
Introduction

Heavy metal pollution is a serious problem for the envi-
ronment. Heavy metals such as Pb, Cr, Cu, Zn, Sb, Hg, and
Cd. are toxic inorganic pollutants in surface and ground
water and, by their properties, threaten all living organisms
and humans. Some metal ions are toxic even if their con-
centration is very low, and their toxicity increases with
accumulation in water and soils [1]. 

Lead is one of the most toxic heavy metals [2]. It is
widely used in many important industrial applications such
as storage battery manufacturing, printing, pigments, fuels,
photographic materials, and explosives manufacturing. The
toxicity of lead to humans is well-known; it replaces calci-
um and, consequently, can accumulate in the skeletal sys-
tem [3]. Exposure to lead is associated with a wide range of
effects, including various neurodevelopmental effects, mor-
tality (mainly due to cardiovascular diseases), impaired
renal function, hypertension, impaired fertility, and adverse
pregnancy outcomes [4].

Although in small concentrations copper is essential to
life, excessive levels may be detrimental. Copper also is
highly toxic to aquatic organisms. The main sources of cop-
per ions in surface water are, essentially, the industrial
waste streams of metal cleaning and plating baths, pulp,
paper, paperboard, and wood preservative-employing mills,
the fertilizer industry, etc. [5].

Traditional technologies for the removal of heavy met-
als from water and wastewater include precipitation, ion
exchange, adsorption, coagulation, electrolysis, extraction
membrane separation, and reverse osmosis [6-8]. However,
most of these methods may be extremely expensive or inef-
fective when the metals are dissolved in large volumes of a
solution at a relatively low concentration [9]. Adsorption is
very often used for wastewater treatment because it is
financially less costly. The main properties of these adsor-
bents are strong affinity and high loading capacity.
Activated carbon and ion exchange resins have been com-
monly used as adsorbents for the removal of heavy metals
from water and wastewater [10]. Inexpensive, readily avail-
able and effective materials can be used in place of activat-
ed carbon or ion exchange resins for the removal of heavy
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metals from aqueous solution. A wide range of low-cost
sorbents has been studied [11].

Clays have typical properties (large surface area, high
cation exchange capacity, chemical and mechanical stabili-
ty, and a layered structure) that predispose them to be good
adsorbents. Bentonite belongs to the group of clay miner-
als. The main constituent of bentonite is montmorillonite,
composed of units made up of two silica tetrahedral sheets
with a central alumina octahedral sheet. The isomorphous
substitution in tetrahedral and octahedral sheets results in a
net negative surface charge on the clay. The resulting nega-
tive charge is balanced by hydrated exchangeable cations
(e.g. H+, Na+, and Ca2+) adsorbed between the layers and
around their edges [12]. A number of studies have been
reported using clays, mainly montmorillonite, and have
shown their effectiveness for the removal of metal ions
such as Pb2+ [13-20] and Cu2+ ions from aqueous solution
[21-26].

Bentonite from Lieskovec, used as an adsorbent in this
study, is a soft, plastic, and porous rock. It has been shown
by previous X-ray analysis on this clay [27] that the domi-
nant component is montmorillonite. The remaining compo-
nents are quartz, mica, feldspars, kaolinite, and cristobalite.
The mineralogical composition [28] and the chemical com-
position [29] of this material were previously characterized
by Andrejkovičová. The total Fe2O3 content (5-9%) is high-
er than in most other Slovak bentonites [30]. The geotech-
nical properties also were examined [31]. The sorption
properties of natural Slovak bentonites (including bentonite
from Lieskovec) suitable for application in high-level
radioactive waste repositories were compared [32-36].
These results support a more extensive application of nat-
ural bentonites in environmental protection.

The adsorption heavy metals on bentonite from
Lieskovec under different conditions also was studied [37],
but systematic investigation of Pb2+ and Cu2+ ion sorption on
this material has not yet been performed. The objectives of
this study were, therefore, to investigate: 
(1) the sorption (removal) properties of bentonite from

Lieskovec for Pb2+ and Cu2+ ions, including removal
efficiency, sorption isotherms, the effect of initial solu-
tion pH, adsorbent dosage, initial metal concentration,
and contact time 

(2) the kinetics of Pb2+ and Cu2+ ion sorption onto bentonite.

