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ABSTRACT

Raw and activated clay minerals were used as adsorbents for adsorbing Pb and Zn ions
from an aqueous solution. Bentonite was activated using sulfuric and hydrochloric acids
and sodium chloride. Activated bentonite with sulfuric and hydrochloric acids provided
maximum adsorption of Pb and Zn ions as 490mg L−1 (98%) and 275mg L−1 (55%), respec-
tively. The initial concentration of ions in solution was 500mg L−1. Minimum values of stan-
dard deviation for Pb and Zn ions were 0.06 and 0.03, and the values of coefficient of
determination (R2) for Pb and Zn ions were 0.996 and 0.998, respectively. Freundlich iso-
therm was preferred for describing the sorption of these metals. Furthermore, experimental
results confirmed that the pseudo-first-order kinetic model was more suitable to interpret
the mechanism of the sorption process.
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1. Introduction

Nowadays, scientists seek low-cost methods and
materials for adsorption of organics and heavy metals.
In recent decades, many researchers have studied
adsorption system of heavy metal ions on natural and
activated bentonite around the world [1–3]. For exam-
ple, studying on the Algerian bentonite that was acti-
vated by HCl acid, the optimum parameters were
indicated at 4 < pH < 6, mass of adsorbent = 1 g, shak-
ing time = 1 h, and initial concentration of metal ions
was measured 10mg L−1. Results showed clay had

significant potential for removing Zn2+, Pb2+, Cu2+,
and Ni2+ ions from polluted water [1]. Also, bentonite
from Maghnia (NW, Algeria), the sorption of Co2+

ions indicated the pseudo-second-order kinetic model
is the best fit and isotherm of Freundlich is more
appropriate [2]. By Algerian bentonite clay, the
removal efficiency of Pb2+ mostly was gotten to 92%
while the initial concentration of metal ions and shak-
ing time were 10mg L−1 and 2 h, respectively. Conclu-
sion of research determined significant potential for
removing Pb2+ from wastewater using a low-cost
adsorbent [3].

Na-bentonite was used for Pb(II) adsorption from
aqueous solutions and the results showed that Pb(II)
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sorption is dependent on pH and ionic strength. In
these experiments, the sorption percentage of Pb(II)
was increased with increasing pH values at pH < 7,
maintaining high level of sorption at pH 7–10 and at
pH > 10, the heavy metal ions such as Pb2+ tend to
form precipitation at high pH values, which limits the
process greatly. This indicated that the sorption of Pb
(II) on Na-bentonite can be explained by ion exchange
or outer-sphere surface complexation at low pH val-
ues and by inner-sphere surface complexation at high
pH values [4]. Also, adsorption results with the GMZ
bentonite showed that the adsorption of Pb(II) on Na-
bentonite depends on pH. Using thermodynamic data,
it was shown that the adsorption of Pb(II) on Na-ben-
tonite is an endothermic and spontaneous process [5].
Acid-activated montmorillonite was used as adsorbent
for removal of 2,4,5-trichlorophenol (2,4,5-TCP) from
aqueous solution, and the results indicated that by
increasing adsorbent mass, pH, and temperature, the
sorption of trichlorophenol per unit weight of the
adsorbent decreased. However, an increase of adsorp-
tion was observed when initial concentration of tri-
chlorophenol increased. Kinetic data fitted well with
the pseudo-second-order rate expressions. Results
indicated that the adsorption could be assigned to a
physisorption model [6]. Adsorption of poly (1-viny-
limidazole) on the Na-bentonite increased with
increasing pH and decreasing ionic strength and tem-
perature. It was shown that the high adsorption of
poly (1-vinylimidazole) in the Na-bentonite was
caused by electrostatic interactions at pH 8.5 [7]. Pb(II)
was adsorbed by bentonite in raw, acid-activated, and
manganese oxide-coated forms. The Langmuir mono-
layer adsorption capacities in 0.1MKNO3 solution
were 16.70, 8.92, and 58.88mg g−1, respectively.
Results showed the dependence of Pb(II) adsorption
on the nature of the adsorbent surface [8]. Tomić et al.
[9] treated bentonite from Petrovac and Aleksinac
regions with sulfuric acid and studied their structure
variation. Results demonstrated that the acid affected
the octahedral sheets and therefore increased the
specific surface area from 6 to 387m2 g−1 (bentonite
from Petrovac) and from 11 to 306 m2g−1 (bentonite
from Aleksinac) [9]. Also, Cu and Nickel ions were
removed by Na-bentonite under static conditions. The
adsorption equilibrium for nickel and copper was
observed for 200min. The adsorption capacities fol-
lowed the order Cu2+>Ni2+ in single-component sys-
tems and the decreasing order of competitive
adsorption capacities in binary component systems
was Cu2+>Ni2+. The adsorption percentage followed
the order Cu2+>Ni2+ at the same pH values [10]. Raw
and acid-activated bentonites were used to adsorb
blue methylene (BM) and zinc ions, and the results

