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Abstract. In this paper it was analyzed the ion exchange isotherm of K+, Ca2+ and also Cr3+ ions with NaA zeolites
at three temperatures: 30, 45 and 60◦C. The NaA isotherms were favorable for the metal cations studied. Differences
in shape are due to the different influence of temperature in the interaction of the in-going cation with the zeolite
framework. As a consequence, sites of different energies were used in the exchange process, which provided non
linear Kielland plots. Equilibrium constant, standard free energy, enthalpy and enthopy changes were measured and
tabulated. Equilibrium constant is directly proportional to the in-going ion charge. Concerning enthalpy, endothermic
and exothermic exchanges were observed due to differences in the cation-framework interaction. The selectivity
order based on the standard free energy over the entire temperature range was K+ < Cr3+ < Ca2+, a consequence
of different ion exchange mechanisms. It was also noted that the entropy change increases with the polarizibility of
the cations.
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1. Introduction

One of the most important heavy metals is chromium
which finds its way to bodies of water through wastewa-
ters from iron and steel manufacturing, chrome leather
tanning, chromium plating and others anthropogenic
sources. The effluent from these industries may con-
tain chromium at concentrations ranging from tenths
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to hundreds of mg/L that would endanger public health
and the environment if discharged without adequate
treatment. Particularly, the effects of acute chromium
poisoning in humans are very serious, including lung
cancer (Barros et al., 2001). According to the Brazilian
law the upper limit of chromium trivalent in wastewa-
ters is 0.5 mg/L (Barros, 2003). For this reason there
is a constant need to remove chromium from industrial
effluents. Heavy-metal ion exchange from this residual
liquid phase is certainly an attractive option because it
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starts immediately after the contact of a heavy-metal
solution with the ion exchanger.

Among the various available cation exchangers, ze-
olites meet the requirements of good selectivity and
acceptable capacity. As the balancing cations are not
rigidly fixed at specific locations within the hydrated
unit cell, it is possible to effect exchange with external
cations in solutions. Some parameters such as the hy-
dration ratio of both co-ion and in-going ion as well as
temperature and the three-dimensional zeolite frame-
work highly influence the ion exchange mechanism.

Zeolite 4A has defined chemical composition and
high and constant cation-exchange capacity. The alu-
minosilicate framework of zeolite A includes truncated
octahedron (β-cage), which enclose a cavity with a free
diameter of 6.6 Å. The center of the unit cell is a large
cavity (α-cage), which has a free diameter of 11.4 Å
(Giannetto et al., 2000). Commercial exploitation of
zeolites A as ion exchange has largely been limited to
their use in water softening and their effectiveness in
removing heavy metals from aqueous solution has not
been properly assessed. A first step in direction of ap-
plying NaA as ion exchanger is to study the exchange
behavior towards the cation of interest in equilibrium
systems through isotherms.

In recent years an increasing number of studies have
been made of the ion exchange properties of zeolite A
with some heavy metal ions such as Cd2+, Zn2+, Pb2+,
as well as with hard cations such as Ca2+ and Mg2+

(Biškup and Subotić, 1998, 2000; Barri and Rees, 1980;
Franklin and Townsend, 1985). The selectivity towards
the in-going ion in zeolite A seems to be very depen-
dent on temperature. An increase in equilibrium con-
tent with increasing temperature is a consequence of
the reduction of the effective size of ions (Tagami et al.,
2001) caused both by a decrease of the ion hydration
shell and a reduction of the limitation for diffusion in
the inner part of the pore system arising from a decrease
in the effective radius (Biškup and Subotić, 1998). This
hydration effect may explain the fact that zeolite NaA
has a huge preference towards Ca2+ over Mg2+ when
the isotherms are obtained from solutions that contain
the in-going cation (Ca2+ or Mg2+) and also the out-
going cation (Na+)—Franklin and Townsend (1985).
It suggests that the in-going ions occupy specific sites
in the three dimensional framework according to their
hydration coating. Mg2+ ions may reside in the open
eight-membered oxygen rings (α cages) where they
can be hydrated with the maximum number of water
molecules while Ca2+ ions prefer the six-membered

