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The  procedure  for obtaining  a bentonite  based  composite  involves  the  application  of  mixed  Fe and  Mg
hydroxides  coatings  onto  bentonite  particles  in  aqueous  suspension  and  subsequent  thermal  treatment
of the  solid  phase  at  498  K.  Structural  and  textural  modifications  of  montmorillonite  which  occurred
during  the  synthesis  of composite  were  confirmed  by XRD  technique  and  N2 adsorption  at  77  K. The
composite  structure  was  found  to be less  ordered,  while  its specific  surface  area  was  about  two  times
higher than  the  specific  surface  area  of  the starting/native  bentonite.  The  effectiveness  of  the composite
entonite
entonite based composite
b(II) removal
dsorption

in Pb(II)  removal  from  aqueous  solutions  at different  initial  concentrations,  pH  and  ionic  strengths  of
the solutions  was  examined.  The  equilibrium  adsorption  data  were  analyzed  using  three  widely  applied
isotherms:  Langmuir,  Freundlich  and  Dubinin–Radushkevich.  The  composite  effectively  removes  both
ionic  and  colloidal  forms  of Pb(II)  from  water  and  the  maximum  adsorption  capacity  obtained  from
the Langmuir  equation  was  95.88  mg/g.  The  main  mechanisms  of Pb(II)  removal  at  low  pH  values  were
ion-exchange  and  outer-sphere  surface  complexation.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Lead (Pb) is heavy metal which presents one of the major envi-
onmental pollutants due to its hazardous nature. It diffuses into
ater and the environment through effluents from lead smelters

s well as from battery, paper, pulp and ammunition industries.
cientists established that lead is nonessential for plants and ani-
als, while for humans it is a cumulative poison which can cause

amage to the brain, red blood cells and kidneys [1].  The great-
st risk is to fetuses, babies and young children since it impedes
heir normal mental and physical development. According to the
ead–copper rule, the U.S. EPA drinking water 90th percentile action
evel is 15 �g/dm3. On average, it is estimated that lead in drinking

ater contributes to between 10 and 20% of total exposure (from
ll sources) [2].  For the purpose of environmental protection and
ublic health, it is necessary to decrease the concentration of lead in
ontaminated water to the permissible limits before its discharge
3,4]. A wide variety of treatment processes can be used for the

emoval of Pb(II) from waters, and for certain, the cost plays an
mportant role for determining which one is to be applied. The
ommonly methods used for the removal of Pb(II) from aqueous

∗ Corresponding author. Tel.: +381 64 2520599; fax: +381 18 533 014.
E-mail address: hemija@gmail.com (M.  Rand̄elović).

304-3894/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.11.025
solutions include coagulation, sand filtration, ion-exchange, chem-
ical precipitation, reverse osmosis, membrane processes, chemical
oxidation or reduction and filtration [4,5]. However, all of the above
mentioned techniques have significant disadvantages including
incomplete metal removal, high consumptions of reagents and
energy, low selectivity and generation of secondary wastes that
are difficult to be disposed off [4].  Compared with other methods,
adsorption technology has received much more attention because
it has significant advantages including high efficiency in removing
very low levels of heavy metals from dilute solutions, easy han-
dling, high selectivity, lower operating cost, minimum production
of chemical or biological sludge; it is convenient and economical for
reducing trace quantities of heavy metals, etc. [4,6]. A number of
adsorbent materials have been studied for their capacity to remove
Pb(II), including activated carbon, zeolites, non-living biomass, clay
minerals and other aluminosilicates [7].

Clay can be used as a depolluting agent due to its physical and
chemical properties, i.e. large specific surface area, cation exchange
capacity (CEC) and adsorptive affinity for inorganic and organic
ions from water. Among the clays, bentonite is considered as a
main candidate in the removal of lead and other heavy metal ions.

