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a b s t r a c t

In this study, the immobilization of 8-hydroxy quinoline onto bentonite was carried out and it was
then used to investigate the adsorption behavior of lead(II) ions from aqueous solutions. The changes
of the parameters of pH, contact time, initial lead(II) ions concentration and temperature were tested in
the adsorption experiments. The XRD, FTIR, elemental and thermal analyses were done to observe the
vailable online 6 April 2008

eywords:
entonite
dsorption
-Hydroxyl quinoline

immobilization of 8-hydroxy quinoline onto natural bentonite. The adsorption was well described by the
Langmuir adsorption isotherm model at all studied temperatures. The maximum adsorption capacity was
142.94 mg g−1 from the Langmuir isotherm model at 50 ◦C. The thermodynamic parameters implied that
the adsorption process is spontaneous and endothermic. The kinetic data indicate that the adsorption fits
well with the pseudo-second-order kinetic model. 8-Hydroxy quinoline-immobilized bentonite can be
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. Introduction

Lead is harmful to humans, plants and animals. The lead
oisoning can cause hypertension, nephritis, abdominal pain, con-
tipation, cramps, nausea, vomiting, behavioral changes, learning
isabilities, reading problems, development defects and language
ifficulties. Major lead pollution has been through in the man-
facture of storage batteries, painting pigments, ammunition,
older, plumbing fixtures, automobiles, cable coverings, radioac-
ivity shields, caulking and bearings [1,2].

Lead ions concentrations approach 200–500 mg dm−3 in the
ndustrial wastewaters. This value is very high in relation to the
ater quality standards and it should be reduced to a range of
.1–0.05 mg dm−3 [3,4].

Although the traditional treatment methods such as precip-
tation, oxidation, reduction, electrochemical treatment, reverse
smosis, solvent extraction, adsorption, ion-exchange and evapo-
ation can be used for the metal bearing effluents, most of these
ethods are expensive and difficult to apply [5]. Among these

ethods, adsorption has proved to be one of the most feasible,

imple, selective, cost-effective, ease of operation and high effi-
ient process for the removal of heavy metals from polluted sources.
he most popular adsorbent for the adsorption process is activated

∗ Corresponding author. Tel.: +90 222 3350580/4815; fax: +90 222 3204910.
E-mail addresses: asozcan@anadolu.edu.tr (A.S. Özcan), ogok1@anadolu.edu.tr
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nt for the removal of the heavy metal pollutants according to the results.
© 2008 Elsevier B.V. All rights reserved.

arbon. It has a high surface area, high adsorption capacity and
igh degree of surface reactivity, whereas it is very expensive and
here is a need for regeneration after each adsorption experiment
6,7]. In order to decrease the cost of treatment process, the sci-
ntists have been attempted to investigate inexpensive, efficient
nd easily available adsorbents. In this manner, biological-based
aterials such as Cephalosporium aphidicola [2], Pinus sylvestris [8],

accharomyces cerevisiae [9], Sargassum natans [10], Aspergillus niger
11], R. arrhizus [12], and Bacillus sp. [13]; natural clay materials
uch as kaolinite [14–17], illite [18], bentonite [19,20], montmo-
illonite [14,17,21], zeolite [22,23] and sepiolite [24,25] have been
sed to remove lead(II) ions from aqueous solutions by adsorption.
he chemical and pore structures of clays usually determine their
dsorption ability [26]. Bentonite, which is predominantly mont-
orillonite clay, is used a wide range of industrial applications such

s clarification of edible and mineral oils, paints, cosmetics and
harmaceuticals [27]. Bentonite is a 2:1 type of clay mineral and

ts unit layer structure consists of alumina octahedral sheet placed
etween two silica tetrahedral sheets. The isomorphous substitu-
ion of Al3+ for Si4+ in the tetrahedral layer and Mg2+ for Al3+ in the
ctahedral layer results in a negative surface charge on the ben-
onite. The charge imbalance is offset by exchangeable cations (Na+

nd Ca2+, etc.) at the bentonite surface [28].

Since the natural clay minerals have the relatively low adsorp-

ion capacity, they can be modified to improve their adsorption
bility. In this study, a chelating agent (8-hydroxy quinoline),
hich has a selective reactivity for the target metal ion, was

mmobilized in bentonite. 8-Hydroxy quinoline-immobilized ben-

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:asozcan@anadolu.edu.tr
mailto:ogok1@anadolu.edu.tr
mailto:aozcan@anadolu.edu.tr
dx.doi.org/10.1016/j.jhazmat.2008.04.002
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onite (HQ-bentonite) was then used as an adsorbent because
he information about the adsorption kinetics, isotherms and
hermodynamics of this adsorbent was not found in the
iterature.

.1. Equilibrium parameters of adsorption

Equilibrium data, which are generally known as the adsorption
sotherms, are the main requirements to understand the adsorption

echanism. The traditional adsorption isotherm models, Langmuir
29], Freundlich [30] and Dubinin–Radushkevich (D–R) [31], are
sed to describe the equilibrium between adsorbed lead(II) ions
nto HQ-bentonite (qe) and lead(II) ions in solution (Ce) at a con-
tant temperature.