Materials and Methods

Bentonite in powdered form was obtained from the
Lieskovec deposit (near Zvolen, Central Slovakia). This
deposit is currently mined by Envigeo Inc., Slovakia. The
sample of bentonite was used without further purification.
The sample was dry-sieved under open laboratory condi-
tions using a standard mesh (< 200 μm) sieve and dried in
a Petri dish in a drying oven at 105ºC for approximately 
2-3 h. Then, it was placed in a small polypropylene con-
tainer and set aside in a desiccator, where it was stored until
the next use. 

The aqueous solutions of copper (CuSO4·5H2O, Mikro
Chem, Slovak Republic) and lead (Pb(NO3)2, Mikro Chem,
Slovak Republic) used in all experiments were prepared
with water deionized by reverse osmosis (Demiwa, Watek
Czech Republic). The chemicals were of analytical reagent
grade. The pH values of the solutions were adjusted by the
addition of 0.1 mol·dm-3 HNO3 (Analytika, Czech
Republic) or 0.1 mol·dm-3 NaOH (Mikro Chem, Slovak
Republic). 

Surface Area

The surface area (S) was estimated according to the
Sears method [38]. A sample of bentonite (0.5 g) was acid-
ified with 0.1 mol·dm-3 HCl to a pH 3-3.5. The volume was
made up to 50 cm3 with distilled water after the addition of
10.0 g of NaCl. The titration was carried out with standard
0.1 mol·dm-3 NaOH to pH 4.0, and then to pH 9.0. The vol-
ume (V) required to raise the pH from 4.0 to 9.0 was noted
and the surface area was computed from the following
equation:

S (m2·g-1) = 32 V – 25 (1)

According to the procedure described above, the sur-
face area was determined to be 57.4 m2·g-1 bentonite. 

Cation Exchange Capacity 

Cation exchange capacity (CEC) was determined by the
ammonium acetate method [29]. A sample of bentonite (0.5
g) and 200 cm3 of 1 mol·dm-3 ammonium acetate were
mixed in a polyethylene tube. After 24 hours, the sample
was washed with ethanol, filtered and dried, then put in a
distillation bank with 2 g of MgO and 200 cm3 of deionized
water. Subsequently, 100 cm3 of distillate was placed in a
flask containing 5 cm3 of 4% boric acid and five drops of
bromcresol green, and titrated with 0.1 mol·dm-3 HCl. The
amount of HCl was then taken to calculate the CEC. 

The CEC was measured as 40.53 mmol·100 g-1 ben-
tonite, in agreement with the reported value [27].

Adsorption Experiments

The ability of bentonite to adsorb metal ions from aque-
ous solution was studied under various optimized condi-
tions of pH, adsorbent dosage, concentration of metals, and
contact time. 

Batch adsorption experiments were carried out at 20ºC
in 250 cm3 Erlenmeyer flasks by mixing 0.5 g of the adsor-
bent with 100 cm3 of a solution of lead (Pb2+) or copper
(Cu2+). The initial pH of the solutions was adjusted with
HNO3 or NaOH to the desired value. The pH values of all
solutions were measured by a Model 340 pH meter (WTW,
Germany). After 120 min, the suspensions were centrifuged
and the solutions were analyzed for metal ions by atomic
absorption spectrometry (AAS). The concentrations of the
metal ions before and after adsorption were determined
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using an AVANTA Σ atomic adsorption spectrometer (GBC
Scientific, Australia) with acetylene-air flame atomization.
The data were processed by the GBC Avanta software. The
working wavelengths for Pb2+ ions were 283.3 nm (to 50
mg·dm-3) and 261.4 nm (to 500 mg·dm-3), and for Cu2+ ions
222.6 nm (to 50 mg·dm-3) and 249.2 nm (to 500 mg·dm-3).
The instrument response was periodically checked by using
standard metal solutions. All experiments were repeatedly
performed in duplicate. The experimental error limit of
duplicates was maintained at ±5%.

