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a  b  s  t  r  a  c  t

The  influence  of  contact  time,  temperature  and  particle  size  on  lead  sorption  by  the  natural  and  Fe(III)-
modified  zeolites  was  investigated.  Characterization  of  the  natural  and  Fe(III)-modified  zeolite  before
and after  lead  sorption  was  performed  by  determination  of  textural  properties,  by scanning  elec-
tron microscopy  and  X-ray  spectroscopy  in  energy-dispersive  mode  (SEM–EDS),  transmission  electron
microscopy  (TEM)  and  X-ray  powder  diffraction  (XRPD)  analysis.  Lead  sorption  kinetics  at 303–333  K,
best  represented  by  the  pseudo-second  order  model  and  activation  energy  (13.5  and  8.5  kJ/mol  for  the
natural and  Fe(III)-modified  zeolite  respectively)  confirmed  an  activated  chemical  sorption.  Desorption
experiments  indicated  that  lead  was  irreversibly  sorbed  on both  zeolites.  XRPD,  TEM  and  SEM  results
ead
atural zeolite
e(III)-modified zeolite

showed  that  modification  of  the  natural  zeolite  with  Fe(III)  ions  did  not  change  its  crystal  structure  and
iron is  mainly  located  at  the  zeolite  surface,  likely  in  form  of  amorphous  iron  oxy-hydroxides.  Specific
surface  area  significantly  increases  after  modification  of  the  natural  zeolite  with  Fe(III)  ions  (from  30.2
for  the  natural  to 52.5  m2/g for  Fe(III)-modified  zeolite).  Characterization  of both  lead  saturated  sorbents
suggested  that  besides  ion  exchange,  lead  is  both  chemisorbed  and  precipitated  at  their  surfaces,  and
presence  of  amorphous  iron  in  Fe(III)-modified  zeolite  favors  sorption  of  lead.

© 2013 Elsevier B.V. All rights reserved.
. Introduction

Heavy metals are dangerous for living organisms because of
heir stability, toxicity and tendency to accumulate in the envi-
onment. With the rapid development of industries such as plating
acilities, mining operations, fertilizers, tanneries, batteries, paper,
nd pesticides industries, heavy metals wastewaters are directly
r indirectly discharged into the environment increasingly, espe-
ially in developing countries. Unlike organic contaminants, heavy
etals are not biodegradable and tend to accumulate in living

rganisms and many heavy metals ions are known to be toxic and
arcinogenic [1,2]. Toxic heavy metals of particular concern in treat-
ent of industrial wastewaters include Zn, Cu, Ni, Hg, Cd, Pb and

r.
Regarding acute toxicity, cadmium, lead along with mercury
orm “the big three” of heavy metals with the greatest potential haz-
rd to human and environment [3]. Lead has been found to be acute
oxic to human beings when present in high amounts (e.g. >15 �g

∗ Corresponding author. Tel.: +381 11 3691 722; fax: +381 11 3691 583.
E-mail addresses: a.dakovic@itnms.ac.rs, dakovic a@yahoo.com (A. Daković).

169-4332/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.apsusc.2013.07.016
in drinking water) [4,5]. Also, it is well known that lead damages
the kidney, liver and reproductive system, basic cellular processes
and brain functions. Lead toxic symptoms are anemia, insomnia,
headache, dizziness, irritability, weakness of muscles, hallucina-
tion and renal damages. Therefore, the removal of excess lead ions
from wastewater is essential. Treatment processes usually include
chemical precipitation, adsorption, solvent extraction, ultrafiltra-
tion and ion exchange. Zeolites are inexpensive natural materials
with a high and selective cation exchange capacity. Among natural
zeolites, clinoptilolite is the most abundant and commonly used as
ion exchanger or sorbent for inorganic ions. Exchangeable cations in
zeolite structure, e.g. K, Na, Ca, and Mg  are not toxic, making zeolites
especially suitable for tertiary processes of wastewater treatment
[6].

The efficiency of the natural zeolite for lead removal is well
documented. Karatas [7] reported a sorption capacity of raw clinop-
tilolite for Pb2+ from aqueous solution of 16.8 mg/g, whereas
Sprynskyy et al. [8] determined the sorption capacity of clinoptilo-

lite for Pb2+ in multi-component aqueous solution to be 27.8 mg/g.
Although there are a large number of studies on the removal of
Pb2+ ion from aqueous solutions using natural zeolites, any given
zeolitic material requires specific experiments in this respect [9].

dx.doi.org/10.1016/j.apsusc.2013.07.016
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.apsusc.2013.07.016&domain=pdf
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Because it is well known that oxides of Fe and Mn  are the
otential carriers of heavy metals (e.g. lead) [10], in order to
nhance the sorption capacity of the natural zeolites for heavy
etal ions, some experiments have been devoted to modify their

urface by these metal oxides [11]. Kragović et al. [12] reported
 more efficient sorbent for Pb obtained through the modifica-
ion of a natural zeolitic sample with Fe(III) ions under strongly
asic conditions. They observed an increase of lead sorption by
he natural and Fe(III)-modified zeolite with increasing of sor-
ent dose and the initial lead concentration. Maximum lead sorbed
mount (SCmax), under applied experimental conditions, was
6 mg/g for the natural zeolite and 133 mg/g for Fe(III)-modified
eolite.