The Langmuir adsorption isotherm model assumes that adsorp-
ion takes place at specific homogeneous sites within the adsorbent.
his model can be applied successfully in many monolayer adsorp-
ion processes. The linear equation of the Langmuir isotherm model
s [29]:

Ce

qe
= 1

qmaxKL
+ Ce

qmax
(1)

here qe is the equilibrium lead(II) ions concentration on the adsor-
ent (mg g−1), Ce is the equilibrium lead(II) ions concentration in
olution (mg dm−3), qmax is the monolayer adsorption capacity of
he adsorbent (mg g−1) and KL is the Langmuir constant (dm3 mg−1)
nd related to the free energy of adsorption. A plot of Ce/qe versus Ce

or the adsorption gives a straight line of slope 1/qmax and intercepts
/qmax KL.

The effect of isotherm shape has been studied [32] with a view to
redict whether an adsorption system is favorable or unfavorable.
he main feature of the Langmuir isotherm can be expressed by
eans of ‘RL’, a dimensionless constant referred to as separation

actor or equilibrium parameter. RL is calculated using the following
quation:

L = 1
1 + KLC0

(2)

here C0 is the lead(II) ions concentration (mg dm−3). As the RL val-
es lie between 0 and 1, the related adsorption process is favorable
32].

The Freundlich isotherm is an empirical equation can be used
o describe heterogeneous systems. The linear equation of the Fre-
ndlich adsorption model is [30]:

n qe = ln KF + 1
n

ln Ce (3)

here KF (dm3 g−1) and n (dimensionless) are the Freundlich
dsorption isotherm constants, being indicative of the extent of the
dsorption and the degree of nonlinearity, respectively. The plot of
n Ce versus ln qe for the adsorption was employed to generate the
ntercept value of KF and the slope value of n, respectively.

The Dubinin–Radushkevich (D–R) isotherm model is more gen-
ral than the Langmuir isotherm model due to the fact that it does
ot assume a homogeneous surface or constant adsorption poten-
ial. It was applied to distinguish between the physical and chemical
dsorption. The linear equation of (D–R) isotherm model [31] is

n qe = ln qm − ˇε2 (4)
here ˇ is a constant connected with the mean free energy of
dsorption per mole of the adsorbate (mol2 kJ−2), qm is the theo-
etical saturation capacity (mol g−1), and ε is the Polanyi potential,
hich is equal to RT ln(1 + 1/Ce), where R (J mol−1 K−1) is the gas

onstant, and T (K) is the absolute temperature. Hence by plotting

w
c

m
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n qe versus ε2 it is possible to generate the value of qm from the
ntercept, and the value of ˇ from the slope.

.2. Thermodynamic parameters of adsorption

Since KL is the Langmuir constant and its dependence with
emperature that can be used to estimate the thermodynamic
arameters, such as changes in the Gibbs free energy (�G◦),
nthalpy (�H◦) and entropy (�S◦) associated to the adsorption
rocess and were determined by using following equations:

G◦ = −RT ln KL (5)

n KL = −�G◦

RT
= −�H◦

RT
+ �S◦

R
(6)

The plot of ln KL as a function of 1/T yields a straight line from
hich �H◦ and �S◦ were calculated from the slope and intercept,

espectively.

.3. Kinetic parameters of adsorption

Adsorption kinetics is one of the most valuable characteristics
o be responsible for the efficiency of adsorption. Various kinetic

odels such as the Lagergren first-order, pseudo-second-order and
lovich, and the intraparticle diffusion have been applied for the
xperimental data to predict to the adsorption kinetics. Among
hem the Lagergren first-order rate equation is [33]:

n(q1 − qt) = ln q1 − k1t (7)

here q1 and qt are the amounts of lead(II) ions adsorbed on the
dsorbent at equilibrium and at various times t (mg g−1) and k1 is
he rate constant of the Lagergren first-order model for the adsorp-
ion process (min−1). Values of k1 can be calculated from the slope
f the plots of ln(q1 − qt) versus t.

The pseudo-second-order kinetic model equation [34] is
xpressed as

t

qt
= 1

k2q2
2

+
(

1
q2

)
t (8)

here q2 is the maximum adsorption capacity (mg g−1) and k2 is the
ate constant of the pseudo-second-order model for the adsorption
rocess (g mg−1 min−1). Values of k2 and q2 can be calculated from
he plot of t/qt against t.

The Elovich equation is generally expressed as follows [35]:

dqt

dt
= ˛ exp(−ˇqt) (9)

To simplify the Elovich equation, Chien and Clayton [36]
ssumed ˛ˇt � 1 and by applying the boundary conditions qt = 0
t t = 0 and qt = qt at t = t Eq. (9) occurs [37]:

t =
(

1
ˇ

)
ln(˛ˇ) +

(
1
ˇ

)
ln t (10)

here ˛ is the initial adsorption rate (mg g−1 min−1) and ˇ is the
esorption constant (g mg−1) for Elovich equation. The plot of qt

ersus ln(t) gives the 1/ˇ and 1/ˇ ln(aˇ) from the slope and from
he intercept, respectively.

The intraparticle diffusion equation [38] can be written as fol-
ows:

t = kpt1/2 + C (11)
here C is the intercept and kp is the intraparticle diffusion rate
onstant (mg g−1 min−1/2).