showed that the adsorption capacity of BM and Zn
ions by raw bentonite were 2.2 and 1.1mmol g−1 of
bentonite, respectively. The maximum uptake of BM
and Zn ions weas reduced by acid-activated bentonite
because of partial collapse of montmorillonite particles
and formation of amorphous silica [11]. Adsorption
and desorption of Cd(II) and Zn(II) on local bentonite
were modeled. The maximum adsorptions for Zn and
Cd were 99.85 and 96.84%, respectively, whereas the
maximum desorption for Zn and Cd were found to be
6.57 and 51.37%, respectively. Also, the interactions of
parameters such as the solid/liquid ratio, ultrasound
power, and temperature, were an important factor in
the various ratios for desorption of Cd(II) and Zn(II)
[12]. Metal ions adsorption was studied for granular
pillared that included organo- and inorgano-bento-
nites. Adsorption tests were performed with aqueous
multi-metal solutions of Pb2+, Cu2+, Cd2+, Zn2+, and
Ni2+ ions, with liquid dodecane and aqueous dode-
cane solutions. The smallest and highest adsorptions
were observed for Al-pillared and granular organo-
bentonite at 30min and 12 h, respectively. Powdered
inorgano–organo-bentonite had the maximum adsorp-
tion capacity at higher metal concentration and lower
adsorbent content (Cu2+: 2.2, Ni2+: 1.7, Zn2+: 1.4, Cd2+:
0.9, and Pb2+: 0.7 all inmmol g −1) [13]. In this study,
application of raw, HCl- and H2SO4-activated benton-
ite as adsorbents for the removal of Zn2+ and Pb2+

from aqueous solution were investigated. In this
research, mechanism of adsorption such as Langmuir
and Freundlich isotherms was considered and the
effects of different influential parameters on the effi-
ciency of the sorption process were studied.

2. Materials and methods

2.1. Characterization studies

Bentonite samples were obtained from the Rashm
mine in the Semnan province of Iran. After obtaining
a representative sample, optical microscopy, X-ray dif-
fractometer (XRD), and XRF analysis were carried out
and the results showed that the bentonite samples
mainly consist of montmorillonite and minor amounts
of quartz, calcite, crystobalite, gypsum, etc.

After crushing and preparation of the sample,
high-grade adsorbent montmorillonite was obtained
by sizing through a hydrocyclone.

XRD was used for determination of mineral types.
XRD analysis was performed to indicate composition
of adsorbents. Powder diffraction patterns were
obtained with a Siemens D-500 diffractometer with
Ni-filtered CuKα radiation and a goniometer speed of
1˚ 2θ min−1. XRF analysis (Siemens 303 SRS and
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Philips magix pro) showed that Al2O3 and SiO2 are
major compounds in the sample and Na2O, MgO,
Fe2O3, CaO, and K2O are minor oxides. These data are
presented in Table 1.

2.2. Activating process of bentonite

After sizing and enrichment with hydrocyclone,
the bentonite was activated by three kinds of activa-
tors, HCl, H2SO4, and NaCl. During activation pro-
cess, various influential parameters such as
temperature, contact time, and concentration of activa-
tors were considered. Activation process was per-
formed with mechanical stirrer at 500 RPM (IKA
overhead stirrer) at mild temperature as 348 K. During
activation process, concentration of activators was 1
M. The optimized contact time was 8 h.

