adsorption mechanism. If the E value is between 8 and
6 kJ/mol, the adsorption process follows by chemical adsorption
nd if E < 8 kJ/mol, the adsorption process is of a physical nature
29–33]. The calculated values of E are 2.98, 0.73 and 5.32 kJ/mol for
B, ICB and MCB, respectively, and they are in the range of values for
hysical adsorption reactions. The similar results for the adsorption
f Cr(III), Pb(II) and Zn(II) were reported by earlier workers [29,33].

.3. Effect of ionic strength, pH and inorganic ligand

The adsorption of Pb(II) onto the bentonite samples as a function
f ionic strength and pH was shown in Fig. 5a–c. The three ben-
onite samples showed an identical behaviour of increased uptake
f Pb(II) per unit mass with gradually increasing pH, and the shape
f curves dependent on the bentonite surfaces. As shown in Fig. 5a,
b(II) adsorption by the RB sample decreased when pH decreased.
his result suggests that the adsorptive decrease was caused by the

+
ompetition for exchange sites between H and Pb(II) cations. At
ow pH there is also a decrease in Pb(II) adsorption with increasing
onic strength. The adsorption curves of ICB have a similar shape
s that of RB sample (Fig. 5b). The adsorption curve for this sample
s characterized by two distinct adsorption edges. For example, the
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Fig. 5. (a) Adsorption of Pb(II) (10.3 mg/l) by RB (2 g/l) as function of pH and ionic
strength (IS) (IS controlled by KNO3), squares, 0.1 M; triangles, 0.05 M; circles, 0.01 M.
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b) Adsorption of Pb(II) (10.3 mg/l) by ICB (2 g/l) as function of pH and ionic strength
IS controlled by KNO3), squares, 0.1 M; triangles, 0.05 M; circles, 0.01 M. (c) Adsorp-
ion of Pb(II) (10.3 mg/l) by MCB (2 g/l) as function of pH and ionic strength (IS
ontrolled by KNO3), squares, 0.1 M; triangles, 0.05 M; circles, 0.01 M.
rst stage of adsorption edge commenced about 8% Pb(II) adsorp-
ion at pH ∼ 3.0 and ended at pH ∼ 4.0, at which about 43% of the
otal Pb(II) had been adsorbed in the presence of 0.1 M KNO3. The
econd stage started at pH 4.0 and continued up to pH 5.5 where
bout 61% of the total Pb(II) was adsorbed.

t
b
s
o
b

ig. 6. Adsorption of Pb(II) (10.3 mg/l) by bentonite samples (2 g/l) as function of pH
nd in the presence of Cl− [IS is 0.1 M (KNO3)], squares, RB; triangles, ICB; circles,
CB.

The adsorption of Pb(II) onto MCB sample as a function of ionic
trength and pH was shown in Fig. 5c. Increasing the ionic strength
rom 0.01 to 0.1 led to a significant decrease in the Pb(II) adsorption.
he adsorption curves of ICB have a different shape from that of RB
ample (Fig. 5c). The curves shifted to a higher pH by about pH 0.7
nit when the concentration of the background electrolyte of KNO3

ncreased from 0.01 to 0.1 M. The adsorption curves for MCB are
haracterized by one distinct adsorption edge. For example, in the
resence of 0.1 M KNO3, the adsorption edge commenced about 4%
b(II) adsorption at pH ∼ 3.0 and ended at pH ∼ 4.2, at which about
6% of the total Pb(II) had been adsorbed.

The adsorption of Pb(II) by the metal oxide-coated samples was
nfluenced by the presence of Cl− (Fig. 6). It is clear that aqueous
peciation influences Pb(II) adsorption in the inorganic ligand sys-
em. The adsorbed Pb(II) in the presence of inorganic ligand (Cl−)

ay be also attributed to a high specificity of the surfaces for Pb(II)
elative to ligand. The percent Pb(II) adsorbed in the 0.01 M Cl−

ystems at pH 6.5 are 86 and 94% for the ICB and MCB samples,
ompared to 61 and 75% at the same pH but in the absence of Cl−.
he percent Pb(II) adsorbed in the 0.1 M Cl− system at pH 6.0 are
6% for the RB sample, compared to 34% at the same pH but in
he absence of Cl−. These results suggest that the observed Pb(II)
dsorption behaviour in the bentonite suspensions is influenced by
oth aqueous speciation and surface ligand complexation of Pb(II)

ons. The increased amount of adsorbed Pb(II) can be explained in
erms of solution chemistry. Because, Pb–Cl, PbOH–Cl complexes
re the dominate Pb(II) species in the presence of 0.01 M Cl−. Thus,
he specifically adsorbed ligand enhances Pb(II) retention by the
urface complexation of Pb(II).

.4. Thermodynamic studies

�G, �H◦ and �S◦ were evaluated for RB, ICB and MCB as
21.60 kJ/mol (at 303 K), 39 kJ/mol and 200 J/mol K, −21.74 kJ/mol

at 303 K), 69 kJ/mol and 299 J/mol K and −26.27 kJ/mol (at 303 K),
3 kJ/mol and 196 J/mol K, respectively. The negative values for
he Gibbs free energy change, �G show that the adsorption pro-
ess for the bentonite sample is spontaneous and the degree of
pontaneity of the reaction increases with increasing tempera-

ure (Table 5). The increase in adsorption with temperature may
e attributed to either increase in the number of active surface
ites available for adsorption on the adsorbent or the desolvation
f the adsorbing species and the decrease in the thickness of the
oundary layer surrounding the adsorbent with temperature, so
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Table 5
Thermodynamic parameters for the adsorption of Pb(II) onto bentonite samples.