The Lagergren first-order, pseudo-second-order and Elovich
odels cannot identify the diffusion mechanism. For this reason,
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he kinetic results were then subjected to analyze by the intraparti-
le diffusion model. According to this model, the plot of uptake, qt,
ersus the square root of time (t1/2) should be linear if the intra-
article diffusion is involved in the adsorption process and if these

ines pass through the origin then intraparticle diffusion is the rate-
ontrolling step. The initial curved portion of the plots seems to be
ue to boundary layer adsorption and the linear portion to intra-
article diffusion, with the plateau corresponding to equilibrium
39–42]. However, neither plot passed through the origin, this is
ndicative of some degree of boundary layer control and this further
hows that the intraparticle diffusion is not the only rate-limiting
tep, but also other kinetic models may control the rate of adsorp-
ion, all of which may be taking place simultaneously. The slope of
inear portion from the figure can be used to derive values for the
ate parameter, kp, for the intraparticle diffusion model.

The validity of used kinetic models in this study can be quanti-
atively checked by using a normalized standard deviation �q (%)
alculated by the following equation [43]:

q (%) =
√∑

[(qexp − qcal)/qexp]2

n − 1
× 100 (12)

here n is the number of data points.

. Experimental

.1. Preparation of 8-hydroxy quinoline-immobilized bentonite

The adsorbent, which is HQ-bentonite, in this study, was
repared by using natural bentonite and 8-hydroxy quinoline.
entonite was provided from Çanakkale-Turkey. It was crushed,
round, sieved through a 63-�m size sieve and samples collected
rom under the sieve and dried in an oven at 110 ◦C for 2 h before
se.

Natural bentonite (30 g) was suspended in 0.8 dm3 of deionized
ater and its pH was adjusted to 4.77 with acetic acid and HQ-
entonite prepared by adding 8-hydroxyl quinoline at equally the
ation exchange capacity of bentonite. The mixture was stirred for
2 h for the immobilization of 8-hydroxyl quinoline onto bentonite.
his treatment method was successed, the solid phase, which con-
ains 8-hydroxyl quinoline-immobilized bentonite, was separated
y filtration and then washed three times with deionized water. It
as crushed, ground, sieved through a 63-�m size sieve and sam-
les collected from under the sieve and dried in an oven at 70 ◦C for
4 h prior to use.

.2. Lead(II) ions solutions

A stock solution of lead(II) ions was prepared by dissolving as
nown amount of Pb(NO3)2 in deionized water and the stock solu-
ion was then diluted to the various concentrations between 100
nd 300 mg dm−3 and the pH of the solutions was adjusted to
esired values with 0.1 M HCl or 0.1 M NaOH or acetate buffer. Fresh
ilutions were used for each experiment. All the chemicals used
ere in analytical grade.

.3. Characterization

Natural bentonite was characterized with respect to its cation

xchange capacity (CEC) by the methylene blue method [44] and it
as found as 980 mmol kg−1. The BET surface areas of natural- and
Q-bentonite were determined from N2 adsorption isotherm with
surface area analyzer (Quantachrome Instruments, Nova 2200e)

nd the results were 67.49 and 45.69 m2 g−1, respectively.

w
t
f
H
t
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The chemical analysis of natural bentonite was conducted
sing an energy-dispersive X-ray spectrometer (EDX-LINK ISIS 300)
ttached to a scanning electron microscope (SEM-Cam Scan S4). The
rystalline phases present in bentonite were determined via X-ray
iffractometry (XRD-Rigaku Rint 2000) using Cu K� radiation.

Fourier transform infrared spectra of natural-, HQ-bentonite
nd lead(II) ions-loaded HQ-bentonite prepared as KBr discs were
ecorded in a PerkinElmer Spectrum 100 Model Infrared Spec-
rophotometer to observe immobilization of 8-hydroxyl quinoline
nto bentonite.

The elemental analysis (Vario EL III Elemental Analyzer, Hanau,
ermany) of HQ-bentonite was carried out to determine C/N ratio

n HQ-bentonite. Thermal analysis (Setaram) was performed to
bserve the immobilization of 8-hydroxyl quinoline onto ben-
onite. The analyses for natural bentonite, 8-hydroxyl quinoline
nd HQ-bentonite were carried out in the temperature range
5–1000, 25–550, and 25–1000 ◦C, respectively, at a heating rate
f 10 ◦C min−1.

Zeta potential measurements of natural bentonite, HQ-
entonite and HQ-bentonite in the presence of lead(II) ions was
etermined by using a ZEN 3600 Model Zetasizer Nano-ZS con-
ected with MPT-2 multipurpose automatic titrator (Malvern Inst.
td., UK). The optical device contains a 5 mW He–Ne (638 nm)
aser. The sample of 0.1 g of suspensions of natural bentonite, HQ-
entonite and HQ-bentonite (in 50 mL of lead(II) ions solution)
ere sonicated for 10 min. The suspension was then kept still for
min to let larger particles settle. About 10 mL of clear supernatant
as placed into the vial, which was connected with automatic

itrator. The desired pH of the solution was kept constant dur-
ng conditioning by introducing appropriate amounts of HCl or
aOH.

