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ABSTRACT

Sorption of the Zn** and Ni** ions by the Na*-enriched natural clinoptilolite (Na-CLI) from
aqueous solutions containing both Zn>* and Ni** ions at a range of concentrations has been
studied at 298, 308, and 318 K. It was found that the sorption of a particular ion by Na-CLI
increases with the increase in the initial concentration of the solution of that ion. At a given
initial concentration, the sorption degree increases with temperature. Also, the sorption of a
particular ion is greater when the initial solution contains a second ion than it is when the par-
ticular ion is present alone. The sorption kinetics is in accord with the pseudo-second-order
reaction rate model. The values of the k, rate constant do not show a regular change with the
initial Zn**/Ni** concentrations probably because the presence of the second ion has a signifi-
cant effect on the reaction rate. Thermodynamic study has shown that the sorption is exother-
mic, occurring spontaneously in the 298-318 K range and with a positive entropy change.
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1. Introduction

Wastewaters from the mining and metal finishing
industry, manufacture of batteries, pigments, chemi-
cals, smelting of metals, etc. generally contain heavy
metal cations at high concentrations. This is of great
concern since these metals are toxic to human beings,
animals, and plants. The process of ion exchange in
which toxic heavy metal ions in solutions are replaced
by more benign alkali or alkali earth cations from a

*Corresponding author.

solid exchanger is one of the most effective techniques
in the removal of toxic heavy metal ions from indus-
trial wastewaters. Accordingly, natural zeolites are
efficiently used in ion-exchange processes due to their
high abundance, beneficial ion-exchange capacities,
high metal selectivity, and low cost.

Clinoptilolite is the most abundant natural zeolite.
The aluminosilicate framework of clinoptilolite con-
sists of three channels connected in two dimensions:
two of them are formed by eight-membered rings and
the third one by 10-membered rings [1]. The channels
are occupied by exchangeable alkali and earth alkali
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cations and water molecules. Clinoptilolite samples
from various regions show different ion-exchange
abilities, the difference being mainly caused by differ-
ent Si/Al molar ratios and different types of extra-
framework cations. A recent structural study [2] has
shown that Ni** and Zn** cations occupy mostly two
extra-framework sites: the first one is in the center of
the large 10-membered channel and the second one is
in the center of the smaller eight-membered channel
that runs parallel to the crystallographic axis c¢ (the
second eight-membered channel runs parallel to the
crystallographic axis a). This study reports also that
some other cations such as Cu®* occupy a new extra-
framework site inside the large channel.

Zlatokop in Vranjska Banja is the largest clinoptilo-
lite deposit in Serbia. The zeolitic tuff contains more
than 70 wt.% of clinoptilolite with quartz and feldspar
as major mineral impurities [3]. Taking into account
the high quality of this zeolitic tuff, we have investi-
gated in detail its cation exchange behavior toward
different heavy metal cations [4-7] present in water
solutions as single cationic species. It should be
noticed that the single metal adsorption on different
naturally occurring adsorbents such as clays, activated
carbons, zeolites, and biosorbents has been extensively
investigated in the last decade [8,9]. The binary
adsorption of metals on natural clays has been per-
formed for a few heavy metal cations and clays
[10,11]. However, such studies on clinoptilolite have
been rather scarce [11].

Taking into account that Ni** and Zn** prefer simi-
lar crystallographic sites in the clinoptilolite lattice
and that the presence of another metal cation can
influence [refs.] the adsorption capacity of a single
one, the present study deals with the exchange equi-
libria of Na cations from the clinoptilolite-rich zeolitic
tuff and Ni**~Zn”* ions present in water solutions at
different concentrations. The binary adsorption was
studied at three different temperatures (298-318 K).