oxygen ring sites where they can be co-coordinated
to the framework oxygens in the β cages and also
with the water molecules present in the α cages (Barri
and Rees, 1980). Attempts to exchange the in-going
ions with trivalent cations were unsuccessful (Breck,
1974) or partially successful in NaA (Wiers et al., 1982)
but comparatively few papers dealing with chromium
ion exchange in NaA have been published. In fact,
chromium ions may be exchanged in a certain extent
(Arroyo et al., 2000) in dynamic runs. In batch equi-
librium system a partially successful selectivity are ob-
tained (Wiers, 1982). On the other hand, the structure
may exhibit an ion-sieve effect (Breck, 1974) due to the
large hydrated ratio of Cr3+ ions (4.61 Å—Nightingale,
1959). Therefore, only few cations may diffuse through
the channels.

Concerning industrial wastewater, together with
chromium, other cations with different charges and
consequently different energy of hydration are found.
Particularly, in the case of tannery wastewater, Ca2+

and K+ ions have a significant concentration. There-
fore, the purpose of this research was to test NaA ze-
olite for the ability to remove these metal ions and to
investigate their exchange mechanism. In this paper the
application of zeolite A in removing Cr3+in compari-
son with Ca2+ and K+ ions from aqueous solution was
examined at three different temperatures: 30, 45 and
60◦C.

2. Materials and Methods

2.1. Materials

The starting zeolite was a very high crystalline NaA
powder without binder, Advera 401, provided by
PQ Corporation which has the unit cell composition
Na90(AlO2)90(SiO2)102 in dry basis, corresponding to
a SAR of 2.27 and to a cation exchange capacity of
6.47 meq g−1. In order to obtain, as far as possible,
the homoionic sodium form, the zeolite, as received,
was contacted four times with 1 mol dm−3 solutions of
NaCl at 60◦C. The zeolite was then washed each time
with 2 dm3 of hot deionised water and oven-dried at
100◦C.

All experiments were carried out with chloride salts
of chromium, calcium and potassium. Chloride was
chosen because its good solubility in aqueous environ-
ment. Moreover, chloride is a small anion and may have
low influence in the diffusion process of the in-going
cations towards the exchange sites. The reagent-grade
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CrCl3·9H2O, CaCl2·2H2O and KCl were mixed with
deionised water to prepare 15 meq dm−3 solutions for
unicomponent ion exchange. The ion exchange reac-
tions were carried out by weighting suitable quantities
of NaA zeolite (0.01 g up to 2.00 g) in 35-mL glass
flasks containing 20 g of the salt solution and letting
the system equilibrate in water bath shaker at 30, 45 and
60◦C as described in Barros et al. (2003a). Each exper-
imental data was repeated twice or three times in order
to assure reproducibility. After 4–7 days of contact time
between zeolite and solution as previously observed as
enough to attain equilibrium (Barros, 2003), the flasks
were removed from the constant-temperature bath; the
solid and solution phases in equilibrium were rapidly
separated by filtration. The pH of the samples at all
isothermal temperatures was measured but the solu-
tion was not buffered. This procedure was adopted in
order to analyze the cations behavior in a real wastew-
ater situation, that is, with variable pH. Anyway, there
was no evidence of hydronium ion exchange or metal
precipitation as pH varied in a narrow range, from 3 to
6.

The exchanging ions content in the fluid phase be-
fore and after the experiments was determined by
atomic absorption spectrophotometry using a Varian
SpectrAA10-Plus spectrometer.

2.2. Methods

The isotherm data were calculated by

XAS = CA

COA

and XAZ =
(
COA − CA

)
CEC

(1)

where CA stands for the final concentration of the cation
A. COA stands for the initial concentration of the cation
A and CEC is the cation exchange capacity (Al equiv-
alents present in zeolite sample). XAZ and XAS are the
equivalent fractions of the in-going ion A in the zeolite
and in solution phase, respectively.