.4. Adsorption studies

Adsorption experiments were firstly conducted with adsorbent
n an Erlenmeyer on a magnetic stirrer to determine the optimum
H where the maximum adsorption was accomplished for lead(II)

ons. The solution pH ranging from 1.5 to 5.5 was carefully adjusted
y adding a small amount of HCl or NaOH or acetate buffer solution
nd measured using a pH meter (Fisher Accumet AB15), while 50 mL
f 100 mg dm−3 lead(II) ions solutions contained in 100 mL Erlen-
eyer flasks closed with stoppers were stirred using a magnetic

tirrer.
The optimum pH was then determined as 5.5 and used

hroughout all adsorption experiments. Lead(II) ions concentra-
ions ranging from 100 to 300 mg dm−3 were prepared and used to
btain the adsorption isotherm data on the adsorption process. The
dsorption of lead(II) ions onto HQ-bentonite was done at constant
emperatures of 20, 30, 40 and 50 ◦C for the adsorption isotherms.
nce the optimum pH had been attained, the experiments were
arried out at this pH value with increasing the periods of time
5–150 min) and temperatures of 20, 30, 40 and 50 ◦C, until no

ore lead(II) ions were removed from the aqueous phase and the
quilibrium had been achieved. When the adsorption procedure
ompleted in such time (60 min), the solutions were filtered and
he equilibrium concentrations were then analyzed for residual
ead(II) ions concentrations by using an atomic absorption spec-
rophotometer (PerkinElmer AAnalyst 800) with an air–acetylene
ame. Deuterium background correction was used and the spec-
ral slit width was 1.3 nm. The working current and wavelength

ere 7.5 mA and 283.3 nm, respectively. The instrument calibra-

ion was periodically checked by using standard metal solutions
or every 15 reading. The amount of lead(II) ions adsorbed onto
Q-bentonite was determined by the difference between the ini-

ial and the remaining concentrations of lead(II) ions solution. The



5 ardous Materials 161 (2009) 499–509

a
t
b

q

w
c
m

2

i
t
b
o
e
o
a
s
a
e
d
p

3

3

3

b
A
N
e
s
i
s
a
e
a

r
1
u
c
H
l
h
a

3

i
4
m
s
w

3
w
n
b
a

Fig. 1. XRD patterns of (a) natural bentonite and (b) HQ-bentonite.
02 A.S. Özcan et al. / Journal of Haz

dsorption capacity was determined by using the following equa-
ion taking into the concentration differences of the solution at the
eginning and equilibrium accounts:

e = (Ci − Ce)
V

m
(13)

here Ci and Ce are the initial and the equilibrium lead(II) ions
oncentrations (mg dm−3), V the volume of the solution (dm3) and

is the amount of adsorbent used (g).

.5. Desorption studies

The recovery and reusability of the adsorbent material is an
mportant parameter related to the application potential of adsorp-
ion processes. In this study, 8-hydroxy quinoline-immobilized
entonite subjected to 0.1 M HCl solution in order to determine des-
rption properties of HQ-bentonite. The bound lead(II) ions were
luted in 50 ml (S/L = 1) of the eluent. Each adsorption and des-
rption cycle was allowed 60 min of contact time and consecutive
dsorption–desorption cycles were repeated five times using the
ame adsorbent in solutions containing adsorbent–lead(II) ions or
dsorbent–desorbing agent for achieving adsorption or desorption
quilibrium. The eluted adsorbent was washed repeatedly with
eionized water to remove any residual desorbing solution and
laced into metal solution for the next adsorption cycle.

. Results and discussion

.1. Characterization

.1.1. Chemical composition of bentonite
The chemical composition of natural bentonite was determined

y using EDX analysis and it was given as follows (%): SiO2: 70.75,
l2O3: 16.18, K2O: 2.12, CaO: 1.62, MgO: 1.25, Fe2O3: 0.70, TiO2: 0.18,
a2O: 0.11 and loss of ignition: 6.63. This result indicates the pres-
nce of silica and alumina as major constituents along with traces of
odium, potassium, iron, magnesium, calcium, and titanium oxides
n the form of impurities. XRD results combined with EDX analy-
is show that most of the silicon is in the form of bentonite. XRD
lso indicated the presence of free quartz in bentonite. It is, thus,
xpected that the adsorbate species will be removed mainly by SiO2
nd Al2O3.

The XRD patterns of natural bentonite and HQ-bentonite were
ecorded (Fig. 1) and their basal spaces were observed at 14.87 and
5.08 Å, respectively. The expansion in the basal spacing of the nat-
ral bentonite due to the intercalation of 8-hydroxy quinoline was
alculated as �d = d − 14.87 Å, where d is the basal spacing of the
Q-immobilized bentonite and 15.08 Å is the thickness of a clay

ayer [45]. �d is found to be 0.21 Å. This result suggests that 8-
ydroxy quinoline intercalate into the interlayers of bentonite and
lso agrees well with the FTIR and thermal analysis results.

.1.2. FTIR analysis
The FTIR spectra of natural bentonite, HQ-bentonite and lead(II)

ons-loaded HQ-bentonite (Fig. 2) were taken in the range of
00–4000 cm−1 and compared with each other to obtain infor-
ation on the immobilization of the 8-hydroxy quinoline into the

ilicate lattice of bentonite and the nature of possible HQ-bentonite
ith metal ions interactions.