2. Experimental
2.1. Zn and Ni sorption on the clinoptilolite tuff

The zeolite material (CLI) obtained from a large
sedimentary Zlatokop deposit was used in the experi-
ments. The particle size of the samples was in the
0.063-0.125-mm range. The sample (50 g) was pre-
treated with 500 cm® of 2.0 mol dm™> solution of NaCl
(p.a., Aldrich) in order to improve the tuff’s exchange
capacity [7]. The suspension was magnetically stirred
for 48h at 50°C. The sample (Na-CLI) was then
washed with distilled water and dried in oven at
60°C. Elemental analysis showed [6] that the amount
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of exchangeable cations in Na-CLI theoretically allows
for an uptake (by cation exchange) of appr. 46 mg of
Zn or 42 mg of Ni per gram of Na-CLI. The solutions
used for the experiments (Table 1) contain Zn(II) and
Ni(II) either in a 2:1 (solutions I, II, and III) or 1:2 ratio
(solutions 1V, V, and VI). ZnSO,7H,O (Zdravlje,
Leskovac) and NiSO,4-7H,O (Fluka) were used for the
preparation of the solutions.

The rate of sorption of Ni**~Zn** by Na-CLI was
studied at temperatures of 298, 308, and 318 K in
water solutions (I-VI). 100.00 cm® of the appropriate
solution was mixed with 1.0 g of Na-CLI and the sus-
pension was stirred on a water bath (Memmert, WNB
22) at a rate of 105 rpm for a time period of 2, 6, and
24 h. The solid was then separated by filtration.

Preliminary investigations showed that the Zn**
and Ni** removal capacity of Na-CLI increases slightly
when the solution pH is raised from 4 to 7. The subse-
quent experiments were conducted at pH about 6 to
avoid any possible hydroxide precipitation [12].

Zinc and nickel concentrations in solution were
determined by AAS using Varian Spectra AA 200; at
least five measurements were done for each
determination.

All the experiments were carried out under con-
trolled conditions: the temperature in the thermostated
bath was maintained constant to within +0.1°C, the
clinoptilolite sample was weighed to four-digit accu-
racy, and the solution concentrations were determined
with four-digit accuracy.

3. Results and discussion
3.1. Sorption experiments

Sorption of the Zn** and Ni** ions by the Na*-en-
riched natural clinoptilolite (Na-CLI) from aqueous
solutions containing both Zn®* and Ni** ions has been
examined at a range of concentrations listed in Table 1
and at temperatures of 298, 308, and 318 K. The results
for the Zn** sorption are shown in Table 2, while
those for Ni*" are given in Table 3. Tables 2 and 3 also
include the previously published data for the sorption
of Zn** [6] and Ni** [5] ions, respectively, by Na-CLI
from aqueous solutions containing only one of the
respective ions. From Tables 2 and 3, it can be seen
that the sorption of a particular ion by Na-CLI
increases with an increase in the initial concentration
of the solution of that ion at all three temperatures.
Also, at a given initial concentration, the degree of
sorption increases with temperature. Furthermore, in
cases where a particular ion was in two separate
experiments present at the initial concentration of
100 mg dm™>, the sorption degree was greater from
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Table 1
Initial Zn** and Ni** concentrations used in the experi-
ments

Concentration Abbreviated
Solution (mgdm™> Zn**/mg dm > Ni**) notation
I 100/50 Zn100Ni50
I 200/100 Zn200Ni100
11 300/150 Zn300Nil150
v 50/100 Ni100Zn50
A% 100/200 Ni200Zn100
VI 150/300 Ni300Zn150

the solution in which the initial concentration of the
second ion was smaller: the sorption degree of Zn**
was greater from the Znl00Ni50 than from the
Ni200Zn100 solution, and the sorption degree of Ni**
was greater from the Nil00Zn50 than from the
Zn200Ni100 solution. This is understandable since, for
example, the Zn>* ions in Zn100Ni50 have to compete
with fewer number of Ni** ions for the sites on
Na-CLI than do the Zn** ions in Ni200Zn100.