The aim of this paper is a further and extended investiga-
ion on the abilities of natural and Fe(III)-modified zeolite to
emove lead from aqueous solutions. The influence of specific
arameters, such as contact time, temperature and particle size
n sorption of lead by both sorbents was studied. Furthermore,
ince desorption behavior of contaminants is at least as impor-
ant as their sorption, estimation of the reversibility of sorption
nd possible mobility of metals in an aqueous solution is of
reat interest. Therefore, desorption of sorbed lead from the
atural and Fe(III)-modified zeolite was also investigated. Char-
cterization of the natural and Fe(III)-modified zeolite before and
fter sorption of lead was performed by determination of tex-
ural properties and by scanning electron microscopy and X-ray
pectroscopy in energy-dispersive mode (SEM/EDS), transmission
lectron microscopy (TEM), and X-ray powder diffraction (XRPD)
nalysis.

. Materials and methods

.1. Samples preparation

The natural zeolite-rich rock sample used in this study comes
rom the Vranjska Banja (Serbia) deposit. The sample was  crushed
p and sieved to particle size < 0.043 mm.  Sample was  rinsed with
istilled water to remove possible impurities, dried at 60 ◦C and
tored in the desiccator. The Fe(III)-modified zeolite was obtained
ombining the method for pure goethite preparation [13] and that
or the preparation of Fe-coated zeolite [14]. Briefly, 50 g of natu-
al zeolite was mixed with 25 mL  of 10% FeCl3·6H2O (p.a. Aldrich)
olution and 700 mL  of 0.1 mol/L KOH (pH = 10) and added in a 2 L
ontainer. The container was capped and the suspension was  aged
or 20 days at room temperature. After the reaction period, sus-
ension was filtered, rinsed with distilled water, dried at 60 ◦C and
tored in the desiccator [12].

.2. Lead sorption experiments

The effect of temperature on the kinetics and sorption capac-
ty for lead on natural and Fe(III)-modified zeolite was  studied by
dding 50 mL  of 4000 mgPb2+/L solution (for kinetic) and 50 mL  of
000, 3000, 4500 or 6000 mgPb2+/L (for thermodynamic experi-
ents) to 1.0000 g of both sorbents at 303, 313, 323 and 333 K and

t time interval 0–2880 min  (for kinetic) and in 1440 min  (for ther-
odynamic study), respectively. In order to evaluate kinetic and

hermodynamic data, separate flasks were prepared for each time
nterval and only one flask was taken for desired time. Initial pH
pHi) in all experiments was 4.24.

In all experiments, after reaction, solution and each sorbent

ere separated through standard filter and concentrations of non

orbed lead in supernatant were determined by atomic absorp-
ion spectrophotometry (AAS) using an “Analytic Jena Spekol 300”.
orbed amount of lead was calculated from difference between
Science 283 (2013) 764– 774 765

starting concentration of lead and its concentration in the super-
natant.

2.3. Sorption–desorption experiment

Sorption–desorption experiments were conducted using the
protocol described by Hamidpour et al. [3]. For sorption
experiments, in 100 mL  containers, 1.0000 g of the natural or Fe(III)-
modified zeolite was dispersed in 50 mL  of 0.01 mol/L Ca(NO3)2
solutions, containing predetermined amounts of lead in the con-
centration range of 25–100% of Pb-maximum sorption capacity
(SCmax) of each sorbent. The initial lead concentrations ranged
from 350 to 1330 mgPb2+/L for the natural zeolite, and 690 to
2660 mgPb2+/L for Fe(III)-modified zeolite. The initial pH of the
solutions was  adjusted to 4.24 by adding negligible volumes of
0.1 mol/L of KOH or HNO3. After addition of lead, suspensions were
shaken for 24 h. After reaction time, suspensions were centrifuged
(10,000 rpm for 10 min) and one half of the supernatant volume
(25 mL)  was  pipetted out of the container to determine lead con-
centration. The other half of supernatants, along with solids, was
kept for desorption experiments.

Immediately after removal of 25 mL  of each supernatant, the rest
of supernatants together with solids was quantitatively transferred
into new containers and mixed with the same volume (25 mL)
of Pb2+-free 0.01 mol/L Ca(NO3)2 solution (with the same pH as
in sorption experiments) for 24 h. After desorption cycle, suspen-
sions were centrifuged, 25 mL  of the supernatants were kept for
lead analyses, while solids with another 25 mL  of the supernatants
were treated again with the same volume (25 mL)  of metal free
background electrolyte. Desorption cycles were repeated four suc-
cessive times for each sample. Desorption isotherms were prepared
by plotting the amounts of lead remained in the solid phase after
each desorption cycle versus the corresponding equilibrium lead
concentrations in solution.

2.4. Characterization of lead saturated natural and
Fe(III)-modified zeolite

2.4.1. Scanning electron microscopy and elemental analysis
The surface morphology and the chemical composition of sam-

ples were investigated using a “JEOL JSM-6610” scanning electron
microscope (SEM) equipped with X-ray energy dispersive detec-
tor (EDS). Observations aimed to describe the morphology of the
crystals were performed with samples coated with gold. For the
experiments aimed to perform chemical micro-analysis in energy
dispersive mode, the samples were sputtered with carbon. EDS  ele-
mental analyses were performed on a significantly high number of
points, in order to detect a potential heterogeneous distribution of
the elements on the surfaces.

2.4.2. XRPD analysis
X-ray powder diffraction data were collected using a Philips

X’Pert Pro diffractometer equipped with a multi-channel
X’celerator detector and Ni-filtered CuK� radiation. Each pattern
was  collected with angular range 2� = 5–70◦, steps of 2� = 0.016◦,
and a counting time of 450 s/step. Samples were grinded in an
agate mortar, with a final grain size of 1–5 �m.  The Rietveld/RIR
method [15,16] was applied for the quantitative phase analysis
with the GSAS computer package [17]. Silicon NIST 640c was
used as internal standard to estimate the fraction of the amor-
phous phase. The whole diffraction patterns were fitted using the
pseudo-Voigt profile function proposed by Thomson et al. [18] and

the background curve was refined with a Chebyshev polynomial.
For both the natural and Fe(III)-modified samples, the following
crystalline phases were detected: clinoptilolite, plagioclase (Ca-
rich), quartz and a very minor amount of mordenite. The starting
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Table 1
Kinetics data for sorption of lead by the natural and Fe(III)-modified zeolite.