The absorption peaks were observed between 3421 and

625 cm−1, which is due to H–O–H stretching vibration bands of
ater molecules weakly hydrogen bonded to the Si–O surface in the
atural bentonite (Fig. 2(a)) and HQ-bentonite (Fig. 2(b)) and their
ending vibrations at 916 and 845 cm−1. The bands between 1639
nd 1643 cm−1 also correspond to the –OH deformation of water to

Fig. 2. FTIR spectra of (a) natural bentonite, (b) HQ-bentonite, (c) lead(II) ions-
loaded HQ-bentonite.
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bentonite (in lead(II) ions solution) was illustrated in Fig. 4, as a
function of suspension pH. As shown in Fig. 4(a) and (b), natural
bentonite and HQ-bentonite have no point of zero charge (pHpzc)
and exhibit negative zeta potential values at all studied pH values.
Fig. 3. Differential thermogravimetric (DTG) curves of: (a) n

bserve natural bentonite and HQ-bentonite. The C–C and C–N ring
tretching (skeletal) vibrations in the HQ-bentonite (Fig. 2(b)) were
bserved at 1563, 1503, 1383 and 1313 cm−1 (four bands) and the
ing bending vibration obtained at 823 cm−1 [46], but these bands
ere not observed in the natural bentonite. This may be acceptable

vidence for the immobilization of HQ onto natural bentonite. The
ntensities of above C–C and C–N ring stretching (skeletal) vibra-
ions increased in the lead(II) ions-loaded HQ-bentonite (Fig. 2(c)).
n addition the C–C and C–N ring stretching (skeletal) bands in the
ead(II)-loaded HQ-bentonite (Fig. 2(c)) shifts 1574, 1499, 1385 and
317 cm−1 and the ring bending vibration moves at 825 cm−1. The
ovement and the increment of the peak intensities in these bands

ndicate the interaction between the HQ-bentonite and the metal
ons. Therefore, HQ-bentonite provides more adsorption sites for
ead(II) ions.

The Si–O coordination bands at 1087 and 1039 cm−1 are
bserved as a result of the Si–O vibrations. The deep band at around
039 cm−1 represents the stretching of Si–O in the Si–O–Si groups
f the tetrahedral sheet. The bands at 523 and 467 cm−1 are due
o Si–O–Al (octahedral) and Si–O–Si bending vibrations, respec-
ively, for natural- and HQ-bentonite. The Si–O stretching vibration
t around 1039 cm−1 shifts 1103 cm−1 after lead(II) ions loaded. It
onfirms that there is an interaction between HQ-bentonite and
ead(II) ions.

.1.3. Elemental and thermal analysis
The ratio of C/N for HQ-bentonite from elemental analysis

esults is 7.702 and the calculated value of C/N ratio is 7.717. The
ercentage of 8-hydroxy quinoline immobilization onto bentonite

s 11.46. This result confirms that the intercalation of 8-hydroxy
uinoline molecules between bentonite layers occurs and this is
lso consistent with the above FTIR analysis results.

The thermal analysis curves of the natural bentonite, 8-hydroxy

uinoline and HQ-bentonite were illustrated in Fig. 3(a–c), respec-
ively. The DTG peak between 250 and 350 ◦C, centered at 300 ◦C,
as observed in HQ-bentonite and it confirms the immobilization
f 8-hydroxy quinoline onto bentonite, whereas this peak is not
bserved in the natural bentonite.

F
i

l bentonite, (b) 8-hydroxy quinoline and (c) HQ-bentonite.

.2. Zeta potential measurements

The zeta potential of natural bentonite, HQ-bentonite and HQ-
ig. 4. The zeta potential of: (a) natural bentonite, (b) HQ-bentonite and (c) lead(II)
ons-loaded HQ-bentonite solution as a function of pH.
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3.5. Effect of temperature on metal removal

The equilibrium adsorption capacity of lead(II) ions onto HQ-
bentonite was favored at higher temperatures as can be seen from
04 A.S. Özcan et al. / Journal of Haz

his result agrees with those obtained from electrokinetic mea-
urements of the other clay minerals in the literature [47–50]. The
rigin of this charge is still a controversial issue, whereas the major-
ty of evidence suggests that this charge arises from isomorphic
ransactions, defects in the crystal lattice, broken particle edges,
nd structural hydroxyl groups. The electrical charge at the oxide
urface/aqueous phase to protonation/deprotonation of the surface
ydroxyl can be ascribed as [51]:

–OH + H+ � M–OH2
+ (14)

–OH + OH− � M–O− + H2O (15)

here M is the central metal ion (Si or Al) and at pHpzc:

M–O−] = [M–OH2
+] (16)

Since there was no pHpzc, the reaction responsible for the surface
harge of the solid is mainly the reaction in Eq. (15). When pHs of the
atural bentonite and HQ-bentonite dispersions (Fig. 4(a) and (b))
ere increased, the negative charge increases. Zeta potential–pH

urves reflect a decrease on the negativity of charges. The zero
oint could not obtain for both of bentonite dispersion (absence
f lead(II) ions) due to the neutrality of the clay particles could not
e obtained. The repulsion between clay particles increases with

ncreasing in pH [52].
The zeta potential is important in the case of HQ-bentonite in

ead(II) ions solution and it is dependent on the pH (Fig. 4(c)).
he point of zero charge, where the colloidal system is least sta-
le [53], was measured as 3.28 for HQ-bentonite in lead(II) ions
olution. After this point (pH > 3.28), the surface charge becomes
ncreasingly positive, but the natural bentonite and HQ-bentonite
the absence of lead(II) ions) have a negative charge (Fig. 4(a)
nd (b)), while lead(II) ions tends to form a cationic species and
onsequently, has a positive surface charge (Fig. 4(c)), thus the
lectrostatic interactions between the surface and lead(II) ions
omplexes are considerable. Therefore, changes to the sign of the
eta potential of HQ-bentonite in the presence of lead(II) ions can
e directly related to the specific adsorption of cationic lead(II) ions
51]. It was assumed that PbOH+, Pb(OH)2 and Pb(OH)3