The selectivity quotient is defined as:

K ′A
B = XZB

A(Z ) XZA
B(S)

XZA
B(Z ) XZB

A(S)

[
γ ZA

B(S)

γ ZB
A(S)

]
(2)

where γi(S) are the mean activity coefficients associated
with molality. XBZ and XBS are the equivalent fractions
of the out-going ion B, both in the zeolite and in solu-
tion, given as 1 − XAZ and 1 − XAS respectively. ZA
and ZB are the charge of the in-going ion A and the out
going ion B.

In order to obtain K ′A
B , as it could be seen in Eq. (2),

the mean activity coefficients of individual strong elec-
trolyte must also be known. This parameter in an aque-
ous solution may be obtained using the Meissner’s
method (Zemaitis et al., 1986). Values of γi(S) of an
individual strong electrolyte in an aqueous solution of
two strong electrolytes composed by two cations and
only one anion, as it is the case of single ion exchange,
can be obtained in Meissner and Kusik (1972).

The thermodynamic equilibrium constant for ion ex-
change reaction was estimated from the Kielland plots
(log K ′A

B versus XAZ) using the equation:

ln K A = (ZB − ZA) + 2.3025

1∫
0

log K ′A
B d X A(Z ) (3)

The standard enthalpy of exchange (�H0) was esti-
mated from the temperature dependence of K A (Van’t
Hoff equation) by plotting log K A against recipro-
cal temperature to give a line of gradient −�H 0/R
according to

d ln K A

dT
= �H 0

RT 2
(4)

The standard free energy of exchange was deter-
mined from the equation

�G0 = −RT

Z A Z B
ln K A (5)

where R is the ideal gas constant and T is the absolute
temperature.

The standard entropy of the exchange processes,
�S0, was calculated in the usual way:

�S0 =
[
�H 0 − �G0

T

]
(6)

using the previously calculated values of �H0 and
�G0.

In cases of incomplete exchange, a normalization
procedure is required in which the experimental XAZ

values are multiplied by a normalization factor f =
1/Xmax

AZ , where Xmax
AZ represents the maximum observed

exchange level (Barrer and Klinowski, 1972). In order
to calculate K ′A

B , all XAZ experimental values were nor-
malized.
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Figure 1. Ion exchanging isotherms in NaA for (a) K+, (b) Ca2+ and (c) Cr3+ at (�) 30◦C, (�) 45◦C and (�) 60◦C.

3. Results and Discussion

The ion exchange isotherms generated during the ex-
change of the parent zeolite are shown in Fig. 1(a)–(c)
for the cations K+, Ca2+ and Cr3+ respectively. Dif-
ferent convexly upward curvatures can be seen as a
consequence of different degrees of exchange caused
by nature, size and charge of the cations, tempera-
ture of the system and cation-framework interaction.
The isotherms for the K-NaA system (Fig. 1(a)) are
almost straight lines. They show a kind of unselec-
tive form with tendencies of selectivity for the leaving
cation Na+ as the straight lines seem to have slopes
smaller than 45◦. This finding is in total agreement
with Breck (1974), where the selectivity of zeolite A
towards sodium is slightly greater than towards potas-

sium ions. Besides the univalent charge, the hydration
energies of both cations are very close to each other
(�H hidr

K = −72.6 kcal/g ion, �H hidr
Na = −89.6 kcal/g

ion, Cotton and Wilkensen, 1988), which means that
both cations may compete to the same sites, originat-
ing the unselective form of the isotherms. It is also
interesting to note that an increase in temperature fa-
vors a decrease in the potassium content in the solid
phase, which is just the opposite phenomenon when the
system K-NaX was considered with the same experi-
mental conditions (Barros et al., 2003b). It indicates
that, although both zeolites have almost the same Si/Al
ratio, the ion exchange mechanism is also strongly in-
fluenced by the three dimensional framework of the
zeolite. High convexly upward isotherms are observed
when the Ca-NaA system was considered in Fig. 1(b).