Temperature (K) Parameters Natural zeolite Fe(III)-modified
zeolite

303

qe,exper (mg/g) 54.00 76.00
qe (mg/g) 55.34 76.33
k2 (g/(mg min)) 2.77 × 10−4 7.56 × 10−4

h (g/(mg min)) 0.85 4.88
R2 0.999 0.999

313

qe,exper (mg/g) 61.90 83.70
qe (mg/g) 62.81 84.03
k2 (g/(mg min)) 3.89 × 10−4 8.78 × 10−4

h (g/(mg min)) 1.53 6.20
R2 0.999 0.999

323

qe,exper (mg/g) 73.89 89.04
qe (mg/g) 74.79 89.44
k2 (g/(mg min)) 4.07 × 10−4 9.40 × 10−4

h (g/(mg min)) 2.28 7.52
R2 0.999 0.999

333

qe,exper (mg/g) 87.60 98.40
qe (mg/g) 88.34 98.72
k2 (g/(mg min)) 4.63 × 10−4 10.38 × 10−4
ig. 1. . Effect of contact time on sorption of lead by the natural (filled symbols) and
e(III)-modified zeolite (empty symbols).

tructure models used for the Rietveld fit were obtained from the
SA  Crystal Structure Database [19].

.4.3. Transmission electron microscopy
Samples for transmission electron microscopy were prepared by

entle grinding in an agate mortar, suspension in isopropyl alcohol
nd deposition on a holey carbon coated grid. TEM observations
ave been carried out on a field emission gun FEI Tecnai F20 super
win electron microscope equipped with Gatan Slow Scan CCD 794
nd operated at 200 kV at the DST-MI. The microscope is equipped
ith an EDS detector, for qualitative and semi-quantitative chem-

cal analysis.

.4.4. Textural properties
Adsorption–desorption isotherms of all samples were obtained

y nitrogen adsorption at 77 K using a Sorptomatic 1990 Thermo
innigan device. Prior to adsorption, the samples were degassed
rst for 1 h at room temperature under vacuum and then for 16 h at
83 K at the same residual pressure. The resulting isotherms were
nalyzed by Software ADP Version 5.13 Thermo Electron. Values
f the total pore volume (Vtot) and the specific surface area (SBET)
f the samples were determined by applying Gurevitsch’s rule at

 relative pressure p/p0 = 0.98 (p and p0 represent the equilibrium
nd saturation pressures of nitrogen at the temperature of adsorp-
ion) and according to the Brunauer, Emmet, Teller (BET) method
rom the linear part of the nitrogen adsorption isotherms, respec-
ively [20]. The Dubinin–Radushkevich (DR) equation was applied
o the nitrogen adsorption isotherms to obtain the micropore vol-
me  (Vmic-DR) [21]. Mesopore volume (Vmeso) was determined by
he Dollimore and Heal (DH) method [22].

. Results and discussion

.1. Lead sorption by the natural and Fe(III)-modified zeolite

.1.1. Effect of contact time
The effect of contact time on lead retention onto natural and

e(III)-modified zeolite was studied at different temperatures and
s shown at Fig. 1. The contact time varied in the range 0–2880 min

2+
nd the initial metal concentration was 4000 mgPb /L. The pHi of
uspensions were adjusted to 4.24 and the final pHs (pHf) were
rom 4.80 at 303 K to 4.96 at 333 K for the natural zeolite, and from
.96 at 303 K to 5.25 at 333 K for Fe(III)-modified zeolite.
h (g/(mg min)) 3.61 10.12
R2 0.999 0.999

As presented in Fig. 1, the removal of lead by sorption on both
zeolites showed steady increase for the first 230 min, followed by
an appreciable stabilization trend attaining a maximum value at
about 900 min  for the natural zeolite and about 300 min  for Fe(III)-
modified zeolite. It is clear from Fig. 1 that Fe(III)-modified zeolite
is a quicker and efficient sorbent of lead than the natural zeolite.

Lead sorption data (Fig. 1) were fitted according to the pseudo-
second order kinetics because it was  shown to be more likely
to predict the behavior over the whole range of sorption being
based on the assumption that the rate-determining step may be
a chemical sorption involving valence forces through sharing or
exchange of electrons between sorbent and sorbate [23]. Pseudo-
second order kinetic model is expressed as [24]:

dqt

dt
= k2(qe − qt)

2 (1)

where qt and qe are sorbed amount at time t and equilibrium (mg/g)
and k2 is the rate constant of pseudo-second order sorption of lead
(g/(mg min)). Integration of Eq. (1) leads to Eq. (2):

t

qt
= 1

kq2
e

+ 1
qe

t (2)

From the pseudo-second order model it is possible to define the
initial sorption rate, h (mg/(g min)), as t → 0:

h = kq2
e (3)

Then Eq. (3) becomes:

t

qt
= 1

h
+ 1

qe
t (4)

The values of qe and k2 were calculated from the slope and inter-
cept of the straight line obtained by plotting t/qt against t (curves
not shown) and were collected in Table 1.