− exist at low
oncentration of lead (<1 × 10−5 M) and at various pH. Higher lead
oncentrations (>1 × 10−5 M) promote the formation of complex
pecies containing more than one lead ion, that include Pb2OH3+,
b3(OH)4

2+, Pb4(OH)4
4+, Pb6(OH)8

4+ [54,55]. According to Qiu et
l. [56] lead exists predominantly as cations. At pH ≤ 6.01, Pb exists
t >89% of total lead(II) ions, indicating its predominance in acidic
olution. The species of Pb(OH)2, Pb(OH)3

−, Pb2(OH)3+, Pb3(OH)4
2+,

nd Pb4(OH)4
4+ do not virtually exist in acidic solution. At pH 7.05,

he percentage of lead(II) ions decreases to ∼76%, while PbOH+ rises
o ∼16%. At pH 8.85, lead(II) ions decreases sharply to ∼4% and
bOH+ increases to ∼55%. According to the percentage and valence
f individual species, the total positive charge of lead(II) species
emains constant for the pH range of 2.85–6.01. When pH is raised
o 7.05, there is a 7.8% reduction in total positive charge, appar-
ntly due to the decrease in divalent lead(II) and the formation of
onovalent PbOH+.

.3. Effect of pH

The pH of aqueous solution has been known as the most impor-
ant variable governing heavy metal adsorption onto adsorbent.
his is partly because hydrogen ions themselves are strongly com-

eting with adsorbates. Fig. 5 shows the effect of pH on the removal
f lead(II) ions onto natural bentonite and HQ-bentonite from aque-
us solutions. It can be easily seen from Fig. 5 that the adsorption
apacities increased almost the same amount for both of the sam-
les up to pH 4.0. After pH 4.0, uptakes increase sharply up to pH

F
a

ig. 5. Effect of pH for the adsorption of lead(II) ions onto natural bentonite and
Q-bentonite at 20 ◦C.

.0 for HQ-bentonite and then it was stable up to pH 5.5 since more
etal-binding sites could be exposed and carried negative charges,
ith subsequent attraction of metal ions with positive charge and

dsorption onto the adsorbent surface. Experiments were not car-
ied out with the pH values above 5.5 due to the fact that metal
recipitation appeared at higher pH values and interfered with the
ccumulation or adsorbent deterioration [57].

.4. Effect of contact time

The influence of contact time on the adsorption of lead(II) ions
nto HQ-bentonite (Fig. 6) was investigated at various tempera-
ures, i.e. 20, 30, 40 and 50 ◦C. It is easily seen from Fig. 6 that
he amount of adsorption increased with increasing the contact
ime. The maximum adsorption capacity was observed after 60 min,
eyond which there was almost no further an increase in the
dsorption. This was therefore fixed as the equilibrium contact
ime.
ig. 6. Effect of contact time for the adsorption of lead(II) ions onto HQ-bentonite
t various temperatures.
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Table 1
Isotherm constants for the adsorption of lead(II) ions onto HQ-bentonite at various temperatures

t (◦C) Langmuir Freundlich Dubinin–Radushkevich (D–R)

qmax (mg g−1) KL (dm3 mg−1) RL r2
L n KF (dm3 g−1) r2

F qmax (mg g−1) ˇ (mol2 kJ−2) r2
D−R

2 −2 6.154 58.73 0.977 218.82 1.63 × 10−3 0.982
3 7.862 71.84 0.988 198.00 1.16 × 10−3 0.991
4 8.830 78.13 0.992 190.61 9.42 × 10−4 0.989
5 1.96 91.91 0.984 173.95 6.14 × 10−4 0.970
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0 139.08 0.103 1.46 × 10 0.998
0 139.48 0.163 9.32 × 10−3 0.998
0 141.43 0.193 7.88 × 10−3 0.998
0 142.94 0.307 4.96 × 10−3 0.998 1

ig. 6. This may indicate that adsorption of lead(II) ions onto HQ-
entonite is endothermic. An increase in the temperature from 20 to
0 ◦C leads to an increase in the amount of adsorption from 96.43 to
04.64 mg g−1 at an equilibrium time of 60 min. Below equilibrium
ime, an increase in the temperature leads to an increase in lead(II)
ons adsorption, which indicates temperature depending process.
fter the equilibrium attained, the uptake increases with increasing

emperature, this effect may be explained by availability of more
n active sites of adsorbent, the enlargement of pore size and/or
ctivation of the adsorbent surface at higher temperatures. This
ould also be due to the increment in mobility of lead(II) ions from
he bulk solution towards the adsorbent surface and enhanced the
enetration within HQ-bentonite. [58].

.6. Effect of initial lead(II) ions concentration

The results of the experiments with varying initial lead(II) ions
oncentrations (100–150 mg dm−3) are illustrated in Fig. 7. When
he initial lead(II) ions concentration was increased from 100 to
50 mg dm−3, the amount of adsorbed lead(II) ions raised from
6.32 to 106.75 mg g−1 at 20 ◦C. According to these results, the

nitial lead(II) ions concentration plays an important role in the
dsorption capacities.