The effect of contact time was observed by mixing 5 g
of the adsorbent with 1000 cm3 of a solution of Cu2+ or Pb2+

ions. The suspension was stirred and, at regular time inter-
vals, 2 cm3 of solution were collected, centrifuged, and then
analyzed for metal ions by AAS. The concentrations of the
metal ions before adsorption also were measured.

The amount of adsorbed metal ions per mass unit of sor-
bent at time qt (mg·g-1) was calculated by the following
equation:

(2)

...where co is the initial concentration of metal ions (mg·dm-3),
ct is the concentration of metal ions left in aqueous solu-
tions at time t (mg·dm-3), V is the volume of the aqueous
phase (dm3), and m is the amount of the bentonite (g).

The adsorption percentage (Ads.%) was calculated by
the following expression:

(3)

Results and Discussion

Effect of pH

The effect of the pH of the solution is an important con-
trolling parameter in the adsorption processes. In the pre-
sent work, the adsorption of Pb2+ and Cu2+ ions on bentonite
was studied at different pH levels ranging from 2.0 to 9.0 at
a constant clay amount of 5 g·dm-3. The initial concentration
of metal ions was 50 mg·dm-3. As seen in Fig. 1, Pb2+ and

Cu2+ adsorption by bentonite increased when the initial pH
of the solution was increased from 2 to 4 for Pb and from 2
to 7 for Cu, respectively, and then reached a plateau at pH
> 4 and pH > 7. This phenomenon was consistent with pre-
vious studies [15].

The lowest metal ions sorption rates were obtained at
pH 2, which may be caused by the competitive influence of
H+ ions and the presence of a relatively small number of
available sites in the disturbed structure of bentonite. The
aluminol and silanol groups on the bentonite surface are
more protonated and, hence, they are less available to retain
the investigated metals. H+ ions compete with the metal
ions for the adsorptive sites in the system, resulting in
reduced sorption for metal ions. The metal ions were com-
pletely released under extreme acidic conditions [39]. 

As pH increased, exchangeable ions (i.e. Na+, K+, Ca2+,
and Mg2+, present at the exchangeable sites of bentonite)
were exchanged for Pb2+ and Cu2+ ions, respectively, in the
aqueous solutions. The basic mechanism that governs the
adsorption characteristics of bentonite are adsorption and
ion exchange. However, at pH values higher than 5 for Pb
and 7 for Cu, metal ions were transformed to poorly solu-
ble hydroxides, which precipitated such that the aqueous
concentrations were below the detection limit. 

Generally, clay can adsorb metals ions via two different
mechanisms: 
(1) at low pH values, the dominating process is cation

exchange in the interlayers, resulting from the interac-
tions between ions and negative permanent charge 

(2) at high pH values, the uptake of metal ions is accompa-
nied by the release of hydrogen ions, and seems to be
more specific than uptake at low pH values (formation
of inner-sphere complexes through Si–O− and Al–O−
groups at the clay particle edges) [41].

Effect of Adsorbent Dosage

The effect of adsorbent dosage on the adsorption of Pb2+

and Cu2+ ions was studied at different dosages in the solu-
tion at pH 5. As shown in Fig. 2, the adsorption percentage
of removed Pb2+ and Cu2+ ions increased as the dosage of
bentonite increased from 1.0 to 10.0 g·dm-3. This may be
explained by the metal ions competing for limiting adsorp-
tion sites at a lower bentonite dosage. The increase in the
adsorption percentage with an increase in adsorbent dosage
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Fig. 1. Effect of pH on the adsorption of Pb2+ and Cu2+ ions
(experimental conditions: 0.5 g adsorbent, 100 cm3 solution, co

Cu2+ or Pb2+ 50 mg·dm-3, temperature 20ºC).