2.3. Batch adsorption experiments

2.3.1. Preparation of standard solutions

For making 1,000mg L−1 of solutions with Pb and
Zn ions, 1.6 g of Pb(NO3)2 and 4.4 g of ZnSO4 7H2O
were dissolved in 500 cc water. These concentrations
were within the solubility range of metal salts. Con-
centration of ions in solutions including Pb2+ and Zn2+

ions for the experiments varied from 50 to 1,000mg
L−1. In addition, a liquid/solid ratio of 20:1 (mL g−1)
was used in all experiments. Final concentrations of
metal ions in the solution were measured in double
readings with an atomic adsorption spectrometer
(Varian AA 240Z, Germany).

2.3.2. Batch isotherm model

For simulation of adsorption process, Langmuir,
Freundlich, and D–R equilibrium isotherms were

used. Langmuir and Freundlich isotherms are pres-
ently being used to describe the adsorption character-
istics of metal ions in water and wastewater treatment
[14].

2.3.2.1. Langmuir isotherm. Langmuir adsorption iso-
therm was first used to describe the adsorption of gas
molecules on metal surface [15–20]. This model has
been used successfully to indicate many uptake
models. Langmuir model is shown with the following
Eq. (1):

q ¼ K � qmax � Ce

1þ K � Ce
(1)

Eq. (1) is modified to a linear statement as Eq. (2):

Ce

qe
¼ 1

K � qmax
þ Ce

qmax
(2)

where qe (mg g−1) is the amount of metal ions
adsorbed, qm (mg g−1) is the monolayer capacity of
metal ions, Ce is the equilibrium concentration of
metal ions, and K is the Langmuir constant (Lmg−1)
related to free energy of adsorption.

The important factor for Langmuir isotherm is
expressed as a constant separation factor. This param-
eter is a dimensionless equilibrium parameter, RL,
which can be calculated by the following equation
[19]:

RL ¼ 1

ð1þ K � C0Þ (3)

where K is the Langmuir constant and C0 is the initial
concentration of metal ion. RL value indicates the
approach to the isotherm. RL values between 0 and 1
indicate favorable absorption. RL values equal to zero

Table 1
XRF analysis of Rashm mine samples

Sample compound RH (%) RG (%) RF (%) RD(%) RC (%) RB(%) RA (%)

Na2O 6.80 6.60 7.90 7.70 8.40 8.50 8.20
MgO 2.57 2.46 3.05 3.59 1.66 1.79 1.92
Al2O3 11.50 11.30 13.40 12.00 9.20 9.20 9.30
SiO2 62.10 62.30 60.00 61.60 65.80 65.10 66.70
K2O 0.11 0.15 0.11 0.25 0.41 0.44 0.44
CaO 1.39 1.49 0.64 1.47 1.00 1.11 0.69
Fe2O3 1.75 1.74 2.01 1.68 0.64 0.67 0.66
L.O.I. 13.78 13.96 12.89 11.71 12.89 13.19 12.09
Total 100 100 100 100 100 100 100
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indicate irreversible absorption, RL= 1 shows linear
adsorption, and RL> 1 shows unfavorable adsorption
[20,21].

2.3.2.2. Freundlich isotherm. Freundlich adsorption iso-
therm is applicable for adsorption on heterogeneous
clay surfaces. Adsorption equilibrium data were
applied to the Freundlich model in logarithmic form
as follows [22,23]:

log qe ¼ log kf þ 1

n
log Ce (4)

where kf and n are Freundlich constants related to
adsorption capacity and adsorption intensity, respec-
tively. In order to study the adsorption process, SD
was calculated for each of the Langmuir and Freund-
lich isotherms to determine which is the more
suitable model to describe the adsorption mecha-
nism. The standard deviation (SD) was obtained as
follows:

SD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP½ðqtexp � qtcalÞ=qtexp�2

m� 1

s
(5)

where qtexp and qtcal are adsorption parameters
obtained from the experimental data and calculated
from the sorption isotherm data, respectively. Also, m
is the number of experiments performed in the labora-
tory. Results of the experimental data were normally
close to data obtained from isotherms models. The
best mechanism of the adsorption process is the one
in which the SD of experimental data from the iso-
therms be close to zero [24].

2.3.3. Kinetic experiments

Adsorption kinetic tests were carried out for 10,
20, 30, 60, 120, and 180min. with Pb and Zn concen-
trations of 300mg L−1. Kinetic studies were performed
for raw, sulfuric acid-activated, HCl acid activated
and Na-bentonites. Liquid/solid ratio was set to 20:1
(mL g−1). The pH values in the adsorption process for
Pb ions for raw and Na-bentonites varied between 4
and 5, but for the sulfuric acid and HCl-activated
bentonites, the pH varied between 2.6 and 3. Also, the
pH values in the adsorption process for Zn ions for
raw and Na-bentonites varied between 6 and 7.4, but
for the sulfuric acid and HCl-activated bentonites, it
varied between 3.5 and 5. All the tests, were carried
out at 294 K.