Thermodynamics of the Exchange Processes between K+, Ca2+ and Cr3+ 231

This ion exchange behavior was already expected as
NaA zeolite is generally used in water softening where
its prime purpose is to replace Ca2+ and also Mg2+ ions
present in hard water. It is well known that NaA zeo-
lite has a great affinity to Ca2+ (Barri and Ress, 1980).
Moreover, a temperature-dependent sigmoid shape of
isotherms with inflexion point close to XAZ = 1 is
obtained indicating that some effort should be done to
diffuse some ions into unfavorable sites. It is also worth
to note some over exchanged values (XAZ > 1), that
means an amount of calcium in the zeolite after ex-
change greater than the amount of sodium lost during
the exchange process. Hence, the ratio of total divalent
metal to aluminum was everywhere higher than theory.
Such phenomenon is probably due to some multilayer
adsorption and it becomes increasingly significant as
the monolayer, which corresponds to the ion-exchange
reaction, becomes more and more crowded, that means
an appreciable affinity towards the in-going cation. A
densely occupied monolayer will act in some degree
as an extension of the zeolite, and will be able to at-
tract further cations from the solution phase. Therefore,
the unfavorable sites mentioned are related to the sites
located in the monolayer originating an ion-exchange
adsorption. The occurrence of this kind of phenomenon
in zeolite ion exchange isotherms was already seen
(Shibata and Seff, 1997; Wiers et al., 1982) indicat-
ing that XAZ values greater than 1 are possible to oc-
cur and the hypothesis of experimental errors should
be completed discarded. Precipitation of Ca(OH)2(S)

was not a reasonable explanation due to the high sol-
ubility of the calcium hydroxide in an aqueous envi-
ronment. The isotherm behavior, presented in the Ca-
NaA system, is qualitatively similar to the isotherms
previously reported (Franklin and Townsend, 1985).
Quantitatively differences were already expected since
the ion exchange solution had, besides the in-going
cation Ca2+, the out-going cation Na+in the reported
paper, and the content of this solution influences the
exchange behavior (Giannetto et al., 2000). The Cr-
NaA isotherms (Fig. 1(c)) exhibit an initial steep slope
followed by a sigmoidal profile. This behavior was
unexpected but repeated experiments confirmed such
a trend discarding the hypothesis of experimental er-
rors. Unusual isotherm profiles were already reported
in divalent exchange in NaX zeolite (Sherry, 1968).
Therefore, isotherms that do not fit Breck’s classifica-
tion (Breck, 1974) seem to happen. The shape of the
Cr-NaA isotherms can be attributed to changes in pH
and consequently in the in-going chromium species

(Richard and Bourg, 1991) as the ion exchange so-
lution was not buffered. It must be emphasized that
pH reached the minimum value of 3.0, indicating that
dealumination of the zeolite may be neglected. Fur-
thermore, the exchange process is operating under dif-
fusion limitations, where the progress of exchange is
controlled by the diffusion of the large hydrated cation
Cr3+ (4.61 Å—Nightingale, 1959) within the crystal
structure. The effect of the aqueous environment on
ion migration is pronounced in zeolites (Keane, 1998),
mainly in zeolite A due to its small apertures of 4.2 Å
of the α-cages and 2.2 Å of the β-cages. It must be
reminded that Cr3+ ion has also very high hydration
energy (�H hidr

Cr = −1005.5 kcal/g-ion—Cotton and
Wilkensen, 1988) and the strength of the hydration
coating is an important factor in the water stripping
process, and consequently, in the ion exchange reac-
tion. It is noteworthy that the progress of exchange is
not enhanced as the exchange temperature is increased
from 30 to 60◦C. Possibly an increment of 30 degrees
Celsius is not enough to overcome the ion-sieve effect
and all isotherms terminated in an average equivalent
fraction of XAZ = 0.67, which is diagnostic of oc-
cupancy of the large cavities only (Giannetto et al.,
2000). Therefore, it seems that Cr3+ ions prefer to be
located in the sites of the α-cages, probably due to the
possibility of coordination with the framework oxy-
gens and the water molecules. It is outstanding that the
rather pronounced differences in behavior of Ca-NaA
and Cr-NaA isotherms are unexpected in view of close
hydration radii (rhidr

Ca2+ = 4.12 Å, rhidr
Cr3+ = 4.61 Å—

Nightingale, 1959). The ionic radii of Cr3+ are even
smaller than the Ca2+ ones, which might indicate, in
an erroneous conclusion, that chromium ions would be
better accomodated in the sites of β and also α-cages.
It seems that the hydration coating of the cations has
a great contribution in the marked differences of the
ion exchange isotherms. The energy of hydration of
Cr3+ ions is higher by a factor up to 3 (Cotton and
Wilkensen, 1988) and probably partial water stripping,
necessary of the accomodation in the β-cages, may be
thermodynamically unfavorable due its high value.