As can be seen from Table 1, for all temperatures, the excellent
correlation coefficients (R2 = 0.999), as well as the good agreement
of calculated and experimental qe for the natural and Fe(III)-
modified zeolite, indicated the validity of the pseudo-second order
model for lead sorption by these sorbents.
The experimental data were also fitted using pseudo-first order
and intra-particle diffusion models (data not shown), but the cor-
relation coefficients for both models were much lower than those
obtained according to the pseudo-second order model.
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Fig. 2. The plot of ln K vs. 1/T  for the natural (filled symbols) and Fe(III)-modified
zeolite (empty symbols) for different temperatures: 303 K (black line), 313 K (red
l

s
t
r
i
z
t
z
f

modified zeolite, at four different initial concentrations (1000,
3000, 4500 and 6000 mgPb2+/L) and at 303, 313, 323 and 333 K

T
T

ine), 323 K (green line) and 333 K (blue line).

The pseudo-second order kinetics supports that the chemical
orption could be the rate-determining step controlling lead sorp-
ion process, and is in agreement with the results reported by other
esearchers [24]. The rate constant k2 and qe increased with increas-
ng the temperature for the natural zeolite and Fe(III)-modified
eolite which indicate that the high temperature favors lead sorp-
ion. Predicted initial lead sorption rate, h, for Fe(III)-modified

eolite was four times higher than for the natural zeolite. The much
aster lead uptake (higher initial rate) by Fe(III)-modified zeolite

able 2
hermodynamic parameters for lead sorption on natural and Fe(III)-modified zeolite.

Co (mg/L) T (K) �G◦ (kJ/m

Natural zeolite

1000

303 −3.00
313  −4.18
323 −5.11
333 −6.38

3000

303 1.58
313  0.61
323 −0.60
333 −0.94

4500

303 2.88
313  2.18
323 1.30
333 0.86

6000

303 3.75
313  3.23
323 2.37
333 2.07

Fe(III)-modified
zeolite

1000

303 −5.06
313  −6.21
323 −7.05
333 −7.78

3000

303 −0.83
313  −1.76
323 −2.54
333 −2.93

4500

303 0.64
313  0.32
323 −0.08
333 −0.43

6000

303 1.50
313 1.27
323 1.05
333 0.82
Science 283 (2013) 764– 774 767

may  be an additional evidence that this modification increase the
number of active surface sites available for sorption of lead.

The activation energies for metal ion sorption on natural and
Fe(III)-modified zeolite were calculated according to the Arrhenius
equation [25]:

k2 = k0 exp
[−Ea

RT

]
(5)

where k0 (g/(mg min)) is the temperature independent factor, Ea

(kJ/mol) is the activation energy of the reaction of sorption, R is the
gas constant (8.314 J/(K mol)) and T is the sorption absolute tem-
perature in K. The magnitude of activation energy may  give an idea
about the type of sorption. There are two main types of sorption:
physical and chemical. Usually, the activation energy for physi-
cal sorption is no more than 4.2 kJ/mol, since the forces involved
in this process are weak. Chemical sorption is specific, involves
forces much stronger than in physical sorption and may  be acti-
vated or non-activated. Activated chemical sorption means that
the rate varies with temperature according to a finite activation
energy (8.4–83.7 kJ/mol) in the Arrhenius equation, while for non-
activated chemical sorption, the activation energy is near zero [26].
The energies of activation determined from slopes of ln k2 versus
1/T  for both sorbents (figure not shown) were found to be 13.46
for the natural and 8.53 kJ/mol for Fe(III)-modified zeolite con-
firming activated chemical sorption. The positive values of energy
activation suggest that rise in temperature favors sorption and this
process is an endothermic in nature.

3.1.2. Thermodynamic study
The data collected for lead sorption on the natural and Fe(III)-
were used for estimation of some thermodynamic parameters. The
pHi of each solution was  adjusted to 4.24 and the final pHs (pHf), for

ol) �H◦ (kJ/mol) �S◦ (J/(K mol)) R2

30.53 110.64 0.998

28.39 88.72 0.981

23.96 69.64 0.994

21.72 59.29 0.989

22.25 90.47 0.991

20.75 54.95 0.982

11.52 35.87 0.999

5.96 8.35 0.999
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Table 3
Refined parameters for Freundlich equation fit to the lead sorption data.

Natural
zeolite

Fe(III)-modified
zeolite

k (L/mg) 14.36 28.81
68 M. Kragović et al. / Applied Su

he initial concentration of 1000 mgPb2+/L were from 5.21 at 303 K
o 6.47 at 333 K for the natural zeolite, and from 5.96 at 303 K to 6.38
t 333 K for Fe(III)-modified zeolite. At the highest initial concen-
ration, pHf was from 4.73 at 303 K to 4.80 at 333 K for the natural
eolite, and from 4.81 at 303 K to 5.09 at 333 K for Fe(III)-modified
eolite.

The standard free energy of sorption (�G◦), standard enthalpy
�H◦) and entropy (�S◦) were calculated from following equa-
ions:

G◦ = −RT ln K (6)

n K = �S◦

R
− �H◦

RT
(7)

here R is the gas constant (8.314 J/(K mol)) and K is the equilib-
ium constant at the temperature T. The constant K was calculated
s the ratio of the equilibrium lead sorbed amount and equilibrium
oncentration in solution. The values of �H◦ and �S◦ were calcu-
ated from the slope and the intercept of linear regression of ln K
s. 1/T  (Fig. 2). The obtained parameters are presented in Table 2.