A remarkable fact to be observed from Tables 2
and 3 is that the sorption of a particular ion is greater
when the initial solution contains a second ion than it
is when the particular ion is present alone in the ini-
tial solution. That holds for all concentrations for
which the single ion data are available, i.e. for

Table 2
Equilibrium g, values for the Zn(Il) adsorption after 24 h
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Co =100, 200, and 300 mg dm™3, and for all three tem-
peratures [5,6]. For example, for Cy = 300 mg Zn dm >
at 298K, the sorption degree for Zn®* s
1583 mg Zn g~' from the Zn300Nil50 solution and
only 8.83 mg Zn g~' from the solution of Zn>" alone. It
can be concluded that the presence of a second type
of ion does not act adversely toward another cation.
On the contrary, the presence of Ni** (Zn>*) enhances
the sorption ability of Na-CLI toward the other ion.
Recently published results obtained on the binary
adsorption of Cd**-Ni**, Zn**-Cd**, and Pb**-Cu**
on three types of natural clays [10] indicate that the
influence of a particular ion on the adsorption of the
other one depends not only on the type of clay but
also on the type of cations. In the Zn**-Cd** adsorp-
tion on sepiolite, Zn>" inhibits the adsorption of Cd**,
whereas Cd®* does not influence the adsorption of
Zn>*. For bentonite, both Cd*" and Ni** show similar
antagonism toward adsorption of the other metal [10].
In the present study, it seems likely that Ni** and
Zn®* jons are not competitors in adsorption. This
could be explained by a similarity in their hydrated
radii, Ni** (83 pm), and Zn** (86 pm), and the fact that
Na™ has a significantly larger hydrated radius in com-
parison to both Ni** and Zn** [13]. Since both Ni**
and Zn** occupy the same two crystallographic sites,
it is the increase in entropy that governs the replace-
ment of Na® from these positions in the clinoptilolite

ge (mg Zn g™ ") one

ge (mg Zn g~ ") two metals metal
Co (mg Zndm™) 298 K 308 K 318 K 298K 308K 318K
50 4.95 (Ni100Zn50) 4.96 4.98
100 9.04 (Ni200Zn100) 9.85 (Zn100Ni50)  9.11 990 913 998 575 6.67 7.78
150 10.24 (Ni300Zn150) 11.46 11.95
200 13.34 (Zn200Ni100) 13.60 14.80 7.65 9.68 11.44
300 15.83 (Zn300Ni150) 17.67 19.55 8.83 11.25 13.01
Table 3
Equilibrium g, values for Ni** adsorption after 24 h

ge (mg Ni g™") two metals ge (mg Ni g™') one metal
Co (mgNidm™) 298K 308 K 318K 298 K 308K 318K
50 2.8 (Zn100Ni50) 3.35 3.92
100 2.58 (Zn200Ni100)  4.65 (Ni1l00Zn50)  3.89 643 427 749 194 3.06 3.82
150 3.41 (Zn300Ni150) 4.39 5.28
200 7.04 (Ni200Zn100) 8.87 10.57 2.57 4.05 5.34
300 7.61 (Ni300Zn150) 10.33 11.57 3.01 4.83 5.99
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channels by the divalent ions. However, at present,
we cannot offer a plausible explanation for the fact
that the presence of Ni** (Zn®*) increases the adsorp-
tion capacity of Na-CLI toward Zn** (Ni**) relative to
the single ion adsorption.

3.2. Kinetic analysis

The time dependence of sorption of the Zn** and
Ni** ions by Na-CLI has been investigated at 298 K
using solutions listed in Table 1. The time dependence
was followed for 24 h. Figs. 1 and 2 show the uptake
values of Zn®** and Ni**, respectively, from the
solutions.