Representative Kielland plots, shown in Fig. 2, were
constructed to all isotherms through the selectivity co-
efficient. All γ i(S) for the solutions composed by two
cations (the in-going and the out-going cations) and
only one ion (chloride) were calculated as described in
Section 2. In Ca-NaA system, all overexchanged values
presented in the isotherm were neglected to the calcu-
lous of the selectivity quotient and consequently to the
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Figure 2. Kielland plots in NaA zeolite for (a) K+, (b) Ca2+ and (c) Cr3+ at (�) 30◦C, (�) 45◦C and (�) 60◦C.

Kielland plots. The very non-linear plots was observed
for all systems are a consequence of distinct groups of
exchange sites participating in the ion exchange reac-
tion as expected. Concerning the Kielland plots, it is
observed that the ion exchange mechanism depends on
the cationic in-going species and on the temperature as
well. The Kielland plots related to the K-NaA isotherms
show almost straight lines, which means that the major-
ity of the sites that participate of the ion exchange reac-
tion may have the same energy. The Kielland plots for
Ca-NaA system show a pronounced non-linear shape
for all temperatures studied. This behavior is in total
agreement with the occupancy of different exchange
sites located in all cages as observed in the isotherms.
On the other hand, the Kielland plots for Cr-NaA sys-
tem are non-linear and less pronounced than the plots
obtained for Ca-NaA exchanges, due to the predomi-
nance of exchange in sites located only in the α-cages
as already explained.

A thermodynamic analysis of the Kielland plots
yielded the parameters given in Table 1. The thermody-
namic equilibrium constant, K A, presents huge differ-
ences in the ion exchange of the in-going cations anal-
ysed. In the K-NaA system it is possible to note small
K A values if compared to the other in-going cations,
possibly due to the small affinity of NaA towards potas-
sium. It is also noted a decrease in K A values with in-
creasing temperature, which indicates a progressive se-
lectivity towards the out-going ion Na+. The exchange
of NaA with Ca2+ is accompained by large values
of the thermodynamic equilibrium constant, which is
in agreement with the high affinity already shown in
Fig. 1(b). A decrease in K A values is observed at 45◦C
probably as a consequence of the complex interaction
of the hydrated Ca2+ ions with the ion exchange sites.
If the results are compared to the ones shown in Barri
and Rees (1980) it is possible to observe that K A val-
ues reported earlier are much lower. Once more this is
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Table 1. Thermodynamic data on ion exchange at different
temperatures.

�G0 �H0 �S0

Cation T (◦C) K A (kJ/equiv) (kJ/equiv) (kJ/equiv K)