From Table 2, it is observed that for the lower initial lead concen-
rations, �G◦ was negative at all temperatures, for both the natural
nd Fe(III)-modified zeolite, indicating that sorption process is
pontaneous in nature. With increasing the initial lead concentra-
ion, �G◦ was positive suggesting that at these lead concentrations
orption process becomes non-spontaneous. For Fe(III)-modified
eolite, �G◦ is lower than for the natural one, and more negative
n the wider concentration range, suggesting the higher number
f active sites available for spontaneous sorption of lead. Also,
G◦ becomes more negative with increasing temperature, suggest-

ng that sorption is more favorable at high temperature. Changing
n enthalpy (�H◦) values was positive showing that the sorp-
ion of lead at both the natural and Fe(III)-modified zeolite is
ndothermic in nature. It is observed that for the highest initial
ead concentration, �H◦ is much lower for the Fe(III)-modified zeo-
ite (5.96 kJ/mol) than for the natural one (21.7 kJ/mol), confirming

ore favorable sorption by Fe(III)-modified zeolite. The positive
alues of entropy �S◦ suggests an increase in randomness at the
olid–solution interface by the fixation of lead ions onto both sor-
ents. Namely, based on pH measurements, even at higher initial
oncentrations, lead is present in solution predominantly in the
ationic forms [27], thus lead ions are surrounded by a firmly bound
ydration layer where water molecules are more highly ordered.
hen lead ions enter the hydration surface of sorbent, the ordered
ater molecules disturbed, that causes increase of entropy of water
olecules. Sorption of lead also involves release of cations from

orbents, which influence increase in the entropy. Furthermore,
he observed decrease in entropy with increasing the initial con-
entration of lead indicates that chemisorption cause decrease in
andomness at the solid–solution interface. This effect is much pro-
ounced for Fe(III)-modified zeolite.

Based on the amount of released cations during lead sorption
y the natural and Fe(III)-modified zeolite, sorption include ion
xchange at lower initial concentrations of lead, while at higher ini-
ial concentrations, chemical sorption of lead at surface was  much
ronounced than ion exchange [9]. In the lead initial concentration
ange when ion exchange was dominant, the amounts of released
ations were higher than amount of sorbed lead, while when
hemisorption mainly occurred the opposite trend was  observed.
hus, since the amounts of released cations from both zeolites
re similar in whole initial lead concentration range, the observed

ecrease in entropy with increasing the initial concentration of

ead indicates that chemisorption cause decrease in randomness
t the solid–solution interface. This effect is much pronounced for
e(III)-modified zeolite.
sorb

nsorb 0.203 0.183
R2 0.977 0.982

3.1.3. Effect of the particle size
Sorption isotherms were previously determined for the natu-

ral and Fe(III)-modified zeolites for two  different particle sizes:
<0.043 mm and 0.6–0.8 mm [12,28]. For both fraction of the nat-
ural and Fe(III)-modified zeolite, sorption of lead increased with
increasing the initial concentration of lead. The results of sorption
were fitted to the Langmuir and Freundlich sorption model and the
best fit was  obtained using the Freundlich model. Under the applied
experimental conditions, for the particle sizes of <0.043 mm,  the
maximum sorbed amount (SCmax) of lead was  66 mg/g for the nat-
ural and 133 mg/g for Fe(III)-modified zeolite. For the particle size
0.6–0.8 mm,  SCmax was 62 and 102 mg/g for the natural and Fe(III)-
modified zeolite, respectively. These results showed that sorption
of lead by the natural zeolite slightly decrease with increasing par-
ticle size, while for Fe(III)-modified zeolite, this phenomenon is
much more pronounced as the result of decreasing of surface area
of sorbent. Still, much higher sorption of lead was  observed for
Fe(III)-modified zeolite, for both particle sizes. It was  already men-
tioned that sorption of lead by Fe(III)-modified zeolite include ion
exchange and chemisorption and most probably iron deposited at
the surface creates active sites responsible for enhanced lead sorp-
tion. Thus, because sorption is a surface phenomenon, the smaller
sorbent size offered comparatively larger available surface area for
iron during modification and hence higher number of active sites
for lead removal at equilibrium [29]. The highest initial lead concen-
tration point on the sorption isotherms was  used for preparation of
lead saturated sorbents for the characterization experiments (Sec-
tion 3.3).

3.2. Sorption–desorption of lead

The sorption–desorption isotherms were calculated using the
Freundlich equations [3].

qe = ksorbCnsorb
e (8)

qe = kdesorbCndesorb
e (9)

where qe, Ce, ksorb(kdesorb), nsorb(ndesorb) are the quantity of lead in
solid phase (mg/g), equilibrium liquid phase concentration (mg/L),
the Freundlich bounding constant (L/mg) for sorption (desorption)
and sorption (desorption) coefficient, respectively.

Lead sorption–desorption isotherms fitted by the Freundlich
model for the natural and Fe(III)-modified zeolite are presented
in Fig. 3, and characteristic parameters of the isotherms are given
at Table 3 for sorption and Table 4 for desorption of lead from both
sorbents.

As can been seen from Tables 3 and 4 the correlation
coefficients for sorption and desorption of lead are greater than
0.900 confirming Freundlich model very well described lead
sorption–desorption process on both sorbents. Using of the Freund-
lich model for describing sorption process for heavy metals on
different sorbents is well known. For example, Hamidpour et al.
[3] used Freundlich equation for investigation of desorption of lead

and cadmium from natural zeolite and bentonite.

The desorption isotherms of lead on both sorbents devi-
ates significantly from the corresponding sorption isotherms,
and sorption–desorption hysteresis occur, meaning that
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Fig. 3. Lead sorption (black line) - desorption isotherms at three metal ion con-
centrations: 50% (red line), 75% (green line), and 100% (blue line) of SCmax, for the
natural (filled symbols) and Fe(III)-modified zeolite (open symbols).

Table 4
Refined parameters for Freundlich equation fit to the lead desorption data.