Fig. 2. Effect of the dosage of bentonite on the adsorption of
Pb2+ and Cu2+ ions (experimental conditions: 100 cm3 solution,
co Cu2+ or Pb2+ 50 mg·dm-3, pH 5, temperature 20ºC).
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was due to an increase in active sites on the adsorbent, thus
facilitating the penetration of metal ions to the sorption sites
[42]. The adsorption percentage of Pb2+ was greater than
that of Cu2+ ions. However, the adsorption capacity of Pb2+

and Cu2+ ions was observed to decrease with an increase in
adsorbent dosage. These observations are in agreement
with others reported in the literature for the adsorption of
metals ions by different materials [7, 18, 21, 23]. The adsor-
bent dosage mass was fixed at 5 g·dm-3 for further equilib-
rium and kinetic studies.

Effect of Initial Metal Concentration

The effect of the initial concentration of Pb2+ and Cu2+

ions was studied at different metal concentrations in the
solution at pH 5, with a constant amount of bentonite (5
g·dm-3). 

From Fig. 3, it can be seen that the equilibrium adsorp-
tion capacity of the bentonite, qe, increased with an
increased initial Cu2+ and Pb2+ concentration, while the per-
centage removal showed the opposite trend. When the ini-
tial concentration of Pb2+ ions increased from 50 to 500
mg·dm-3, the adsorption capacity of bentonite increased
from 8.32 to 29.77 mg·g-1 and the percentage removal
decreased from 83.06% to 31.62%. With the increased con-
centration of Cu2+ ions, the adsorption capacity of bentonite
increased from 6.70 to 10.74 mg·g-1 and the percentage
removal decreased from 74.28% to 21.81%. A similar
observation was reported previously [38].

Adsorption Isotherms

Adsorption isotherms are important for research into an
adsorption process. Numerous isotherm equations have
been reported, and two major isotherms, the Freundlich and
Langmuir isotherms, were applied to establish the relation-
ship between the amount of Pb2+ and Cu2+ ions adsorbed by
bentonite and their equilibrium concentrations in aqueous
solution. 

The Freundlich isotherm is given as: 

(4)

The linear form is given by:

(5)

...where ce and qe are the equilibrium concentrations of
metal ions in the liquid phase and in the solid phase, respec-
tively (mg·dm-3), KF is the surface adsorption equilibrium
constant (mg·g-1), and n is an empirical parameter related to
the intensity of adsorption, which varies with the hetero-
geneity of the adsorbent. For values in the range 0.1 < 1/n
< 1, adsorption is favorable.

The Freundlich isotherm is valid for heterogeneous sur-
faces and predicts an increase in the concentration of the
ionic species adsorbed onto the surface of the solid when
the concentration of said species in the liquid phase is
increased [17, 43]. 

The Langmuir adsorption isotherm, which is valid for
monolayer sorption onto a surface with a finite number of
identical sites, can be expressed as:

(6)

...where ce is the equilibrium concentration of adsorbate in
the solution (mg·dm-3), qe is the amount of metal ions
adsorbed per unit weight of the sorbent at equilibrium con-
centration (mg·g-1), qm the maximum adsorption at mono-
layer coverage (mg·g-1), and b is the Langmuir constant
related to the affinity of binding sites (dm3·mg-1).

The linear form of the equation can be written as:

(7)

The adsorption isotherms were determined at pH 5 for
a concentration range of 50-500 mg·dm-3. All solutions con-
tained a fixed mass of bentonite (5 g of bentonite per 1 dm3

of solution). The experimental data were plotted as logqe

versus logce and ce/qe versus ce respectively and are shown
in Figs. 4 and 5. The constants Kf and n were calculated
from Eq. (5) and Freundlich plots (Fig. 4). The values of qm

and b were determined from Eq. (7) and Langmuir plots
(Fig. 5). The calculated results and correlation coefficients
(R2) are listed in Table 1. Values of the correlation coeffi-

e
mme

e c
qqbq

c 11

e

em
e cb1

cbqq

eFe clog
n
1Klogqlog

n
1

eFe cKq

460 Melichová Z., Hromada L. 

Fig. 3. Effect of the initial metal concentration on the adsorp-
tion of Pb2+ and Cu2+ ions (experimental conditions: 100 cm3

solution, 0.5 g bentonite, pH 5, temperature 20ºC). Fig. 4. Freundlich adsorption isotherm.
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cients (R2) show that the Langmuir model fitted best to our
experimental data. The values of qm were found to be 32.68
mg of Pb per gram of bentonite and 11.34 mg of Cu per
gram of bentonite, under the optimum adsorption condi-
tions. 