.7. Adsorption isotherms

The equilibrium adsorption isotherms are known one of the
ost important data to understand the mechanism of the adsorp-

ion. Various isotherm equations are chosen in this study, which are

amely the Langmuir, Freundlich and Dubinin–Radushkevich (D–R)

sotherms. The plots of linear form of Langmuir, Freundlich and
ubinin–Radushkevich (D–R) adsorption isotherms of lead(II) ions
btained at various temperatures, which are 20, 30, 40 and 50 ◦C,
re depicted in Figs. 8–10. All of the isotherm model parameters for

ig. 7. The effect of initial concentrations for the adsorption of lead(II) ions onto
Q-bentonite at 20 ◦C.

t
i
q
i

F
v

ig. 8. Langmuir plots for the adsorption of lead(II) ions onto HQ-bentonite at vari-
us temperatures.

he adsorption of lead(II) ions onto HQ-bentonite are summarized
n Table 1. It is evident from these data that the adsorption of lead(II)
ons onto HQ-bentonite is fitted well to the Langmuir isotherm

odel than that of the Freundlich and D–R isotherm models, as
ndicated by the numerical values of the correlation coefficients
r2) in Table 1.

The maximum adsorption capacity (qmax) of adsorbent calcu-
ated from Langmuir isotherm equation defines the total capacity of

he adsorbent for lead(II) ions. The adsorption capacity of adsorbent
ncreased with increasing the temperature. The highest value of
max obtained at 50 ◦C is 142.94 mg g−1. It appears to be the highest
n comparison with the uptake obtained at the other temperatures

ig. 9. Freundlich plots for the adsorption of lead(II) ions onto HQ-bentonite at
arious temperatures.
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Fig. 11. Plot of ln KL versus 1/T for the estimating of thermodynamic parameters for
the adsorption of lead(II) ions onto HQ-bentonite.

Table 3
Thermodynamic parameters calculated from Langmuir isotherm constant (KL) for
the adsorption of lead(II) ions onto HQ-bentonite at various temperatures

t (◦C) �G◦ (kJ mol−1) �H◦ (kJ mol−1) �S◦ (J K−1 mol−1)

2
3
4
5

i
e
a
s
t

3

The Lagergren first-order, pseudo-second-order, Elovich and
intraparticle diffusion kinetic models have been applied for the
experimental data to analyze the adsorption kinetics of lead(II)
ig. 10. Dubinin–Radushkevich (D–R) plots for the adsorption of lead(II) ions onto
Q-bentonite at various temperatures.

Table 1). In addition to, the maximum adsorption capacity of HQ-
entonite obtained for lead(II) ions in this study was found to be
omparable and the highest for all of corresponding clay-related
dsorbents reported in the literature [16,17,19,23,59–64] (Table 2).

The value of RL calculated from Eq. (2) is incorporated in Table 1.
s the RL values lie between 0 and 1, the adsorption process is

avorable [32]. Further, the RL values for this study at all studied
emperatures are between 9.32 × 10−3 and 1.46 × 10−2, therefore,
he adsorption is favorable.

The Freundlich constant KF indicates the adsorption capacity of
he adsorbent and the values of KF at equilibrium at all temper-
tures lie the range of 58.73–91.91 dm3 g−1. The other Freundlich
onstant n is a measure of the deviation from linearity of the adsorp-
ion and the numerical values of n at all temperatures lies between
.154 and 11.96 and is greater than unity, indicating that lead(II)

ons are favorably adsorbed by HQ-bentonite at all studied temper-
tures.

.8. Thermodynamic parameters

The plot of ln KL as a function of 1/T (Fig. 11) yields a straight
◦ ◦
ine from which �H and �S were calculated from the slope and

ntercept, respectively. The thermodynamic results are tabulated in
able 3. The overall free energy changes during the adsorption pro-
ess at all studied temperatures were negative, corresponding to a
pontaneous process of lead(II) ions adsorption onto HQ-bentonite.

able 2
dsorption results of lead(II) ions from the literature by various clay-based
dsorbents

dsorbent Adsorption capacity (mg g−1)

llite [16] 4.29
ontmorillonite [17] 31.05

oly(hydroxyl) zirconium-modified
ontmorillonite [17]

31.44

BA-montmorillonite [17] 30.67
atural bentonite [19] 20.00
linoptilolite [23] 62.00
aolinite [59] 19.27
iderite [60] 14.06
allclay [61] 3.52
offee residue binding with clay [62] 19.50
atural Jordanian clay [63] 66.24
ollastonite [64] 1.68

-Hydroxy quinoline-immobilized bentonite
in this study)

142.94

i
s

F
H

0 −24.30 27.12 175.54
0 −26.28
0 −27.59
0 −29.72

The positive value of the enthalpy change (+27.12 kJ mol−1)
ndicates that the adsorption is endothermic [65]. The positive
ntropy change (�S◦) value (+175.54 J mol−1 K−1) corresponds to
n increase in randomness at the solid–liquid interface and maybe
ignificant changes occur in the internal structure of the adsorbent
hrough the adsorption of lead(II) ions on HQ-bentonite [6].