Initial lead load
(% of SCmax)

Parameter Natural
zeolite

Fe(III)-modified
zeolite

50
kdesorb (L/mg) 31.05 61.28
ndesorb 0.009 0.006
R2 0.990 0.992

75
kdesorb (L/mg) 39.29 74.47
ndesorb 0.012 0.010
R2 0.911 0.964

k (L/mg) 44.37 90.64

s
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100
desorb

ndesorb 0.016 0.013
R2 0.972 0.987

orption–desorption of lead from both sorbents were not reversible
Fig. 3). At the initial lead concentrations of 50%, 75% and 100%
f SCmax, the quantity of lead desorbed, after four cycles were:
.95%, 1.99% and 2.95% for the natural zeolite and 0.41%, 1.22%
nd 2.02% for Fe(III)-modified zeolite. These results are very
omparable with results obtained by Hamidpour et al. [3]. They
ound that 1%, 3% and 5% of lead was released from zeolite for
nitial concentration of lead of 50%, 75% and 100% of SCmax and
elease of such a relatively low proportion of sorbed lead was
ttributed to the strong bonding to the high affinity sites in zeolite.
he Freundlich constant k (a quantity parameter representing

he amount of lead retained on the solid phase) for each sorbent
btained from the desorption isotherms was significantly higher
han that calculated from sorption isotherms (Tables 3 and 4), and
lso, this constant for Fe(III)-modified zeolite was  almost twice

Fig. 4. SEM micrographs of the: (a) natu
Science 283 (2013) 764– 774 769

higher than for the natural zeolite, confirming positive hysteresis
and indicating approximately slightly higher desorption of sorbed
lead from the natural than from Fe(III)-modified zeolite.

3.3. Characterization of the natural and Fe(III)-modified zeolite
after sorption of lead

3.3.1. Scanning electron microscopy and elemental analysis
SEM images of the natural and Fe(III)-modified zeolites before

and after sorption of lead are shown in Figs. 4 and 5.
Field observation and microscopic study of the sample revealed

that the natural zeolite occurs mainly as well-formed fine sized
crystals. Many of the zeolite crystals show a tabular morphology,
as expected for a (monoclinic) clinoptilolite (Fig. 4a). As we previ-
ously reported [12], after modification with Fe(III) ions, form and
size are preserved despite the strongly basic conditions used for
modification (Fig. 4b).

SEM coupled with EDS provides a semi quantitative elemental
analysis of the crystals surface. In the EDS spectra of the natu-
ral zeolite, Si, Al, O, Mg,  Ca, K, Na, Ti and Fe were detected. Iron
is certainly due to (non-zeolitic) Fe-bearing minerals in the vol-
canic rocks [30], while Ca, Na, K and Mg  are mainly the extra
framework cations that compensate the net negative charge of the
zeolite (clinoptilolite–heulandite) network [31]. After modification
of the natural zeolite with Fe(III) ions, iron and potassium con-
tent increased (Fe2O3 = 2.03% for the natural and Fe2O3 = 5.70% for
Fe(III)-modified zeolite; K2O = 1.41% for the natural and K2O = 5.81%
for Fe(III)-modified zeolite), while content of sodium and cal-
cium decreased (Na2O = 1.27% for the natural and Na2O = 0.49% for
Fe(III)-modified zeolite; CaO = 3.26% for the natural and CaO = 2.18%
for Fe(III)-modified zeolite).

In Fe(III)-modified zeolite, the amount of iron exceeds cation
exchange capacity of the natural zeolite, which together with EDS
results confirm that, in addition to the ion exchange between the
exchangeable cations from the zeolite network and the Fe from the
solution, most of the iron is deposited on the surface of the zeolite
crystals and may  be in the form of Fe-oxides [32].

For lead saturated samples, the content of lead determined by
EDS was 6.30% for the natural and 14.22% for Fe(III)-modified zeo-
lite and it was close to the maximum capacities of both samples
obtained from sorption experiments. For this initial concentration
of lead used for preparation saturated samples, it was postu-
lated that sorption of lead include ion exchange together with
chemisorption of lead on the surface [12]. Sorption complexes
of Pb(II) with various adsorbents including alumina, clay min-
erals (such as montmorillonite), manganese(III,IV) oxyhydroxide
as well as Pb(II) mononuclear bi dentate inner sphere sorption

complexes (with hematite and goethite over a wide range of con-
ditions), were reported in the literature [33]. Thus, similar results
of EDS analysis and maximum sorption capacity suggested that
for both zeolites besides ion exchanged lead, it is also retained on

ral and (b) Fe(III)-modified zeolite.



770 M. Kragović et al. / Applied Surface Science 283 (2013) 764– 774

d: (a)

h
F
b
[
p
m
z
d
(
z

o
s
r
P
e
t
o
i
s
p
f
o
c
c
l
t
i

3

s

R
p
c
q
t
<
c
t
t
t
e
c
h
i
s

the desorption part end at relative pressure close to 0.85, can
be classified as Type IV with hysteresis loop of type H1. This
type of hysteresis is associated with porous materials which
Fig. 5. SEM micrographs of lead saturate

ydroxyl surface sites particularly at ≡FeOH sites associated with
e-oxyhydroxide mineral phases, and/or >SOH, which represents
oth zeolite mineral edges and Al-oxyhydroxide functional groups
34]. Besides these processes, the mixed effect of sorption with co-
recipitation or even coagulation of lead at the mineral surface
ay  occurred [35]. The SEM micrographs of both lead saturated

eolites (fraction 0.6–0.8 mm)  presented at Fig. 5, show rare ran-
omly distributed agglomerates with significant amount of lead
60.16 wt% – the natural zeolite and 71.50 wt% – Fe(III)-modified
eolite).