Adsorption kinetics is one of the most valuable
properties being indicative for the efficiency of the
adsorption phenomena. Kinetic models such as the
pseudo-first-order equation proposed by Lagergren
and the pseudo-second-order equation proposed by
Ho have been utilized to predict adsorption kinetics
from the experimental data.

2.3.3.1. The pseudo-first-order model. This model is
expressed as follows:

ln ðq1 � qtÞ ¼ ln q1 � k1t (6)

where q1 and qt are the amount of metal ions adsorbed
by adsorbent at the equilibrium times (mg g−1) and k1
is the rate constant of the Lagergren first-order model
for adsorption process (min−1). k1 can be calculated
from the slope of plots of ln (q1 − qt) vs. t [24,25].

2.3.3.2. The pseudo-second-order kinetic model. Its equa-
tion is expressed as follows:

t

qt
¼ 1

k2 � q22
þ 1

q2

� �
t (7)

where q2 is the maximum adsorption capacity (mg
g−1) and k2 is the constant rate of the pseudo-second-
order model for adsorption process (gmg−1 min−1). k2
and q2 values can be calculated from the plot of t/qt
vs. t [24,26].

The adsorption model of inter-particle diffusion
showed sorption of metal ions perching into the sur-
face pore of adsorbent. The kinetic equation of this
model can be written as follows [27]:

qt ¼ k3 � t
1
2 þ q0 (8)

where q0 (mg g−1) is the intercept and ki is the inter-
particle diffusion rate constant (mg g−1 min−1/2).
According to this model, if the plot of qt vs. square
root of time (t1/2) is linear, inter-particle diffusion
roles at the flow of adsorption and if these lines pass
through the origin, inter-particle diffusion is the rate
controlling step [28–31].

3. Results and discussion

3.1. Adsorption tests

After preparation and purification, the bentonite
samples were heated in a furnace at 110˚C for 24 h and
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then dried. After drying, the samples were used in the
adsorption tests. During the adsorption experiments,
three influential parameters were considered viz. con-
tact time, adsorbent, and initial metals concentration in
solutions. In order to investigate the effect of initial met-
als concentration on the efficiency of adsorption pro-
cess, solutions with initial metals concentrations of 50,
100, 200, 300, 500, and 1,000mg L−1 were used. Tests
were carried out with 100mL of solution containing Pb
or Zn ions with 5 g of adsorbent. Solution containing
lead or zinc ions and adsorbent were mixed for 10min
at 500 rpm by mechanical mixer, but the total contact
time was 3 h (mixing and settling time). Tests were
repeated twice, and mean values were used for analy-
sis. Next, the aqueous phase (including lead and zinc
ions) was separated from solid (adsorbent) by a filter
and analyzed by atomic adsorption spectrophotometer.
Uptake percentage of metal ions (R%), and adsorbate
amount per unit mass of adsorbent, q0 (mg g−1), was cal-
culated using Eqs. (9) and (10) [32].

R ¼ C0 � Ce

C0
� 100 (9)

q ¼ C0 � Ce

M

� �
� V (10)

where R, q, C0,Ce, V, and M are adsorbate percentage
of metal ions (%), amount of adsorbate per unit mass
of adsorbent (mg g−1), initial metal concentrations
(mg L−1), equilibrium concentration of metal (mg L−1),
volume of solution (L), and dosage of adsorbent (mg),
respectively.

Uptake percentage of lead and zinc metals before
and after activation with sulfuric acid, hydrochloric
acid, and salt (sodium chloride) is shown in Figs. 1
and 2 in which uptake percentages were increased
after activation with different materials. Maximum
adsorption of Pb and Zn at high concentration (500
mg L−1) occurred after activation of bentonite with sul-
furic and hydrochloric acids as 490mg L−1 (98%) and
275mg L−1 (55%), respectively.

