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Simultaneous sorption on montmorillonite of Cd, Pb and Zn ions from their binary and ternary mixed solutions was
studied, by the means of batch experiments performed at 20.0 ± 0.1o C, at different background electrolyte
concentrations. The initial concentration of each metal cation was 0.1mmol/L and their mole ratio was 1:1 and 1:1: 1,
respectively. The adsorption degree increases with the pH values and decreases with the ionic strength of the solution.
Lead appeared to have the strongest affinity for adsorption on montmorillonite. The sorption affinity sequence of
Zn<Cd<Pb could be explained with hard-soft acid-base (HSAB) theory. For all ions, the weakly adsorbed quantities
were greater than the ones retained by strong adsorption mechanisms. The Pb amounts retained on montmorillonite by
strongly adsorption mechanisms were far greater than the ones of Cd and Zn.

INTRODUCTION∗
Water pollution determined by toxic metals
remains an important environmental issue, due to
its major impact on the public health and on the
economy. It has been reported that, in terms of the
quantity of water needed to dilute such wastes to
drinking-water standards, the annual toxicity of all
metals mobilized exceeds the combined total
toxicity of the radioactive and organic wastes
generated each year.1 In response to these
problems, there has recently been growing interest
in the development of materials capable of
removing low concentrations of toxic metal ions
from contaminated waters.
The existing methods for the removal of heavy
metals from the environment can be grouped in
biotic and abiotic. Biotic methods are based on the
accumulation of heavy methods by plants or
microorganisms;
abiotic
methods
include
physicochemical processes such as precipitation,
coprecipitation, and adsorption of the heavy metal
by a suitable adsorbent.2
Among the different adsorptive materials that
have conventionally been used to capture metal
∗
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ions from solution are activated charcoal,3
zeolites,4-5 and clays.6-8
Clays are abundant and inexpensive aluminosilicate layered minerals that present adsorbent
properties. Chemical species can interact with
clays either by ion exchange9 or through physical
adsorption,10 both being reversible processes.
Among the mineral clays, smectites, especially
montmorillonite, deserve special attention.
Montmorillonite is a widespread mineral of
weathering formation and sediment,11 which
possesses a large specific surface area and a high
content of structural-bound mobile ions (up to 1000
meq/ kg). The high surface reactivity of this mineral
is a direct consequence of his lamellar and defective
structure. Montmorillonite is built from layers
resulted by the condensation of one central octahedral
sheet and two tetrahedral sheets. Isomorphous
substitution of Si4+ by Al3+ confers to
montmorillonite a permanent negative structural
charge, which is compensated by the cations sorption
on basal planes. Divalent cations sorbed on these
planes form outer-sphere (OS) surface complexes12-13
and are easily exchanged with solute cations from the
nearby solutions. These cation exchange properties of
the montmorillonite are pH-dependent.14
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The ability of mineral clays for cation exchange
has been use to treat metal contaminated waste
waters15-22 or for adsorbing organic23-25 and
inorganic pollutants.25-27
For the removal of metal species by adsorptive
techniques the use of mineral clays has been
investigated by many researchers, because of their
high specific surface area, cation exchange
capacity and adsorption capacity.
There are many types of mineral clays that have
been studied for their capacity to remove heavy
metals from aqueous solutions, for example:
kaolinite,17,22 bentonite,16 montmorillonite,15,19,20,21
illite,28 hectorite,29 sepiolite,2 beidellite.28
The results of the studies showed that the
sorption process of heavy metal cations from
aqueous solutions depends on: type of heavy metal
cation, type of mineral clay, size of mineral clay
particles, solid/liquid ratio, pH of solution,
solution’s ionic strength, initial concentration of
the metal cations, interaction time, temperature, the
presence of competitive species.
In the same time it has been observed that,
generally, metals adsorption isotherms have a high
affinity-Langmuir character.2, 15, 16, 20, 21 There were
reported only few cases when adsorption data
were fitted to a Freundlich isotherm.16, 21
The maximum amounts of heavy metal sorbed
by clays (sorption capacity), at equilibrium,
depend, especially, on the type of mineral clay and
metal cation, but also on the sorpion process
parameters. For instance, Schlegel et al29 reported
27.5. 10-3 mmol Co (II)/ g hectorite, Celis et al.2
280 mmol Pb (II)/g montmorillonite and 170 mmol
Hg (II)/ g sepiolite, Stefan et al.20 370 mmol Pb
(II)/ g montmorillonite and 320 mmol Cd (II)/ g
montmorillonite, Bhattacharyya and Gupta21 290
mmol Cd (II)/ g montmorillonite and 484 mmol Co
(II)/ g montmorillonite, Omar et al.22 545 mmol Pb
(II)/ g kaolinite.
The reactions with reagents containing metalchelating functionalities have been explored in an
effort to enhance the heavy metal binding
capacities of clay minerals and their selectivity to
the type of metal.2, 30, 31 For instance, covalent
grafting of ligands containing the thiol (-SH)
functionality has been shown to improve the
loading capacities and affinities of clay minerals
for Hg(II) ions.2, 30
Organoclays (i.e., natural clay minerals with
their original inorganic exchangeable cations
replaced with organic cations) have been shown to
be excellent adsorbents for different kinds of
organic molecules. Accordingly, they have been
proposed for decontamination of soils and water