K+ 30 4.7 −3.899 26.94 0.102

45 4.2 −3.825 9.500 0.041

60 2.6 −2.667 −11.71 −0.027

Ca2+ 30 114 −5.969 −115.3 −0.361

45 49.1 −5.147 −13.45 −0.0261

60 163 −7.049 109.7 0.351

Cr3+ 30 653 −5.443 −140.6 −0.446

45 197 −4.657 −18.66 −0.044

60 688 −6.029 128.89 0.405

due to the ion exchange solution used. The presence of
Na+ ions in the initial solution may displace the equi-
librium towards sodium in the solid phase, decreasing
the equilibrium constant for calcium ions. Considering
the Cr-NaA system it is observed, through the high val-
ues of thermodynamic equilibrium constant that NaA
has really a wild preference towards Cr3+ maybe due
to the trivalent charge of this cation that gives rise to
a strong interaction with the framework. Actually, it
seems that K A is directly proportional to the charge of
the in-going ion as it increases when K-NaA, Ca-NaA
and Cr-NaA systems are analyzed at the same tem-
perature. K A is not linear proportional with tempera-
ture in Cr-NaA ion exchange but it may be explained
through the complex interaction with the sites in the
three dimensional structure. Considering the �G0 val-
ues given in Table 1 it is possible to observe in all
systems a negative free energy change over the entire
temperature range. The exchange of K-NaA is less ther-
modynamically favorable than the other systems. This
fact was already expected since the isotherms fitted to
almost straight lines and no large affinity was present
in the equilibrium constant. An increase in temperature
rendered the K-NaA processes less favorable possibly
due to the weak cation-framework interaction. From a
consideration of �G0 values of Ca-NaA ion exchange
one can observe that, as it could be expected, the sys-
tem is more stable than the previous case due to the
“comfortable” accomodation of the in-going ions in
the β-cages (Barri and Rees, 1980). A small decrease
in stability is observed at 45◦C but it does not endanger
the high selectivity towards calcium. A comparison of
�G0 values of Ca-NaA system, generated in this work,

with those reported previously (Barri and Rees, 1980;
Franklin and Townsend, 1985) for the exchange tem-
perature close to 30◦C, reveals that the values of this
thermodynamic property reported here are higher by a
factor of up to 3. The deviation in the presented �G0

values from the published data may be ascribed, at least
inpart, to differences in KA which, in turn, are due to the
different content of the ion exchange solution as already
mentioned. The Cr-NaA system also present a high se-
lectivity, maybe due to the exchange of the sodium ions
located in the α-cages for Cr3+. Temperature influence
in Cr-NaA system is also not directly proportional to
�G0 values and the complex interaction between tha
in-going cation and the framework is again a reasonable
explanation.

From a consideration of �G0 values the affinity se-
quence K+ < Cr3+ < Ca2+ is stablished for 30, 45
and 60◦C. It is interesting to note that, at a first glance,
the selectivity of a zeolite towards the in-going cations
should be proportional to the charge of the cation. Ac-
cording to this line of thinking, all zeolites would prefer
trivalent cations instead of uni or divalent ones. There-
fore, cations with higher charges would better balance
the negative network provided by aluminum tetrahedra.
But ion exchange behavior of zeolites depends upon
the nature of the cation species and also charge and
hydration energy besides zeolite framework. The inter-
action of such properties and not a single factor makes
the affinity sequence of each zeolite structure. The en-
thalpy effect were also estimated from the temperature
dependence of K A as described earlier. The changes
in enthalpy reflect the binding energies of the solvated
cations in the zeolite lattice. The restricted nature of
the intracrystalline environment imposes large changes
in the hydration state of the in-going ions. The en-
thalpy changes associated with K-NaA at 30 and 45◦C
are positive (endothermic), whereas at 60◦C they are
exothermic. It seems that at 30 and 45◦C the replace-
ment of Na+ with K+ in the zeolite phase is accom-
pained by a net enthalpy gain as the hydrated in-going
cation sheds its hydration coating and potassium ions
are, in effect, solvated by framework oxygens. As tem-
perature increases the interaction with the framework
is changed, some energy is released and the enthalpy
reaction becomes negative. Calcium exchange with ze-
olite A is accompained by an exothermic process at 30
and 45◦C and an endothermic one at 60◦C. In the first
case, the negative enthalpy may reflect the favorable
accomodation of the ions in the zeolite cages due to
the relative facility of Ca2+ ion in losing its hydration
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coating. At 60◦C all sites already exchanged provided
conditions to have really dense sites, requiring energy
to promote an endothermic process. The Cr-NaA sys-
tem seems to present the behavior observed in Ca-NaA
system. At 30and 45◦C the Cr3+ ions are favorable ex-
changed in the β-cages releasing some energy to the
environment. At 60◦C the ion exchange is also favor-
able, however, to reach the most stable condition some
energy must be required to water stripping of the Cr3+