3.2. Adsorption isotherms

3.2.1. Langmuir isotherm

Langmuir isotherm may be used more widely as the
adsorption isotherm. Langmuir model is applied for
individual cover layers on adsorption surface for which
adsorption between molecules decreases [33]. For Lang-
muir model, Ce was plotted vs. Ce/qe for lead and zinc
ions for raw and adsorbents activated by sulfuric and

hydrochloric acids and salt (sodium chloride) at initial
metals concentrations of 50–1,000mg L−1 (figures not
shown). Parameters SD, R2, k, and qmax were calculated
for each case before and after activation which are pre-
sented in Table 2. The dimensionless constant RL (called
diffusion coefficient or equivalence parameter) was
used for prediction of adsorption system of each lead
and zinc ions. For both the ions, RL values were
between 0 and 1 which indicates that the tests are desir-
able (Tables 2 and 3).

3.2.2. Freundlich isotherm

Freundlich model is used to describe the adsorp-
tion process based on the assumption that adsorbent

Fig. 1. Uptake percentage of lead in Montmorillonite sam-
ples before and after activation by sulfuric acid, hydrochlo-
ric acid and sodium chloride.

Fig. 2. Uptake percentage of zinc in Montmorillonite sam-
ples before and after activation by sulfuric acid, hydrochlo-
ric acid and sodium chloride.
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has a heterogeneous material made of different levels
of adsorption positions. Adsorption on each of these
levels follows the Langmuir model. Langmuir model
does not show any adsorbate saturation on adsorbent
but shows multilayer adsorption covered surface. Fre-
undlich isotherms for lead and zinc ions are shown in
Figs. 3 and 4. Data obtained from lead adsorption for
all adsorbents are fitted on linear plot of ln qe vs. ln Ce

using the Freundlich equation. Related parameters are
presented in Tables 2 and 3. Kf values for lead ions
adsorbed by sodic adsorbent, raw, and adsorbents
activated by HCl, H2SO4 are 3.656, 0.79, 1.976, and
2.91, respectively. Also, Kf values for zinc ions
adsorbed by sodic adsorbent, raw, and adsorbents acti-
vated by HCl, H2SO4 are 0.482, 0.224, 0.762, and 0.212,
respectively. Generally, the activation process increased
the uptake capacities for lead and zinc ions. Normal
SD for quantitative comparison of Langmuir and Fre-
undlich isotherms is presented in Tables 2 and 3.
Model data are comparable to experimental data and
show that the values of SD are small. Small values for
the model showed that it is able to describe adsorp-
tion of adsorbate on the adsorbent. According to the
results presented in Tables 2 and 3, SD for lead ion
are between 0.771 and 0.97 and for zinc ion between

0.24 and 0.58 in the Langmuir isotherm. In the
Freundlich isotherm, SD for lead ion are between 0.06
and 0.31 and for zinc ion between 0.03 and 0.25,
respectively.

Table 2
Langmuir and Freundlich isotherm constants for the adsorption of Pb2+ with the raw, HCl-activated, H2SO4-activated
and Na-bentonite (Bentonite 5 g, Pb2+ concentrations: 50, 100, 200, 300, 500, 1,000mg L−1, t = 3 h.)

Samples

Isotherm

Langmuir Freundlich

k qmax (mg g−1) R2 SD RL (Lmg−1) kf n R2 SD

Raw 0.009 11.5 0.771 0.62 0.1 <RL< 0.69 0.79 2.61 0.960 0.15
H2SO4-activated 0.139 21.27 0.944 0.42 0.007 <RL< 0.126 2.91 2.07 0.996 0.06
HCl-activated 0.37 19.23 0.839 2.09 0.002 <RL< 0.051 1.976 2.557 0.957 0.21
Na-bentonite 0.039 18.51 0.970 0.8 0.025 <RL< 0.34 3.656 2.77 0.925 0.31

Table 3
Langmuir and Freundlich isotherm constants for the adsorption of Zn2+ with the raw, HCl-activated, H2SO4-activated
and Na-bentonite (Bentonite 5 g, Zn2+ concentrations: 50, 100, 200, 300, 500, 1,000mg L−1, t = 3 h.)