It is seen from the curves on Figs. 1 and 2 that at
the beginning stages of sorption (i.e. approximately in
the first 2h), the Zn** and Ni** uptake increases
rather sharply from g =0 at t = 0. Afterward, the sorp-
tion proceeds more gradually. Similar behavior has
been observed for the Zn®* and Ni** sorption when
these ions were present individually in solution [5,6].
The data from Figs. 1 and 2 were analyzed using the
pseudo-second-order reaction rate model since this
model has been found to give the best description of
the sorption kinetics in heavy metal sorption studies
[14-17]. The model is defined by Eq. (1) [17]:

t 1 1
i Rd T a v
2e e

where k, (gmg ' min') is the rate constant of the
pseudo-second-order adsorption. The plot of t/g vs. t
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Fig. 1. Adsorption kinetics for Zn** on Na-CLI at different
initial Zn?** concentrations; g is the amount of the adsorbed
Zn** (mg per 1 g of Na-CLI).
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Fig. 2. Adsorption kinetics for Ni** on Na-CLI at different
initial Ni** concentrations; g is the amount of the adsorbed
Ni** (mg per 1 g of Na-CLI).

Table 4

Rate constants obtained by the pseudo-second-order
kinetic model for the sorption of Zn**/Ni** on Na-CLI
(R? is the coefficient of determination of linear regression)

Zn Ni
Solution k(gmg'h™) R? k(gmg'h™ R?
Zn100Ni50 0.5771 1 0.303 0.999
Zn200Ni100 0.0559 0.997 0.276 0.997
Zn300Ni150 0.0391 0.998 0.201 0.998
Nil00Zn50  0.345 0.999 0.191 0.999
Ni200Zn100 0.0741 0.999 0.149 0.997
Ni300Zn150 0.0781 0.997 0.253 0.999
Zn
20 1 A Zn300Ni150
18 e
16 A A .
Zn200Ni100
] e
D
g’ 12 4 /b Ni300Zn150
& 10 1 - & Zn100NiS0
+ < 4 Ni200Zn100
8 -
6 -
v v v Ni100Zn50
4 -
295 300 305 310 315 320

T(K)

Fig. 3. Plot of g vs. T at different initial Zn®" concentra-
tions; g is the amount of the adsorbed Zn** (mg per 1 g of
Na-CLI).
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Fig. 4.Plot of g vs. T at different initial Ni**

concentrations; g is the amount of the adsorbed Ni2*
(mg per 1 g of Na-CLI).

is a straight line if the experimental data correspond
to this model; g. and k, are obtained from the slope
and intercept, respectively. This was the case with the
data from Figs. 1 and 2, and the results of the kinetic
analysis are presented in Table 4.

The results in Table 4 show that the k, rate con-
stant values change rather irregularly with the initial
Zn**/Ni** concentrations. This indicates that the pres-
ence of the second ion has a significant effect on the

Table 5
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reaction rate. In addition, the sorption kinetics is
probably governed not only by the ion-exchange reac-
tion, but also by diffusional processes that have to be
taken into account. Also, the Zn>" species entering the
clinoptilolite lattice need not be only the hydrated
Zn** ions but also some more complex zinc(Il) ionic
moieties [6].

3.3. Thermodynamic study

The data obtained by sorption experiments at 298,
308, and 318 K for the solutions listed in Table 1 are
presented in Figs. 3 (for Zn) and 4 (for Ni).

The data from Figs. 3 and 4 were used for the
estimation of some thermodynamic parameters. The
standard free energy of sorption (AG®) was calculated

by Eq. (2):
AG® = —RTInK (2)

where R is the universal gas constant and K is the
equilibrium constant at temperature T. The constant K
was calculated as the ratio of the equilibrium Zn** or
Ni** concentrations on the sorbent and in solution
after 24 h of exchange. The enthalpy and entropy of
sorption were calculated from Eq. (3):

AS®  AH®

InK =
nK=R "RT

3)

Thermodynamic parameters for the Zn®* sorption on Na-CLI in the presence of Ni** (R* is the coefficient of

determination of linear regression)

Co (mg Zn dm™) T (K) AG” (] mol ™) AH* (k] mol ™) AS* (K™ mol ™) R?