Lu et al. [36] reported that coprecipitation of Pb2+ with ferric
xihydroxides occurred at pH ∼ 4, and it was more efficient than
orption of lead from aqueous solutions at similar sorbate/sorbent
atios and pH. Their desorption experiments showed that more
b2+ was released from loaded sorbents collected from sorption
xperiments than from Pb to Fe coprecipitates. They hypothesized
hat Pb2+ was first sorbed on the nanometer-sized metastable Fe-
xyhydroxide polymers and, as these nano-particles assembled
nto larger particles, some Pb2+ was trapped in the Fe-oxyhydroxide
tructure and re-arranged. Low desorption of lead described in the
revious section, similar content of lead in both samples obtained
rom EDS and from sorption experiments, as well as the presence
f random agglomerates of lead at the mineral surfaces, confirmed
omplex lead sorption mechanism including ion exchange, surface
omplexation and co-precipitation. The much higher sorption of
ead by Fe(III)-modified zeolite than by the natural one, suggested
hat these lead sorption processes are more pronounced when iron
s present at the zeolitic surface.

.3.2. XRPD analyses
XRPD patterns of the lead-saturated natural and Fe(III)-modified

amples are shown in Fig. 6.
The refined amount of the crystalline phases (wt%) by

ietveld/RIR method are: clinoptilolite 66(1)%, mordenite 3(1)%,
lagioclase 18(1)%, and quartz 12(1)% for the natural sample and
linoptilolite 73(1)%, mordenite 3(1)%, plagioclase 14(1)%, and
uartz 10(1)% for the Fe(III)-modified sample. The estimated frac-
ion of the amorphous phase was below the detection limit (i.e.
3 wt%). The two diffraction patterns show that there is no drastic
hange of the crystal-chemistry of the sample after the Fe(III)-
reatment. As the Fe(III)-modified zeolite was prepared according
o the protocol for pure goethite, we expected to find evidence, in
he diffraction pattern, of iron hydroxides and/or iron oxides. Nev-
rtheless, no Fe-rich crystalline phase was detected. However, a

areful inspection of the profiles showed that: (a) the full-width-at-
alf-maximum of the diffraction peaks of clinoptilolite experienced

ncreased (∼8–10%) in the Fe(III)-modified sample, (b) a general
light decrease of the of the diffraction peaks intensity is observed
 natural and (b) Fe(III)-modified zeolite.

for all the crystalline phases, though more pronounced for clinop-
tilolite.

Additionally, crystal Fe–Pb-bearing oxides/hydroxides were
also not observed in XRPD pattern of both lead saturated nat-
ural and Fe(III)-modified zeolite. The polyphase nature of the
samples, coupled with the quality of the data collected with
a conventional diffractometer, hindered high-quality structure
refinements of clinoptilolite in order to prove a variation of
the extra-framework population between the natural and Fe(III)-
modified sample, respectively.

3.3.3. Transmission electron microscopy
A TEM investigation of the lead-saturated Fe(III)-modified zeo-

lite showed a high fraction of idiomorphic crystals of clinoptilolite
(Fig. 7), along with and plagioclase and quartz, and a secondary
fraction of nano-aggregates which have been found to be amor-
phous (Fig. 8). The EDS analyses showed that: (1) The amount of
Fe and Pb in idiomorphic crystals of clinoptilolite is negligible (i.e.
below the EDS detection limit), and so Fe and Pb are not concen-
trated in zeolite structure (i.e. as extra-framework population); (2)
Fe and Pb appear to be mainly concentrated into the amorphous
fraction. These experimental findings can explain the absence of
Fe–Pb-bearing oxides/hydroxides (e.g. goethite, limonite, etc.) in
the X-ray diffraction patterns of the lead-saturated natural and
Fe(III)-modified samples.

A further experimental finding concerns the presence of spher-
ical nano-clusters on the crystal faces, as shown in Fig. 9. The
dispersion of the clusters does not allow us to have a representative
chemical composition of the clusters, but the image contrast sug-
gests that the clusters have a different composition with respect
to the host crystals of zeolite. In other words, clusters could be
made by Fe or Pb oxides, but we cannot prove that. The TEM
high-resolution images suggest that the spherical nano-clusters are
amorphous (Fig. 9).

3.3.4. Textural properties
In Fig. 10, the nitrogen adsorption–desorption isotherms of nat-

ural zeolite, Fe(III)-modified zeolite and pure goethite1 are shown.
The obtained isotherms, although similar, according to IUPAC

nomenclature can be defined as two  separate classes. Isotherm of
pure goethite1, due to existence of barely noticeable but visible
plateau at high relative pressure, narrow hysteresis loop and
almost vertical and nearly parallel hysteresis branches, with
1 Pure goethite was  synthesized under the same procedure as Fe(III)-modified
zeolite.
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Fig. 6. X-ray powder diffraction pattern of the lead sa

onsist of agglomerates or compacts of approximately uniform
pheres in fairly regular array and hence these materials have a
arrow pore size distribution. Overall, it appears that synthesized
ure goethite behaves like a mesoporous material. The pore size
istribution (results not presented) estimated from desorption
ranches of isotherm shows the maximum at 44.7 nm,  confirming
esoporosity of synthesized goethite.
For the natural and Fe(III)-modified zeolite, the obtained

sotherms do not have a plateau at high relative pressure and for
oth sorbents hysteresis loops end at p/p0 ≈ 0.42. The position of
ysteresis loop ending for both samples is typical for measurements
ith nitrogen at 77 K and is not the consequence of the pore sys-
em network of sorbents. Isotherms can be classified as Type II,
ypical for non porous materials. Additionally, hysteresis loop of
3 type can be recognized and is characteristic for the aggregates
f plate-like particles.
d: (a) natural zeolite and (b) Fe(III)-modified zeolite.

The isotherms of natural and Fe(III)-modified zeolite after lead
sorption (results not shown) are very similar to isotherms of corre-
sponding materials before lead sorption, although some reduction
of total amount of adsorbed nitrogen and slightly widening of hys-
teresis loop can be recognized. The type of isotherms (type II) and
hysteresis loops (type H3) stay unchanged.