Bentonite consists mostly of microcrystalline particles of mont-
morillonite which belongs to 2:1 clay minerals meaning that it
has two  tetrahedral sheets sandwiching a central octahedral sheet
[8–11]. Since the existence of huge deposits of bentonite, there

dx.doi.org/10.1016/j.jhazmat.2011.11.025
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:hemija@gmail.com
dx.doi.org/10.1016/j.jhazmat.2011.11.025
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s a great potential for its utilization in wastewater treatment. In
rder to improve the physical and chemical properties of natural
entonites, such as adsorption capacity, special modification pro-
esses have been developed [12–15].  The heavy metals adsorption
nto natural, Na+-exchanged, acid activated or iron, aluminum and
anganese oxide-coated adsorbents has received wide attention

12,16–20]. Some recent studies have reported effect of iron, mag-
esium and manganese oxide coatings on the removal of Pb(II)
14,15]. Eren [15] found that specific surface area of magnesium
xide coated bentonite is smaller than in the case of raw ben-
onite while iron oxide coating process leads to slightly increase
f specific surface area. However, there is a lack of information
ow mixed iron/magnesium (hydr)oxides coatings affect struc-
ure, texture and adsorption characteristics of bentonite. Bearing
n mind layered structure of montmorillonite, the quite limited
xtent of isomorphous substitution of Mg  for Fe in iron (hidr)oxides
nd significant differences in acid–base surface properties between
hese two (hydr)oxides, formation of heterogeneous coatings onto
entonite and specific structure of obtained composite could be
xpected [21]. Different adsorption sites on such heterogeneous
urface provide efficient removal of numerous chemical species of
b(II) over a wide pH range.

In the present work, a cheap and effective composite mate-
ial as a potentially attractive adsorbent for the treatment of
b(II) contaminated water sources has been synthesized by coat-
ng of bentonite with mixed iron and magnesium (hydr)oxides
0.375 mmol  Fe and 0.125 mmol  Mg  per gram of bentonite). Such
ynthesized material was characterized using the following tech-
iques: XRD, ATR-FTIR, nitrogen adsorption isotherm – BET method
nd SEM. The adsorption efficacy of the composite material was
nvestigated in the removal of Pb(II), by varying initial concentra-
ions of Pb(II), pH, and ionic strength. The obtained results show
hat the composite has specific surface area twice the size com-
ared to the native bentonite and efficiently removes Pb(II) from
queous solutions over wide range of pH.

. Materials and methods

.1. Materials

The bentonite was supplied by Shenemil Co. (Serbia) with the
ollowing chemical composition (as oxide wt.%): 51.20 SiO2, 26.86
l2O3, 1.27 MgO, 2.30 Fe2O3, 1.44 CaO, 2.07 K2O, 0.75 Na2O, 0.10
nO. The ignition loss of the bentonite at 1000 ◦C was  found to be

5.26% and the cation exchange capacity determined by methylene
lue method, was 54.75 meq/100 g. For the purpose of further com-
osite synthesis, the native bentonite was purified and converted to
a+-bentonite by treating with 1 M NaCl solution, as described else-
here [22]. All reagents used in the experiments were of analytical

rade.

.2. Preparation of composite

The suspension containing 20 g of Na+-bentonite in 400 cm3 of
istilled water was prepared and allowed to stand for 24 h. Subse-
uently, 100 cm3 solution containing a mixture of Fe(NO3)3 × 9H2O
3.03 g) and Mg(NO3)2 × 6H2O (0.64 g) was added in small portions
o vigorously stirred suspension; salts solution addition was done
imultaneously with 0.5 M NaOH adding and maintaining the pH
alue of slurry within the range of 9–11. Finally, pH of slurry was
djusted to 10 and it aged for 12 h at room temperature. Then, the

recipitate was filtered, washed using distilled water until there
as no NO3

− in filtrate and dried at 105 ◦C. At the end, the dried
aterial was heated in a furnace at 498 K for 2 h. The structure of the

omposite is stabilized by thermal treatment at 498 K resulting in
 Materials 199– 200 (2012) 367– 374

low water swelling characteristic and can be easily separated by fil-
tration or centrifuging, in contrast to native bentonite. Thus, during
thermal treatment the composite loses only adsorbed water, while
structural –OH groups are not removed and can act as adsorption
sites [21].

For the experiments in this study the composite was  finely pow-
dered in an agate mortar and passed through a 120 mesh sieve
(particles size less than 125 �m).