Sample �H (kJ/mol) �S (J/mol K) �G (kJ/mol) R2
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R

303

B 39 200 −21.6
CB 69 299 −21.74

CB 33 196 −26.27

hat the mass transfer resistance of adsorbate in the boundary layer
ecreases (Table 5).

The values of �G are less negative for the metal oxide-coated
amples suggesting that the adsorption process for these materi-
ls are more spontaneous. These results suggest that the internal
omains of these samples are more suitable environments for Pb(II)
ations than the RB sample. Weng et al. [48] noted that �G◦ val-
es up to 20 kJ/mol are consistent with electrostatic interaction
etween adsorption sites and the metal ion while �G◦ values more
egative than 40 kJ/mol involve charge sharing or transfer from
he adsorbent surface to the metal ion to form a coordinate bond.
he values of �G◦ obtained in this work, range from −21.60 to
26.27 kJ/mol indicating that electrostatic interaction may play a

ignificant role in the adsorption process. It may be suggested that a
urface complexation reaction is the major mechanism responsible
or the Pb(II) adsorption process. The negatively charged groups of
i, Al, Mg and Fe oxides on the samples favor Pb(II) adsorption. These
ositive values of �H indicate the endothermic behaviour of the
dsorption reaction of Pb(II) ions and suggest that a large amount
f heat is consumed to transfer the Pb(II) ions from aqueous into
he solid phase. As was suggested by Nunes and Airoldi [49], the
ransition metal ions must give up a larger share of their hydration
ater before they could enter the smaller cavities. Such a release
f water from the divalent cations would result in positive values
f �S. This mechanism of the adsorption of Pb(II) ions is also sup-
orted by the positive values of �S, which show that Pb(II) ions are

ess hydrated in the bentonite layers than in the aqueous solution
50]. Also, the positive value of �S indicates the increased disorder
n the system with changes in the hydration of the adsorbing Pb(II)
ations.

Similar results are reported by Sarı et al. [29] also calculated
hat Gibbs free energy of Pb(II) adsorption on Celtek clay as −20.01,
19.90, −19.64 and −18.20 kJ/mol for the temperature of 293, 303,
13 and 323 K, respectively. Xu et al. [31] on adsorption of Pb(II)
n MX-80 bentonite the temperature range of 291 to 328 K with
G increasing from −16.69 to −16.57 kJ/mol. Han et al. [44] have

ound that �H◦, �S◦ and �G◦ for adsorption of Pb(II) on manganese
xide-coated sand are 18.2 kJ/mol, 117 J/kmol and −16.2 kJ/mol,
espectively. Naseem and Tahir [51] have reported that �H◦, �S◦

nd �G◦ for adsorption of Pb(II) on bentonite have values of
1.74 kJ/mol, 176 J/mol K and −56.67 kJ/mol, respectively. Donat et
l. [52] have found that �H◦, �S◦ and �G for Pb(II) adsorption on
atural bentonite were reported as 26.24 kJ/mol, 133.15 J/K mol and
38.99 kJ/mol (at 293 K), respectively.

.5. The adsorption mechanism of Pb(II)

In view of the fact that pointed above, it is evident that metal
xide-coating process significantly enhanced the adsorption of
b(II). It may be explained by considering the coordinative envi-
onments of lead ions and surface hydroxyl groups in hydrated

urfaces. Surface hydroxyls may be present as bridging and ter-
inal groups and metal centers may be coordinated with two or
ore hydroxyls. These differing configurations will give rise to

erminal hydroxyl of different acidity [53]. Park et al. [54] have
rovided evidence about mechanism of Pb(II) adsorption on Mg/Al
313 323 338

−23.60 −25.60 −28.60 0.998
−24.74 −27.73 −32.22 0.978
−28.22 −30.18 −33.11 0.998

ayered double hydroxide (LDH). XPS analysis of Pb(II)-adsorbed
DH surfaces revealed that the preferred reaction between LDH and
b(II) is surface adsorption and precipitation. Xu et al. [55] have
rovided evidence about mechanism of Pb(II) adsorption on amor-
hous hydrous iron oxide sample. EXAFS analysis of Pb(II)-adsorbed
morphous hydrous iron oxide sample suggest that Pb(II) ions form
ononuclear bidentate surface complexes on FeO6 octahedra.

. Conclusions

The adsorption of Pb(II) by bentonite samples was influenced by
pH, ionic strength, and the presence of Cl−. The adsorption of
Pb(II) depend upon the nature of the adsorbent surface and the
species distribution of Pb(II) in solution, which mainly depends
on the pH of the system.
The adsorption of Pb(II) depend upon the nature of the adsorbent
surface and the species distribution of Pb(II) in solution, which
mainly depends on the pH of the system. The adsorption isotherm
studies indicate that the adsorption of Pb(II) follows both Lang-
muir and Freundlich isotherms. The values of the adsorption
coefficients indicate the favorable nature of adsorption of Pb(II)
on the metal oxide-coated bentonites. From the values of Lang-
muir monolayer capacity, qm, it is concluded that the treatment
with metal oxides does increase the number of adsorption sites to
a large extent. This improvement in bentonite performance may
be attributed to an increase in surface charge due to the forma-
tion of magnesium oxides on the bentonite surface. The treatment
also influences the strength of the existing sites as revealed by the
adsorption equilibrium constant (KL) data.
The endothermic nature of the processes can be explained by the
partial dehydration of Pb(II) before its adsorption on the ben-
tonite samples.
The findings require confirmation by direct methods such as
extended X-ray absorption fine structure (EXAFS).
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