The results of calculated textural parameters of the natural and
Fe(III)-modified zeolite before and after sorption of lead, as well as
for pure goethite1, are presented in Table 5.

Results showed that specific surface area significantly increases
after modification of the natural zeolite with Fe(III) ions, from
30.20 m2/g for the natural zeolite to 52.50 m2/g for Fe(III)-modified

zeolite. From the chemical analysis, the modification of the nat-
ural zeolite with Fe(III) ions under basic condition, increased the
iron content for only 1.1% (from Fe2O3 = 2.30% for the natural
to Fe2O3 = 3.97% for Fe(III)-modified zeolite) [12]. So, addition of
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Fig. 7. Idiomorphic single-crystals of clinoptilolite (left) and a diffraction pattern of one individual (right). The EDS chemical analysis of the idiomorphic crystals shows Fe
and  Pb content below the detection limit.

Fig. 8. Amorphous aggregate (left) and its diffraction pattern (right). The EDS chemical analysis at P 6 yields: Fe = 15.2(3)% and Pb = 7.5(8)% (given as atomic %).

Fig. 9. High-resolution images of sub-spherical nano-clusters which appear to be amorphous (left) and lying on the surface of the crystals of clinoptilolite (right).

Table 5
Textural parameters of the natural and Fe(III)-modified zeolite before and after lead sorption and of pure goethite.a

Sample SBET (m2/g) Vtot (cm3/g) Vmeso (cm3/g) Vmic (cm3/g)

Natural zeolite 30.20 0.135 0.078 0.012
Natural zeolite + lead 29.70 0.082 0.042 0.011
Fe(III)-modified zeolite 52.50 0.151 0.092 0.019
Fe(III)-modified zeolite + lead 46.50 0.131 0.058 0.017
Goethitea 55.50 0.528 0.489 0.020

a Pure goethite was  synthesized under the same procedure as Fe(III)-modified zeolit.



M. Kragović et al. / Applied Surface 

Fig. 10. Nitrogen isotherms of natural zeolite (Z), Fe(III)-modified zeolite (FeZ) and
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iron-coated zeolite, Journal of Hazardous Materials 163 (2009) 804–808.
ure  goethite (Pure goethite was synthesized under the same procedure as Fe(III)-
odified zeolite) (G); filled symbols adsorption, empty symbols desorption points.

uch small amount of iron elevated SBET close to the value of
ure goethite1 (55.50 m2/g). Increase of the specific surface area
bserved by Jiménez-Cedillo et al. [32] for zeolites treated with both
ron and manganese, indicated that metallic species are not only
xchangeable by the cations from the zeolite network but are also
eposited on the surface of the zeolitic materials. Doula [11] also
eported for Fe-modified clinoptilolite that only a small amount of
e could be exchanged with the cations of extra-framework popu-
ation of the zeolite structure. She indicated that, as a result of the
resence of iron in the zeolite structure channels, the textural prop-
rties of this material changed notably. Compared to the natural
eolite, the increase of the specific surface area of Fe(III)-modified
eolites through the increase of micropores volume (especially
n ultra-micropores with diameter less than 1 nm)  may  be an
dditional evidence of ion exchange, because micropore volume
reviously inaccessible to the molecule of nitrogen becomes acces-
ible after exchange of larger cations (K+, Na+, Ca2+, Mg2+) with
onsiderable smaller one Fe3+ [37]. On the other hand, the increase
n mesopore volume can be correlated with the formation of a new
hase at the zeolitic surface which is itself mesoporous. Thus, the
e(III)-modified zeolite shows both increase of micro- and meso-
ores volume, confirming formation of new Fe-bearing phases on
eolite beside to the mechanism of ion exchange.

After lead sorption, specific surface area of the natural and
e(III)-modified zeolite, compared to the corresponding source
aterials, slightly decreased. In fact, all textural parameters

ecrease, especially mesopore volume. The decrease of Vtot and
meso may  further suggest that lead is considerably deposited on
he surface of both sorbents, confirming that (for this initial con-
entration) besides ion exchange, chemisorption of lead occurred.

Finally, since it is well known that amorphous Fe-oxides
ave larger sorption capacities for metal contaminants than crys-
alline oxides such as goethite [33], to support observations
hat amorphous iron at the zeolitic surface increased lead sorp-
ion, we did preliminary lead sorption experiment (initial lead
oncentration ∼ 1300 mg/L, amount of solid phase 1.0000 g/50 mL
nd pH = 4.24) with pure goethite.1 The result was compared
ith lead sorption, under the same conditions, by the natu-

al and Fe(III)-modified zeolite. We  observed that lead sorption
ncreased in the following order: goethite1 (17.5%) < the natu-
al zeolite (61.5%) < Fe(III)-modified zeolite (91.6%). Thus, results

n lead sorption by the natural and Fe(III)-modified zeolite,
long with characterization of materials before and after sorp-
ion of lead reported in this study, confirmed that amorphous

[

[
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Fe-oxy/hydroxides at the surface of Fe(III)-modified zeolite are
responsible for enhanced sorption of lead.

4. Conclusion

Results reported in this paper showed that significantly higher
sorption of lead was achieved with modification of the nat-
ural zeolite with Fe(III) ions under basic conditions. Sorption
experiments as well as characterization of both the natural and
Fe(III)-modified zeolite before and after sorption of lead confirmed
complex lead sorption mechanism including ion exchange as well
as chemisorption and precipitation of lead at the zeolitic surface.
Characterization of Fe(III)-modified zeolite after sorption of lead
confirmed enhanced lead sorption is due to presence of amorphous
phase at the surface of modified zeolite. High lead sorption and high
stability of lead saturated modified zeolite make Fe(III)-modified
zeolite as promising material for water purification.
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