Several researchers have studied the adsorption capaci-
ty of clay mineral samples. The comparison of the bentonite
from Lieskovec with various adsorbents in terms of adsorp-
tion capacity for Pb2+ and Cu2+ ions from aqueous solution
at laboratory temperature is given in Table 2. The lower
capacity for Cu2+ with respect to Pb2+ ions depends on the
different geometry of its aquation, which has a tetragonal
distortion due to the Jahn-Teller effect that makes its intro-
duction into lamellar spaces more difficult.

Kinetic of Adsorption

The pseudo-first order equation of Lagergren [44] is
generally expressed as follows: 

(8)

...where k1 is the pseudo-first order adsorption rate constant
(dm3·min-1) and qt and qe are the amounts of metal ions
adsorbed at time t and at equilibrium, respectively (mg·g-1). 

After integration and applying boundary conditions 
(t = 0 to t and qt = 0 to qe), the integrated form of equation
(8) becomes:

(9)

The value of k1 can be obtained from the slope of the
linear plot of ln(qe−qt) versus t.

A pseudo-second order kinetic model proposed by Ho
and McKay [45, 46] was used to fit the adsorption kinetic
data using the equation: 

(10)

...where k2 is the pseudo-second order adsorption rate con-
stant (g·mg-1·min-1) and qt and qe are the amounts of solute
adsorbed per unit adsorbent (mg·g-1) at time t and at equi-
librium, respectively. 

For the boundary conditions (t = 0 to t and qt = 0 to qe),
the integrated form of equation (10) becomes:

(11)

The plot of t/qt versus t gives a straight line, which
allows the computation of qe and k2.
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Table 1. Parameters of the Freundlich and Langmuir isotherms.

Metal
Freundlich Langmuir

Kf n R2 qm b R2

Cu 4.6602 6.5920 0.8816 11.3379 0.0853 0.9966

Pb 4.1745 2.7878 0.9734 32.6797 0.0313 0.9972

Table 2. Values of maximum sorption capacities of some clay minerals for Pb2+ and Cu2+ ions.

Sorbent
Cu

qm (mg·g-1) [Ref] Sorbent
Pb

qm (mg·g-1) [Ref]

Na-bentonite 17.88 [7] Bentonite 7.56 [11] 

Ca-bentonite 12 [21] Montmorillonite 57.0 [14] 

Natural bentonite 7.94 [23] Montmorillonite 31.06 [15]

Natural bentonite 44.84 [25] Natural bentonite 107 [18]

Montmorillonite 28.8 [26] Natural bentonite 71 [19] 

Na-bentonite 3.04 [40] Na-bentonite 9.58 [40] 

Natural bentonite 11.34 This study Natural bentonite 32.68 This study

Fig. 5. Langmuir adsorption isotherm.
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In this study, the initial lead and copper concentrations
were determined as 50, 100, and 200 mg·dm-3. The effects
of contact time on the removal efficiency of Pb2+ and Cu2+

ions using 5 g·dm-3 bentonite at pH 5 are shown in Figs. 6
and 7. It can be seen that the adsorbed amounts of metal
ions on bentonite increased with an increase in contact
time. The adsorption rate of both ions on bentonite reaches
equilibrium within 120 min.

Increasing the initial metal ion concentration led to an
increase in adsorption capacity, qt, with various contact
times. This may be attributed to the initial concentration,
which provides an important driving force to overcome all
mass transfer resistances of metal ions between the aqueous
and solid phases, hence a higher initial concentration of
metal ions will enhance the adsorption process.