.9. Adsorption kinetics
ons. The plots of linear form of the Lagergren first-order (figure not
hown), pseudo-second-order (Fig. 12), Elovich (figure not shown)

ig. 12. Pseudo-second-order kinetic plots for the adsorption of lead(II) ions onto
Q-bentonite at various temperatures.
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ig. 13. Intraparticle diffusion plots for the adsorption of lead(II) ions onto HQ-
entonite at various temperatures.

nd intraparticle diffusion (Fig. 13) for the adsorption of lead(II)
ons were obtained at the temperatures of 20, 30, 40 and 50 ◦C.
he kinetic parameters for the adsorption of lead(II) ions onto HQ-
entonite are summarized in Table 4. The plots of ln(q1 − qt) versus
for the Lagergren first-order and the plots of qt versus ln(t) for the
lovich kinetic models are not shown as the figure due to the fact
hat the correlation coefficients for the Lagergren first-order and
lovich models are lower than that of the pseudo-second-order.
herefore, these imply that the adsorption of lead(II) ions onto
Q-bentonite does not follow the Lagergren first-order and Elovich
inetic models.

The correlation coefficients obtained are 0.999 for the pseudo-
econd-order model. These results imply that the adsorption
ollows to the pseudo-second-order kinetic model at all time inter-
als. The calculated q2 values agree with experimental q values,
nd also, the correlation coefficients for the pseudo-second-order
inetic plots were very high.

The correlation coefficients for the intraparticle diffusion model
re lower than that of the pseudo-second-order kinetic model,
hereas this model indicates that the adsorption of lead(II) ions

Q-bentonite may follow by the intraparticle diffusion model up

o 60 min.
The pseudo-second-order rate constants indicate a steady

ncrease from 7.37 × 10−3 to 2.36 × 10−2 g mg−1 min−1 with an

ig. 14. The performance of HQ-bentonite by multiple cycles of regeneration.
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Fig. 15. The possible mechanism for the adsorption of le

ncrease in the solution temperatures from 20 to 50 ◦C (Table 4)
nd at the initial lead(II) ions concentration of 112.5 mg dm−3, indi-
ating that the adsorption of lead(II) ions onto HQ-bentonite is the
ate-controlled.

The validity of kinetic models in this study can be controlled
y using Eq. (12) and the calculated results are listed in Table 4.
s it can be seen from Table 4, the values of �q (%) for the best-
t model are less than 1.816%. It is concluded that the adsorption
f lead(II) ions onto HQ-bentonite can be best described by the
seudo-second-order kinetic model.

.10. Regeneration

The regenerated adsorbent was reused for up to five
dsorption–desorption cycles and the results are illustrated in
ig. 14. From this figure, it was clear that the efficiency of lead(II)
ons (adsorption–desorption) process was nearly the same as the
ycles of two to four and dropped a little in the fifth cycle. This
ight be due to the ignorable amount of adsorbent lost during

he adsorption–desorption process. The decline in efficiency was
ot more than 8% which showed that the adsorbent had a good
otential to adsorb lead(II) ions although it has been reused for
ve times. The regeneration of adsorbent with 0.1 M HCl showed
hat the adsorption–desorption process using HQ-bentonite was a
eversible process.

.11. Suggested lead(II) ions adsorption mechanism with
-hydroxy quinoline-immobilized bentonite

The silanol groups in bentonite are the responsible for the
mmobilization of natural bentonite. The immobilization agent, 8-
ydroxy quinoline, was used in this work and HQ-bentonite was
hen examined as an adsorbent for the adsorption of lead(II) ions
rom aqueous solution. The results show that HQ-bentonite can eas-
ly adsorb lead(II) ions a possible mechanism by using silanol –OH
roups as can be seen from Fig. 15.

. Conclusions

In this study, the adsorption of lead(II) ions onto HQ-bentonite
n aqueous solutions was investigated. It may be summarized that
Q-bentonite acts a respective adsorbent for the removal of lead(II)

ons in aqueous solutions because of its high adsorption capacity.
he maximum adsorption capacity was found to be 142.94 mg g−1

t pH 5.5 and 50 ◦C.
The functional groups of natural bentonite, HQ-bentonite and

ead(II)-loaded HQ-bentonite were identified by using FTIR spec-

rophotometer. The isoelectric point (pHpzc) of HQ-bentonite in
ead(II) ions solution was determined as 3.28.

The straight lines obtained for the Langmuir, Freundlich and
ubinin–Radushkevich (D–R) isotherm models obey to fit to the
xperimental equilibrium data, whereas the Langmuir isotherm

[

[

ions onto 8-hydroxy quinoline-immobilized bentonite.

odel gives better fittings than other isotherm models. The ther-
odynamic parameters obtained from Langmuir constant (KL)

ndicate feasible, spontaneous and endothermic adsorption.
The pseudo-second-order kinetic model agrees very well with

he dynamic behavior for the adsorption of lead(II) ions onto HQ-
entonite at various temperatures. The experimental data have
lso been applied to estimate the rate constants of adsorption.
owever, the evidence is provided that the adsorption of lead(II)

ons onto HQ-bentonite is a complex process, therefore it can-
ot be sufficiently described by a single kinetic model throughout
he whole process. For example, the intraparticle diffusion (up to
0 min) played a significant role, however it was not the main rate-
etermining step during the adsorption process. The regeneration
nd subsequent use of HQ-bentonite would also enhance the eco-
omics of adsorption of lead(II) ions from pollutants.
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