2.3. Characterization

The native bentonite and the composite were characterized
using the following techniques under conditions described in fur-
ther text. Attenuated Total Reflectance Fourier Transform Infrared
(ATR-FTIR) spectra were recorded on an ATR-FTIR spectrome-
ter Bruker Tensor-27 equipped with MCT  detector in the region
4000–400 cm−1. XRD patterns were taken by the use of a Siemens
D500 diffractometer with a Ni filter using Cu K� radiation
(� = 0.154 nm)  and the step-scan mode with a step width of 0.02◦

and 1 s/step. Scanning electron microscopy (SEM) was  performed
on a JEOL JSM-5300. Surface areas were measured by adsorption
of N2 at 77 K using Sorptomatic 1990 Thermo Scientific and the
calculation was carried out with a molecular area of 16.2 Å2. Prior
to the surface area measurements, each sample was outgassed at
room temperature for 4 h and then 18 h at 110 ◦C. The specific
surface area was  calculated by the BET equation. The micropore
volume was  evaluated by the method of Dubinin–Radushkevich,
and the mesopores size distribution was determined using the
Barrett–Joyner–Halenda (BJH) method. Zeta potential (ZP) and
particle size measurements were performed by Dynamic Light Scat-
tering (DLS) technique using a Zeta-sizer Nano ZS with 633 nm
He–Ne laser and 173◦ detection optics (Malvern, UK). Measurement
uncertainty is given as standard deviation of average ZP or particle
size value for ten consecutive runs.

The surface charge of composite was estimated by measuring
NH4

+ and Cl− retention at pH 7 according to the following proce-
dure. One gram of air-dried composite was  placed in polyethylene
centrifuge tube and 40 cm3 of 1 M NH4Cl was added. The sample
was stirred for 2 h and centrifuged. The supernatant was discarded
and the amount of 40 cm3 of 0.5 M NH4Cl was  then added followed
by 12 h of stirring, centrifugation and supernatant removal. The
washing procedure was  carried out with 40 cm3 of 0.01 M NH4Cl.
Three washes were preformed with stirring for 30 min  between
washes. After the final wash the supernatant was discarded and
polyethylene tube weighted to compensate for entrained NH4Cl
solution. Retained NH4

+ and Cl− were displaced by three wash-
ings with 1 M of NaNO3. The extracts were combined and diluted
to 250 cm3. The concentration of NH4

+ and Cl− were corrected for
entrained NH4Cl solution and used for the amount of positive and
negative surface charges determination.

2.4. Retention experiments

The adsorption experiments were carried out by the batch equi-
librium technique at 20 ◦C. The lead stock solution (1000 mg/dm3)
was prepared by dissolving the required amount of Pb(NO3)2 in
distilled water. In the adsorption isotherm experiments the initial
concentration of Pb(II) was in the range from 30 to 120 mg/dm3

and the adsorbent dosage was  1 g/dm3. The initial pH values
were adjusted at 4.0 ± 0.1. After the suspensions were equili-
brated for 120 min, liquid and solid phases were separated. Residual

Pb(II) concentrations were determined using the Atomic absorption
spectrometer Perkin Elmer Analyst 300. After the adsorption exper-
iments the composite was  collected, dried at room temperature and
analyzed by ATR-FTIR.
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The adsorption of Pb(II) on bentonite composite was also exam-
ned in the background electrolyte solutions of 0.005, 0.01, 0.05,
nd 0.1 M NaNO3 and at the pH values ranging from 2.0 to 12.0. The
djustment of pH value was carried out by the addition of 0.1 M and
.01 M HNO3 or NaOH.

.5. Theoretical approach

The adsorption capacity (qe) of Pb(II) (mg/g) was  calculated
sing the equation

e = V(C0 − Ce)
mads

(1)

here V is the volume of Pb(II) solution (dm3), C0 is the initial con-
entration of the Pb(II) solution (mg/dm3), Ce is the equilibrium
oncentration of the Pb(II) solution (mg/dm3) and mads is the mass
f adsorbent (g).