A very high adsorption rate was observed at the begin-
ning of the reaction because of the great number of sites
available for sorption; adsorption equilibrium was gradual-
ly achieved.

In order to calculate the adsorption rate constants of
copper and lead, pseudo-first order reaction kinetics and
pseudo-second order reaction kinetics were applied to the
experimental data. The plots of ln(qe−qt) versus t for the
Lagergren pseudo-first order model were not shown as a
figure because the R2 values for this model at studied tem-
peratures were low (0.543-0.858 for Cu2+ adsorption and
0.265-0.632 for Pb2+ adsorption) (Table 3). The values of qe

were not in agreement with the experimental qe values. This
indicates that the pseudo-first order equation might not be
sufficient to describe the interaction between Pb2+ and Cu2+

ions and bentonite. Using Eq. (11), t/qt was plotted versus t at different
adsorbent concentrations and the pseudo-second order
sorption rate constant k2 and qe values were determined
from the slopes and intercepts of the plots (Figs. 8 and 9).
The values of these parameters are presented in Table 2.
The correlation coefficients for the linear plots were high,
indicating that the pseudo-second order kinetic model best
describes the adsorption of Pb2+ and Cu2+ ions on bentonite. 

The calculated qe values agreed very well with the
experimental data in the case of pseudo-second order kinet-
ics. These results indicate that the sorption process of metal
ions onto bentonite followed pseudo-second order kinetics,
which meant that external mass transfer and intraparticle
diffusion were both involved in the sorption process [19].

From Table 3 it can be seen that the pseudo-second
order kinetic rate constants decreased with an increase in
the initial Pb2+ and Cu2+ concentrations. This is due to less
competition for active surface sorption sites at a lower con-
centration. At higher concentrations, competition for the
adsorption active sites will be increased and, consequently,
the adsorption rate will become slower. 

Several authors have also reported the applicability of
the pseudo-second order kinetic model for modelling the
removal of copper and lead using other sorbents [15, 19].

Many studies have reported that the first-order
Lagergren equation does not fit well to the initial stages of
the adsorption processes. The first-order kinetic process has
been used for reversible reactions with equilibrium being
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Fig. 6. Effect of time on the adsorption of Pb2+ ions for various
initial concentrations of Pb2+ ions (experimental conditions:
1000 cm3 solution, 5 g adsorbent, pH 5, temperature 20ºC).

Fig. 7. Effect of time on the adsorption of Cu2+ ions for various
initial concentrations of Cu2+ ions (experimental conditions:
1000 cm3 solution, 5 g adsorbent, pH 5, temperature 20ºC).

Fig. 8. Pseudo-second order adsorption kinetics of Pb2+ ions on
bentonite.

Fig. 9. Pseudo-second order adsorption kinetics of Cu2+ ions on
bentonite.
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established between the liquid and solid phases, whereas
the second-order kinetic model assumes that the rate-limit-
ing step may be chemical adsorption. In many cases, the
second-order equation correlates well in adsorption studies.

Conclusion

The bentonite from Lieskovec can be used as an effec-
tive adsorbent for the adsorption of Pb2+ and Cu2+ ions from
aqueous solutions. 

The initial pH of the aqueous solution is an important
parameter in the adsorption process. The adsorption of
metal ions increased with an increase in the pH of the solu-
tion. By increasing the adsorbent dosage, the amount of
Pb2+ and Cu2+ ions adsorbed per unit mass of the adsorbent
decreased at equilibrium. Raising the initial metal ion con-
centration led to an increase in Pb2+ and Cu2+ uptake by ben-
tonite. The experimental data were fitted better to the
Langmuir than to the Freundlich isotherm. The greatest
adsorption capacity of Lieskovec bentonite for Pb2+ and
Cu2+ ions was 32.7 and 11.3 mg·g-1, respectively.

The adsorption kinetics followed a pseudo-second order
kinetic model. The values of the pseudo-second order rate
constant for the adsorption of metal ions on bentonite
decreased in the order Pb2+ > Cu2+. 
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