Samples

Isotherm

Langmuir Freundlich

k qmax (mg g−1) R2 SD RL (Lmg−1) kf n R2 SD

Raw 0.007 4.81 0.963 0.24 0.125 <RL < 0.74 0.224 2.197 0.912 0.18
H2SO4-activated 0.004 7.7 0.893 0.3 0.2 <RL < 0.83 0.212 2.016 0.96 0.16
HCl-activated 0.0144 8.93 0.954 0.41 0.065 <RL<0.58 0.764 2.681 0.998 0.03
Na-bentonite 0.009 8.2 0.948 0.58 0.1 <RL < 0.69 0.482 2.392 0.988 0.25

Fig. 3. Linear plot of Freundlich isotherm for the adsorp-
tion of Pb2+ with the raw, HCl-, H2SO4-activated and Na-
bentonite. (Bentonite 5 g, Pb2+ concentrations: 50, 100, 200,
300, 500, 1,000mg L−1, t = 3 h.)
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3.3. Kinetic of adsorption process

In these series of tests, 100mL of solutions with
initial concentration of 300mg L−1 was used at times
of 5, 10, 20, 30, 60, 120, and 180min. Initial pH var-
ied between 2.6 and 5 for lead containing solutions
and between 3.5 and 7.4 for zinc ions. Amount of
adsorbent in solution was 5 g. Adsorption kinetic
data were fitted to the pseudo-first-order model
based on the Eq. (6) and to the pseudo-second-order
model based on the Eq. (7). Diffusion adsorption
(inter-particle) was considered according to the
Eq. (8) [34]. Best conformity of data for both ions
was related to second-order equation in which t/qt is
plotted vs. t (Figs. 5 and 6). All calculated parame-
ters, q1 and k1 for first-order equation, q2 and K2 for
second-order equation, and q0 and k0 for inter-particle
effects, are presented in Tables 4 and 5. These figures
show good fit of kinetic model with adsorption of
Pb2+ and Zn2+ on the raw, HCl-activated, H2SO4-acti-
vated, and Na-bentonite adsorbents as explained by
the pseudo-second-order equation (Eq. (7)). Values of
the K2 and q2 for Pb2+ varied between 0.031 and 1.42
gmg−1 min−1 and 4.04 and 5.92mg g−1, respectively
(Table 4) and for Zn2+ varied between 0.022 and
0.123 gmg−1 min−1 and 1.6 and 4.05mg g−1, respec-
tively (Table 5). These parameters were calculated
from the intercept and slope of Eq. (7). The correla-
tion coefficient of the pseudo-second-order equation
for the linear plot is 98.4–100, which suggests that
the kinetics of adsorption can be described by the
pseudo-second-order equation. For four kinds of
adsorbent and for two metal ions (Pb2+ and Zn2+), qt

was plotted vs. t0.5 (Figs. 7 and 8) and their parame-
ters were calculated which are presented in Tables 4
and 5. If the plot of qt vs. t

0.5 is a straight line, then
the adsorption process is just controlled by internal
diffusion and the slope gives the rate constant Ki.
However, if the data exhibit multi-linear plots, then
two or more steps influence the sorption process [34].
According to Figs. 7 and 8, these plots do not fit a
straight line, i.e. two or more processes interfere with
adsorption mechanism. In addition to internal diffu-
sion, other mechanisms influence the rate of adsor-
bate adsorption on adsorbent.

Fig. 5. Fit pseudo-second-order of adsorption of Pb2+ with
the raw, HCl-, H2SO4-activated and Na-bentonite. (Benton-
ite 5 g, contact time: 5, 10, 20, 30, 60, 120, 180min, T = 294 K.)

Fig. 4. Linear plot of Freundlich isotherm for the adsorp-
tion of Zn2+ with the raw, HCl-, H2SO4-activated and Na-
bentonite. (Bentonite 5 g, Zn2+ concentrations: 50, 100, 200,
300, 500, 1,000mg L−1, t = 3 h.)

Fig. 6. Fit pseudo-second-order of adsorption of Zn2+ with
the raw, HCl-, H2SO4-activated and Na-Bentonite. (Benton-
ite 5 g, contact time: 5, 10, 20, 30, 60, 120, 180min, T = 294 K.)
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4. Conclusion

Bentonite samples were obtained from Rashm
mine–north of Iran. Optical microscopy, XRD, and XRF
analysis showed that bentonites mainly consist of
montmorillonite and minor amounts of quartz, calcite,
crystobalite, and gypsum. Al2O3 and SiO2 are major
compounds in the sample, and Na2O, MgO, Fe2O3,