In this study, the equilibrium experimental data for adsorp-
ion of Pb(II) on the composite were analyzed using the Langmuir,
reundlich and Dubinin–Radushkevich (D–R) isotherm models
23–25]. These isotherms were used in the linear forms as follows:

The linear form of Langmuir isotherm can be represented by the
ollowing equation:

Ce

qe
= 1

KL
+ aL

KL
Ce (2)

L (dm3/g) is the Langmuir equilibrium constant, and aL (dm3/mg)
s the Langmuir constant related to the energy of adsorption. The
L/aL gives the theoretical monolayer saturation capacity, Q0. RL is

 dimensionless constant known as the separation factor which is
efined by the following equation:

L = 1
1 + aLC0

(3)

The linear form of Freundlich isotherm is:

og qe = log KF + 1
n

log Ce (4)

In which KF (mg1−1/n dm3/n/g) represents the adsorption capac-
ty when the metal ion equilibrium concentration equals to 1, and

 represents the degree of dependence of the adsorption on equi-
ibrium concentration.

The linearized D–R equation has the following form:

n qe = ln qm − ˇε2 (5)

here qe is adsorption capacity (mol/g), qm is the maximum adsorp-
ion capacity, i.e. the amount of metal ions at complete monolayer
overage (mol/g),  ̌ is the activity coefficient related to mean
dsorption energy (mol2/kJ2), and ε is the Polanyi potential (ε = RT
n(1 + 1/Ce)). The value of  ̌ is related to the adsorption free energy,

 (kJ/mol), which is defined as the free energy change required
o transfer 1 mol  of ions from solution to the solid surfaces. The
elation is as the following equation:

 = 1√
−2ˇ

(6)

. Results and discussion

.1. XRD and SEM results

The XRD patterns of the composite, starting (native) bentonite

nd bentonite calcined at 1123 K are presented in Fig. 1a–c, respec-
ively.

The positions of d0 0 1, d0 0 3, d0 2 0–1 1 0, d1 3 0–2 0 0 and d0 6 0 peaks
f native bentonite are observed at 5.74, 17.30, 19.88, 34.88, 61.93
Fig. 1. X-ray diffractograms of (a) composite, (b) native bentonite and (c) bentonite
calcined at 1123 K.

(2�) and the corresponding peaks of the composite are at 6.90,
17.60, 19.87, 34.95, 61.85 (2�). Non-clay minerals such as quartz
and cristobalite are included in the composition of bentonite as
well as the composite. The peaks originating from d1 0 0 and d1 0 1
quartz diffractions are seen at 20.86 and 26.64 (2�), respectively,
and cristobalite peak corresponding to d1 0 1 diffraction is observed
at 21.84 (2�). After the calcination of bentonite at 1123 K, the peaks
corresponding to montmorilonite disappeared. However, peaks
derived from quartz and cristobalite, which were covered with
the peaks of montmorillonite, can be clearly seen in Fig. 1c. The
structural changes of montmorillonite are mainly reflected in the
reduction of d0 0 1 diffraction peak intensity and its shifting towards
the higher values of 2�. Moreover, it is observed that the peak
is broadened suggesting that the distance between the layers is

non-uniform with disordered and partially delaminated structure.
The crystallographic spacing d0 0 1 of montmorillonite in the native
bentonite and the composite, computed by using Bragg’s equation
(n� = 2d sin �), is 1.54 nm and 1.28 nm,  respectively. These changes
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Fig. 2. (a) SEM of synthesized composite, (b) SEM of composite after interaction
w

i
t
[

i
f

o

ith Pb(II) solution and (c) surface morphology of the native bentonite.

n the structure took place because the d-spacing is very sensitive to
he type of interlamellar cations, and the degree of their hydration
10].

SEM micrographs (Fig. 2a–c) show that bentonite and compos-

te are composed of laminar particles arranged in layered manner,
orming the aggregates with diameters up to 50 �m.

No significant changes in the microstructure of composite
ccurred during the interaction with the aqueous solution of Pb(II).
Fig. 3. ATR-FTIR spectra of (a) bentonite, (b) composite after the interaction with
Pb(II) solution and (c) composite before the interaction with Pb(II) solution.

3.2. ATR-FTIR spectral data, surface charge and cation exchange
properties

The ATR-FTIR spectra of native bentonite and composite before
and after the interaction with Pb(II) solution were presented in
Fig. 3.