contaminated with organic pollutants.32-35 In
contrast, organoclays have received limited interest
as adsorbents of heavy metals, primarily because
the organic cations most commonly used for their
synthesis have been synthetic alkylammoniumtype cations, which compete with metals for
adsorption sites on the clay mineral surfaces and
lack organic functional groups capable of
interacting with heavy metals.36
Recent studies have shown that the presence of
certain functionalities (-COOH, -SH) in the
alkylammonium cation can provide the resulting
organoclays with affinity for heavy metal ions.2, 37
Bhattacharyya and Gupta21 have reported that
acid activation of montmorillonite increases the
adsorption capacity for the metal cations (Cd(II),
Co(II), Cu(II), Ni(II), and Pb(II))
Generally, heavy metal sorption experiments
have occurred in single-cation systems.
This study aims to the simultaneous sorption on
montmorillonite of Cd, Pb and Zn from their
binary and ternary mixed solutions.
RESULTS AND DISCUSSION
The influence of pH on the sorption of Zn2+,
Cd2+ and Pb2+ from binary and ternary systems
The Fig. 1 presents the dependence of the metal
cations adsorption degree on pH for binary Cd-Pb,
Cd-Zn, and Pb-Zn mixed solutions.
The removal of Zn(II), Cd(II) or Pb(II) from
their mixed solutions by mineral clay was pH
dependent. In the Pb-Cd and Pb-Zn system, the
sorption degree of Pb on montmorillonite was
greater than the ones of Cd and Zn throughout the
entire pH range. In the Cd-Zn system, the
percentage of adsorbed Cd was greater than the
one of Zn throughout the entire pH range.
The influence of ionic strength
For the Pb-Cd-Zn system, the experiments were
performed at two ionic solution strengths,
corresponding to concentrations of 0.01M and
0.1M NaNO3, respectively.
The dependence of metal cations sorption
degree on pH for ternary systems is illustrated in
Fig. 2. Although the cation amounts adsorbed by
Na-montmorillonite varied, a common pH-dependent
trend was observed. The sorption degree of Pb was
greater than the ones of Cd and Zn throughout the
entire pH range.
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Fig. 1 – The dependence of sorption degree at equilibrium on pH in binary system; CI= 0.1 mmol/L; T= 20.0 ± 0.1oC; I= 0.01M
NaNO3; CM= 1g.L-1
a) Cd-Pb system ● Pb, ▲ Cd; b) Cd-Zn system ● Cd, ▲ Zn; c) Pb-Zn system ● Pb, ▲ Zn.

Fig. 2 – The dependence of sorption degree at equilibrium on pH in Cd-Pb-Zn system for different solution ionic strength; CI= 0.1
mmol/L; T= 20.0 ± 0.1oC; CM= 1g.L-1 ; ● Pb, ▲Cd, ■Zn
a) I= 0.01M NaNO3; b) I= 0.1M NaNO3.