50 (Ni100Zn50) 298 -19.0 -29.29 161.9 0.980
308 —20.4
318 -223

100 (Zn100Ni50) 298 -184 -16.72 117.5 0.876
308 -19.2
318 -20.8

100 (Ni200Zn100) 298 -16.8 -1.88 62.34 -0.809
308 -17.1
318 -18.1

150 (Ni300Zn150) 298 -153 -11.16 88.79 0.998
308 -16.2
318 -17.1

200 (Zn200Ni100) 298 -14.5 -11.23 86.07 0.864
308 -15.1
318 -16.2

300 (Zn300Ni150) 298 -13.4 ~18.84 108.4 0.999
308 -145

318 -15.7
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Table 6
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Thermodynamic parameters for the Ni** sorption on Na-CLI in the presence of Zn** (R* is the coefficient of

determination of linear regression)

Co (mg Ni dm™) T (K) AG” (i mol ) AH* (k] mol ") AS*(J K™ mol ™) R?

50 (Zn100Ni50) 298 -13.8 —45.85 200.0 0.998
308 -157
318 -17.8

100 (Ni100Zn50) 298 -12.9 —48.06 204.9 0.992
308 -152
318 -17.0

100 (Zn200Ni100) 298 -106 -13.81 85.44 0.999
308 -125
318 -133

150 (Zn300Ni150) 298 -9.3 -37.74 158.5 0.932
308 -114
318 -125

200 (Ni200Zn100) 298 -11.3 —24.98 121.9 0.999
308 -126
318 -13.8

300 (Ni300Zn150) 298 -10.2 -21.40 106.4 0.944
308 -115
318 -12.4

The plot of In K vs. 1/T gives a straight line and the
values of AS® and AH" are evaluated from its intercept
and slope, respectively. The calculated thermodynamic
parameters for the Zn** and Ni** sorption are listed in
Tables 5 and 6, respectively.

The AG” values given in Tables 5 and 6 show that
the sorption of Zn®>* and Ni** on Na-CLI from aque-
ous solutions containing both Zn** and Ni** ions
occurs spontaneously in the 298-318 K range. Such
spontaneity has also been observed for the Zn** and
Ni*" sorption when these ions were present individu-
ally in solution [5,6]. The AG® values slightly decrease
with temperature at all initial Zn** and Ni** concen-
trations. The sorption of Zn** and Ni** is exothermic
(AH®° < 0), which is in contrast to the endothermic
sorption when these ions were present individually
in solution [5,6]. The Zn** and Ni** sorption pro-
ceeds with an increase in entropy, which is analo-
gous to the situation when these ions were present
individually in solution. The positive AS° values
reflect the fact that the sorption involves the libera-
tion of two Na* ions when one Zn** or Ni*" ion is
bound to the sorbent.

4. Conclusions

Sorption of the Zn** and Ni** ions by the Na*-en-
riched natural clinoptilolite (Na-CLI) from aqueous
solutions containing both 7Zn?* and Ni** ions, studied

at 298, 308, and 318 K, has shown that the sorption of
a particular ion by Na-CLI increases with the increase
in the initial concentration of the solution of that ion.
At a given initial concentration, the sorption degree
increases with temperature. It was also found that the
sorption of a particular ion is greater when the initial
solution contains a second ion than it is when the par-
ticular ion is present alone.

The sorption kinetics can be satisfactorily described
by the pseudo-second-order reaction rate model. How-
ever, the values of the k, rate constant do not show a
regular change with the initial 7Zn?*/Ni%* concentra-
tions, indicating that the presence of the second ion
has a significant effect on the reaction rate.

Thermodynamic study has shown that the exam-
ined sorption occurs spontaneously in the 298-318 K
range. The sorption is exothermic, which is in con-
trast to the situation when these ions are present
individually in solution. The entropy change is
positive, reflecting the fact that the sorption involves
an exchange of two Na* ions for one Zn** (or Ni**)
ion.
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List of symbols

K — equilibrium constant (-)

k, — the rate constant of the pseudo-second-order
model (g mg’1 min)

g — amount of the adsorbed M(II) (mg g ")

ge — amount of the adsorbed M(II) at equilibrium
(mg g™

R — universal gas constant (8.314 ] mol ' K™)

t — time (min)
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