The OH stretching vibrations which originate from the Al–Al–OH
stretches are observed at 3625 cm−1. The envelope at 3420 cm−1

belongs to the OH stretching of H-bonded water, with a shoulder
near 3236 cm−1, due to the overtone of the bending vibration of
water observed at 1637 cm−1. A vibration mode at ca. 1389 cm−1 is
attributed to the NO3

− stretching mode. Despite a thorough wash-
ing process, a large amount of NO3

− is retained in the composite.
The occurrence of NO3

− indicates that some positive charged sites
exist on the surface of composite and that they are counterbal-
anced by the NO3

− which can be exchanged by other anions. In
addition, the formation of poorly crystallized magnesium hydrox-
onitrate in pH range 9–11 [26,27],  where Fe/Mg coprecipitation
was performed over bentonite particles, is very likely. The bends
at 1331 cm−1 and 1246 cm−1 are due to Si–O bending vibrations.
The additional bend corresponding to Al–Al–OH is observed at
925 cm−1. A bend at 806 cm−1 with inflexion at 780 cm−1 confirms
quartz admixture.

The results obtained from NH4Cl adsorption method indicate
that the negative and positive charge at the composite surface is
0.5123 mmol/g and 0.0137 mmol/g, respectively.

3.3. Specific surface area determined by N2
adsorption/desorption using BET equation

Fig. 4 shows the comparative nitrogen adsorption–desorption
isotherms of bentonite and composite.

The isotherms can be assigned to Type II isotherms, correspond-
ing to non-porous or macroporous adsorbents. The hysteresis loops
of Type H3 in the IUPAC classification occur at p/p0 > 0.5, which is
not inside the typical BET range. Furthermore, hysteresis loops of
these isotherms indicate that they were given by either slit-shaped
pores or, as in the present case, assemblages of platy particles of
montmorillonite. Porous structure parameters are summarized in
Table 1.

Compared to native bentonite, during the composite synthesis

additional meso- and micropores were generated. Pore volumes
(Gurvich) at p/p0 0.999 for bentonite and composite are 0.180 cm3/g
and 0.243 cm3/g, respectively. It was  found that isotherms gave
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Table  1
Surafce area and porosity of native bentonite and composite, determined by applying BET, BJH and D–R equation to N2 adsorption at 77 K.

Sample SBET (m2/g) Median mesopore
diameter (nm)

Cumulative mesopore
area (m2/g)

Cumulative mesopore
volume (cm3/g)

Micropore
volume (cm3/g)

.329 

.675 
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posite interaction with Pb(II) solution of 120 mg/dm , much greater
Bentonite 37.865 13.629 53
Composite 80.385 11.021 82

inear BET plots from p/p0 0.03 to 0.21 for bentonite and from 0.03
o 0.19 for composite.

The composite has the specific surface area that is twice the size
ompared to the surface area of the native bentonite. This can be
xplained by the structural changes that occurred during the chem-
cal and thermal modification of the native bentonite. The structural
hanges include delamination as well as the decrease of the dis-
ance between the layers of montmorillonite particles, because the
nterlayer water was lost under heating. The higher surface area of
omposite mainly results from the interparticle spaces generated
y the three-dimensional co-aggregation of magnesium polyoxo-
ations, iron oxide clusters and plate particles of montmorillonite.
acro- and mesopores arose from particle-to-particle interactions,
hile micropores were generated in the interlayer spaces of clay
inerals due to irregular stacking of layers of different lateral

imensions [28].
It is apparent that the changes of montmorillonite structure are

esponsible for the creation of new pore structure in the composite,
hich is then stabilized by the thermal treatment with the removal

f H2O molecules. The changes that involve partial dehydroxylation
nd cationic dehydration are brought about by thermal activation
nd they lead to various forms of cross-linking between oxides and
mectite framework. As a result, composite does not swell and can
e easily separated from water by filtration or centrifugation. There

s a wide pore size distribution which supports disordered struc-
ure consisting of the delaminated parts with mesoporosity and the
ayered parts with microporosity.