In the ternary system the adsorption of total
metal quantities is greater than the one
corresponding to the binary systems. The amounts
of Cd and Zn adsorbed on mineral clay from the
ternary system are nevertheless lower than the ones
retained from binary systems. The amounts of Pb
sorbed by montmorillonite from binary or ternary
mixed solutions were practically the same – not
affected by the supplementary competing metals.
The sorption experiments in ternary systems at
different background electrolyte concentrations
showed that the amounts of heavy metal adsorbed
on Na-montmorillonite were higher at a lower
ionic strength of the solution.
The adsorbent selectivity
The distribution ratio, D, is defined as the ratio
of the fraction of added metal that is adsorbed to

the fraction of the added metal remaining into
solution. A plot of lnD versus pH is called a
Kurbatov plot. The pH at which D=1 – where 50%
of the added metal is adsorbed and 50% is still
inside the solution - is designated as pH50.38 The
pH50 values are a relative measure of an adsorbent
selectivity for a particular series of bivalent metal
cations; the smaller the pH50 value, the more
selective is the adsorbent towards the metal
cation39.
Figs. 3 and 4 present the Kurbatov plots for all
the studied systems and the obtained pH50 values
are indicated in Table 1. A comparison of pH50
values of different sorption systems indicates that
the selectivity of montmorillonite for metal cations
increases in the order: Zn < Cd < Pb.
Puls and Bohn explained the selectivity trends
by examining the metals and clays hard-soft acid
base (HSAB) behaviour.40 The HSAB principle
states that hard Lewis acids prefer to complex or
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montmorillonite selectivity for metal cations
should follow the same sequence according to the
HSAB principle. Therefore, the selectivity of
montmorillonite for Zn, Cd, and Pb as observed in
this study match well with the HSAB theory.

react with hard Lewis bases and soft acids prefer to
complex or react with soft bases. Mineral clays
seem to behave as soft bases41 while, on the basis
of the Minoso softness parameter,42 metal softness
decreases in the order: Pb>Cd>Zn, and

Fig. 3 – Kurbatov plots for binary systems
a) Cd-Pb system; 1-Pb; 2-Cd; b) Pb-Zn system; 1-Pb; 2-Zn; c) Cd-Zn system; 1-Cd; 2-Zn.

Fig. 4 – Kurbatov plots for the Zn-Cd-Pb ternary system 1-Pb; 2 Cd; 3-Zn.
Table 1
pH50 values for the metal cations sorption on Na-montmorillonite from binary and
ternary systems determined for a solution ionic strength I= 0.01M NaNO3
pH50

Cation

System

Zn2+

Zn-Cd-Pb

7.40

2+

Zn-Cd-Pb

6.22

2+

Zn-Cd-Pb

4.60

Zn2+

Zn-Cd

6.31

2+

Zn-Cd

4.76

2+

Zn-Pb

6.55

Cd
Pb

Cd
Zn
Pb2+

Zn-Pb

4.46

2+

Cd-Pb

5.65

2+

Cd-Pb

4.54

Cd
Pb
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Partitioning between strong and weak
adsorption
The adsorbed heavy metals were separated into
strongly and weakly bound forms as described in
the experimental part. The results are presented in
Fig. 5.
The totally adsorbed (TA) and strongly
adsorbed (SA) amounts of Zn, Cd and Pb, as well
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as the ratio SA/TA increase with the pH values for
the entire range studied and depend on the metal
kind.
The strong adsorption of Pb on montmorillonite
is far more pronounced than that the one of Cd or
Zn. This may be the reason of the selectivity
differences, the weakly adsorbed quantities being
about the same.

Fig. 5 – The dependence of heavy metal solid phase concentration on pH at equilibrium; Ci = 0.1 mmol/L; T= 20.0 ± 0.1oC;
I= 0.01M NaNO3; CM= 1g.L-1
a) ● Zn totally adsorbed; ▲ Zn weakly adsorbed; ■ Zn strongly adsorbed; b) ● Cd totally adsorbed; ▲Cd weakly adsorbed;
■ Cd strongly adsorbed; c) ● Pb totally adsorbed; ▲Pb weakly adsorbed; ■ Pb strongly adsorbed.

The adsorption of all three metals on mineral
clay was quite significant even at low pH values.
This observation along with the desorption data
suggest that Cd and Zn adsorption in the low pH
range could be concentrated on permanently
electrically charged sites – where the protons could
exert little competition. The desorption study of
Pb2+ suggests that even at low pH, in addition to
being adsorbed on the permanent charge sites, Pb
might have been adsorbed on the hydroxyl groups
on the of Na-montmorillonite edges.
At higher pH values, the increasing difficulties
in all heavy metals desorption could result from the
formation of stronger complexes and/or precipitates.
The sorption behavior of the Na-montmorillonite
could be explained by a combination of cation
exchange, especially at low pH, when weak
adsorption occurs, and specific binding due to
surface complexation (strong adsorption) at higher
pH. The pH dependent charge is located at the
edge sites, where the surface hydroxyl groups can
be protonated or deprotonated, depending on the
pH of solution. The adsorption of heavy metal
cations by hydroxyl groups is governed by
covalent binding and therefore is chemically
specific.43-44