CaO, and K2O are the minor oxides. After purification
and activation with acids and sodium chloride, adsorp-
tion experiments were carried out. Results of isotherms
studies showed that the Freundlich isotherm has a bet-
ter conformity for adsorption of both contaminants. In
the case of sulfuric acid-activated adsorbent for lead
ion, minimum SD and maximum correlation factor (R2)

Table 4
Parameters of pseudo-first-order, pseudo-second-order and internal bit diffusion kinetics for adsorption of Pb2+

Kinetic model
sample

Pseudo-first-order Pseudo-second-order Internal bit diffusion

q1 (mg
g−1)

K1

(min−1) R2
q2 (mg
g−1)

K2 (g
mg−1min−1) R2

q0 (mg
g−1)

Ki (mg g−1

min−1/2) R2

Raw 3.11 0.002 0.788 4.04 0.046 0.998 2.477 0.122 0.856
H2SO4-activated 0.3 0.006 0.466 5.92 0.4 1 5.502 0.035 0.393
HCl-activated 0.46 0.002 0.091 5.65 1.42 0.999 5.363 0.027 0.205
Na-bentonite 1.97 0.007 0.619 5.46 0.031 0.984 3.362 0.135 0.499

Table 5
Parameters of pseudo-first-order, pseudo-second-order and internal bit diffusion kinetics for adsorption of Zn2+

Kinetic model
sample

Pseudo-first-order Pseudo-second-order Internal bit diffusion

q1 (mg
g−1)

K1

(min−1) R2
q2 (mg
g−1)

K2 (g
mg−1min−1) R2

q0 (mg
g−1)

Ki (mg g−1

min−1/2) R2

Raw 4.05 0.001 0.91 1.6 0.06 0.99 0.757 0.061 0.954
H2SO4-activated 3.07 0.003 0.906 3.53 0.022 0.966 1.604 0.132 0.9
HCl-activated 1.48 0.002 0.36 4.05 0.123 0.998 3.207 0.071 0.47
Na-bentonite 2.66 0.002 0.711 3.43 0.035 0.972 2.088 0.093 0.701

Fig. 7. Plots of internal bit diffusion kinetics of Pb2+ with the
raw, HCl-, H2SO4-activated and Na-bentonite. (Bentonite 5
g, contact time: 5, 10, 20, 30, 60, 120, 180min, T = 294 K.)

Fig. 8. Plots of Internal bit diffusion kinetics of Zn2+ with
the raw, HCl-, H2SO4-activated and Na-bentonite. (Benton-
ite 5 g, contact time: 5, 10, 20, 30, 60, 120, 180min, T = 294 K.)
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were 0.06 and 0.996, respectively. In contrast, the mini-
mum SD and maximum correlation factor (R2) for zinc
ion were 0.03 and 0.998 in the case of hydrochloric
acid- activated adsorbent. Experimental data based on
the kinetic models of pseudo-first-order model and
pseudo-second-order model showed that these models
were more suitable for describing the mechanism of
these types of adsorbents. For the lead ion, the correla-
tion factor was 100% for sulfuric acid-activated adsor-
bent, and for zinc, this value was 99.8% for the
hydrochloric acid-activated adsorbent. Inter-particle
diffusion studies for both lead and zinc ions for these
types of adsorbents showed that the experimental data
are not linear, so it cannot be completely influenced by
diffusion effect, and there are other factors which affect
the adsorption mechanism. Furthermore, the results
showed that the highest efficiency of adsorption
process for lead ion was obtained with adsorbent
activated by sulfuric acid, but for adsorption of zinc
ion, hydrochloric acid- activated adsorbent is
preferred.
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fied maize cob, Eclética Quı́mica 32 (2007) 33–42.

[22] H. Freundlich, Ueber Die Adsorption in Loesungen
(About the adsorption in the solutions), Engelmann,
Leipzig, 1906.

[23] K.Y. Foo, B.H. Hameed, Insights into the modeling of
adsorption isotherm systems, Chem. Eng. J. 156 (2010)
2–10.

[24] S. Lagergren, Zur theorie der sogenannten adsorption
geloster stoffe. Kungliga Svenska Vetenskapsakadem-
iens (The theory of the adsorption of the dissolved
substances), J. Hand. 24 (1898) 1–39.

3662 M. Rezapour et al. / Desalination and Water Treatment 57 (2016) 3654–3663
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