.4. Pb(II) adsorption

The effect of contact time on the adsorption of Pb(II) by com-
osite is shown in Fig. 5 for the initial pH values of 2.7 and 4.0. It

s interesting to note that the removal percentage of Pb(II) on the
omposite at both pH values sharply achieves a highest value at

he beginning of adsorption process. Then the amount of adsorbed
b(II) decreased with the increase in contact time and adsorption
rocess almost completely reached the equilibrium after 40 min.

ig. 4. Nitrogen adsorption–desorption isotherms of native bentonite and compos-
te.
0.1202 0.0153
0.1716 0.0316

The adsorption data were fitted by Langmuir, Freundlich, and
D–R models (Fig. 6a–c), since the process was  complex and it
included various physical and chemical interactions. The linear
equation parameters were determined by using the Origin 7 soft-
ware (Table 2).

Langmuir model serves to estimate the complete monolayer
adsorption capacity. It is found that the complete monolayer
adsorption capacity of the composite is 95.88 mg/g. Value of RL

which is in the range 0–1 (Table 2), confirms the favorable adsorp-
tion process of the Pb(II).

Freundlich model is important because it assumes hetero-
geneous surface. According to the literature, when n > 1, the
adsorption is favorable [5].  The higher the n value means stronger
adsorption intensity. In this study, Pb(II) adsorption isotherm
shows that adsorption of Pb(II) onto composite is favorable since
n value is 3.35. The KF value of the Freundlich equation (Table 2)
also indicates that the composite has a very high adsorption
capacity for Pb(II) ions in aqueous solutions. As stated in the lit-
erature, the E value of Dubinin–Radushkevich equation ranges
from 1.0 to 8.0 kJ/mol for physical adsorption and from 8.0 to
16.0 kJ/mol for chemical ion exchange adsorption [5].  Hence, it is
possible to say that the adsorption mechanism of Pb(II) on the
composite can be explained with an ion exchange process. The
Dubinin–Radushkevich equation has shown a better fit to experi-
mental data than Freundlich equation, but the best fit is in the case
of Langmuir equation. The maximum Pb(II) ion adsorption capacity,
Q0, in the present study was compared with the other adsorbents
reported in the literature (Table 3).

Ion exchange of Mg2+ with Pb2+ ions was confirmed by measur-
ing the magnesium concentrations after contacting of composites
with distilled water and Pb(II) solutions at initial pH of 4. After the
interaction of the composite with distilled water, the concentration
of magnesium was  0.250 mg/dm3. On the contrary, during the com-

3

amount of magnesium was released into the water and its concen-
tration was 2.651 mg/dm3. Therefore, the process of Pb(II) removal
by the composite leads to the lowering of Pb(II) concentration and

Fig. 5. Effect of contact time on the adsorption of Pb(II) on the composite.
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Table  2
The parameters for Langmuir, Freundlich and D–R isotherms.

Langmuir Freundlich D–R

KL ˛L Q0 RL r2 KF n r2 E qm r2

(dm3/g) (dm3/mg) (mg/g) / / (mg1

39.00 0.407 95.88 0.020–0.076 0.997 35.19

Fig. 6. (a) Langmuir isotherm, (b) Freundlich isotherm and (c) D–R isotherm plot of
Pb(II) adsorption on the composite.
−1/n dm3/n/g) / / kJ/mol (mg/g) /

 3.35 0.923 8.45 108.82 0.967

water enriched with magnesium which is important and valuable
element for good human health.

The pH of the Pb(II) solution plays an important role in the
adsorption process, influencing not only the surface charge of the
adsorbent and the dissociation of functional groups on the active
sites of the adsorbent but also the solution Pb(II) chemistry. The
adsorption of Pb(II) on the composite decreased when pH decreased
as shown in Fig. 7a.

The adsorptive decrease at pH below 5 was caused by the com-
petition between H+ and Pb2+ for the negatively charged surface
sites. Maximum retention is in the pH range 5–10. The main Pb(II)
species in the pH range 6.5–10 are Pb(OH)+ and Pb(OH)2 which
can easily form colloidal micelles characterized with the following
imposed structure:

{m[Pb(OH)2]nPb(OH)+·(n − x)NO3
−}xNO3

− (7)