EXPERIMENTAL
The adsorbent used in this study was Na-montmorillonite,
with 99% of the clay particles < 10 µm as was supplied by
I.C.P.M “MINESA - S.A.” Cluj Napoca.
The cation exchange capacity of the mineral clay (CEC)
measured at pH 6 by Cs+ exchange,45 was equal to 0.92 meqg-1.
Specific surface area (SSA) of montmorillonite was obtained
by N2 adsorption at 77K using a Carlo Erba Sorptomatic
equipment. By applying the BET method, the calculated SSA
was 72.4m2g-1.
Binary and ternary mixed aqueous solutions were prepared
from the nitrate salts of the metals, Zn(NO3)2.6H2O,
Cd(NO3)2.4H2O, Pb(NO3)2 (all p.a. – Fluka). The initial
concentration of each metal cation was 0.1mmol/L and the
metals ratios in the binary and ternary systems were 1:1, and
1:1:1, respectively. Exact concentrations of the stock solutions
were determined by flame atomic absorption spectrometry. All
metal solutions were diluted to the required concentrations
with redistilled water. NaNO3 has been used as background
electrolyte. In all the Zn, Cd and Pb sorption experiments, the
quantity of added Na-montmorillonite (the solid/liquid ratio)
was CM =1g L-1. The batch experiments were performed at
20.0 ± 0.1o C using glass vessels immersed in a thermostatic
water bath.
Twenty milligrams of Na- montmorillonite were mixed
with 10 mL of 2.10-2 M NaNO3 solution. Then, 10mL of
binary or ternary metal aqueous solutions were added and the
vessel content was vigorously mixed. The pH was varied from
about 4 to 7 unities. The lower limit was imposed by the
possible dissolution of Na-montmorillonite (at pH<4). The
upper pH limit was imposed by the necessity to avoid the
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precipitation of pure or mixed Zn, Cd or Pb carbonates or
hydroxides (at pH > 6.5 for Pb2+; pH > 7.9 for Zn2+; pH > 7.5
for Cd2+).46
The pH values were adjusted by adding small volumes of
10-2 M NaOH or 10-2 M HNO3 solutions and monitored by the
means of a pH electrode (Metrohm 6.0204.100) connected to a
pH meter (Metrohm 713). The electrode was calibrated with
buffer solutions (Merk, titrisol). A rotating magnetic bar
ensured vigorous stirring of the suspension for equilibration
during interim pH adjustments.
According to a previous kinetic study a 24-h reaction
period – with continuous stirring – was chosen in order to
reach the equilibrium. After the equilibrium was reached, the
clay was separated from solutions using a Beckman J-2-21
laboratory centrifuge at 10000 rpm for 30 minutes. The
supernatant heavy metals concentration was determined by
atomic absorption spectroscopy (Perkin-Elmer 1100B atomic
absorption spectrometer). The amount of adsorbed metal was
calculated as difference between the initial and final solution
concentration.
For the experiments aiming to establish the partitioning of
the adsorbed metals, after clay-solution separation, a
controlled washing procedure47 using 10-2 M NaNO3 solution
was applied. First, a 10 mL aliquot of the removed supernatant
solution has been replaced by 10 mL of 10-2 M NaNO3. The
clays resulted from the metal sorption experiments were then
quickly introduced in this new solution, homogenized again
and immediately centrifuged. The resulted supernatant
solution was taken for the determination of the cation
concentration. The amount of the metal still retained on the
clay after this procedure was defined as strongly adsorbed.
The weakly adsorbed (WA) metal quantity was obtained from
the difference between the total adsorbed metal (TA) and the
strongly adsorbed metal (SA). All measurements were run in
duplicate. The reported values represent the media values.

metals via ion exchange reaction, especially at
lower values of pH, and by formation of innersphere complexes at the clay particle edges.
Soil minerals are often negatively charged and
similar effects as observed for montmorillonite are
expected, meaning that a mobilizing effect should
occur for Zn, Cd and Pb only in soil with high pH
values.
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