The potential-determining ion is Pb(OH)+ and that is the reason
for the positive ZP of colloidal Pb(II) at the pH below 10 [36,37].
Therefore, colloidal micelles were easily attracted by the negatively
charged composite surface. Particle size of colloidal Pb(II) at pH
7 ± 0.1 was determined to be 268.7 ± 16.7 nm. At the pH range of
10–12 the predominant Pb(II) species are Pb(OH)2 and Pb(OH)3

−

which give rise to the formation of negatively charged colloidal
micelles with the following structure:

{m[Pb(OH)2]nPb(OH)3
−·(n − x)Na+}xNa+ (8)

ZP values for Pb(II) colloidal solutions at pH 11.8 were
−50.7 ± 3.6 mV  with particle size of 252.7 ± 28.2 nm.  Having in
mind surface heterogeneity of the composite and high point of zero
charge value of Mg(OH)2 (between pH 12 and pH 13) [38], negative
ions and particles can be adsorbed on the positively charged surface
sites at pH 10–12. Removal efficiency of Pb(OH)3

− was  higher than
negatively charged colloids, probably because the ionic species
were involved in the process of ion exchange and chemisorption,
while colloidal micelles could be bound to the surface dominantly
by electrostatic forces.
The increase in salt concentration decreased the Pb(II) removal
efficiency (Fig. 7b). With the increase of ionic strength, the adsorp-
tion capacity decreased due to the screening of composite surface
charges. The adsorption process that depends on ionic strength

Table 3
Adsorption results of Pb(II) by various adsorbents from the literature.

Adsorbent Adsorption
capacity (mg/g)

Ref. No.

Expanded perlite 13.39 [5]
Activated alumina 83.33 [29]
Mustard husk 30.48 [30]
MX-80 bentonite 68.58 [31]
Coconut-shell carbon 26.51 [32]
GMZ  bentonite 23.83 [11]
Pine cone activated carbon 27.53 [33]
Clinoptilolite 80.93 [34]
Fallen Cinnamomum camphora

leaves, at 303.2 K
73.15 [35]

Iron oxide coated bentonite 22.20 [15]
Magnesium oxide coated bentonite 31.86 [15]
Bentonite based composite 95.88 In this study
Bentonite 68.84 In this study
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Fig. 7. Effect of (a) pH and (b) NaNO3 conce

f the solution is consistent with the previously assumed ion
xchange mechanism. Outer-sphere surface complexes are more
ensitive to ionic strength variations than inner-sphere complexes
ecause the background electrolyte ions are placed in the same
lane as Pb2+ in outer-sphere surface complexes. Therefore, it can
e deduced that cation-exchange and/or outer sphere surface com-
lexation mainly contribute to Pb(II) adsorption on the composite

n the acidic pH region. Inner-sphere surface complexation includes
he formation of Pb polymers and could be the main adsorption

echanism of Pb(II) at pH > 7 [3,11,39,40].

. Conclusion

Simple procedure of iron and magnesium hydroxides layering
n the bentonite matrix brought significant changes in the struc-
ure and texture of montmorillonite, which is the predominant
lay mineral of bentonite. During the synthesis, partially delami-
ated and less ordered structure was obtained, which resembles
he house of cards. Thermal treatment led to the dehydration of
urface and interlamellar area resulting in the increase of specific
urface area and microporosity, compared to the starting bentonite.

The Langmuir model fits adsorption isotherm better than Fre-
ndlich and D–R model. Composite effectively removed ionic and
olloidal forms of Pb(II), with the greatest efficiency in the pH range
f 5–10. The explanation lies in the fact that reducing the pH below

 causes the surface protonation, i.e. there was a competitive pro-
ess of protons and Pb(II) ions adsorption. The pH increase led to
he formation of colloidal forms of lead, which were more or less
ound to the surface of the composite, depending on the type of
harge that colloidal micelles carried.

At pH 12 soluble form of lead Pb(OH)3
− was removed from water

ery well. The main mechanism of lead removal is ion exchange,
ut formation of outer- and inner-sphere complexes is also possi-
le. With the increase of ionic strength of solution, the percentage
emoval of lead was reduced, because the negative charge on the
urface was screened by Na+ ions. Bearing in mind the results
btained in this study, it can be concluded that the composite shows

 high adsorption affinity for Pb(II) in water and it can be applied
or purification of contaminated aqueous media that contain Pb(II)
n high concentrations.
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