ions densely located in the sites of β-cages. The en-
tropy, as it occurs with enthalpy, reflect the changes to
ion hydration which happen during the exchange reac-
tion. The entropy of all systems analyzed may be con-
sidered as consisting of two contributions, one, �S0(L ),
from the aqueous phase and the other, �S0(S), from the
zeolite phase. Hence, �S0 = �S0(L ) + �S0(S). Such
an effect is not as important in the intersticial envi-
ronment of the zeolite crystal, �S0(S), because of the
smaller amounts of water present (Biškup and Subotić,
1998). Therefore, only changes in the solution phase
will be analyzed here. For a closed but not isolated sys-
tem, as the flasks where the experimental points were
obtained, the entropy may decrease since the surround-
ings have a gain in this property. Therefore, negative
entropy change of ion exchange process is possible
to occur and was already reported in zeolite systems
(Maes and Cremers, 1975; Keane, 1994; Tagami et al.,
2001). In K-NaA system, the entropy decreases as tem-
perature increases and negative values are seen at 60◦C.
Such numerical result may be explained through the
polarizibility of ions Na+ and K+. The replacement of
K+ ions by Na+ ions causes an increase in order in
the solution phase (Keane, 1994). Na+ ions are more
polarizing than K+ and hence they cause more order-
ing of the water molecules in aqueous solution. Just
the opposite happens with Ca-NaA and Cr-NaA sys-
tems as it was observed a direct proportionality be-
tween temperature of the system and entropy change.
In these systems there is a replacement of a less po-
larizing ion (Ca2+ or Cr3+) originating a decrease in
order with increasing temperatures, and consequently,
an increase in entropy changes. At 30 and 45◦C the
entropy changes are negative to Ca-NaA and Cr-NaA
system. It seems that at these temperatures, the ions al-
ready exchanged in the zeolites may preserve their hy-
dration coating, removing some water molecules from
the solution phase. At 60◦C, more entering cations
may be considered dehydrated, releasing some wa-
ter molecules to the solution phase in order to solvate
sodium ions. Such phenomenon creates a desorder in

the aqueous system, which provides positive entropy
change.

Considering the results obtained in Table 1, it may
be stated that the uptake of the toxic heavy metal
chromium in a real wastewater containing calcium
would be diminished because both cations have similar
thermodynamic behavior. On the other hand, presence
of K+ ions may not alter significantly the removal of
the heavy metal cation. The zeolite NaA, more selec-
tive to chromium and potassium, would not compete
with Cr3+ ions to same sites.

4. Conclusion

The data presented in this paper support the following
conclusions:

(1) In K-NaA, Ca-NaA and Cr-NaA systems, dif-
ferences in the ion exchange mechanisms are
caused by the in-going cation-framework interac-
tion. Charge, size and hydration energy influences
the exchange behavior. K+ and Cr3+ ions may be
located in the α-cages. Ca2+ ions are located pref-
erentially in the β-cages but as ion exchange pro-
ceeds, all sites are gradually exchanged.

(2) The strongest cation-framework interaction occurs
with Cr3+ ion although it is not the most selective
one due to steric problems experienced in the zeo-
lite sites.

(3) The affinity sequence K+ < Cr3+ < Ca2+ is es-
tablished for over the entire temperature range. It
means that, concerning the single ion exchange
mechanism only, if the uptake of chromium ions
from an industrial effluent that also contains cal-
cium ions is considered, the zeolite NaA will not
work successfully. The removal of the divalent ion
will occur preferentially. On the other hand, the
presence of potassium ions may not cause a signif-
icant decrease in the chromium uptake.

Nomenclature

CEC Cation exchange capacity of the zeolite
sample (meq)

CA Final concentration of the in-going ion
A (meq/L)

COA Initial concentration of the in-going ion
A (meq/L)

K A Thermodynamic equilibrium constant
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K ′ A
B Selectivity quotient

R Ideal gas constant (8.314 J/molK)
T Absolute temperature (K)
XAS Equivalent fraction of the in-going ion A

in the solution phase
XAZ Equivalent fraction of the in-going ion A

in the zeolite phase
Xmax

AZ Maximum XAZ value
XBS Equivalent fraction of the out-going ion

B in the solution phase
XBZ Equivalent fraction of the out-going ion

B in the zeolite phase
ZA Charge of the in-going ion A
ZB Charge of the out-going ion BA
γA(S) Mean activity coefficient associated with

molality of cation A
γB(S) Mean activity coefficient associated with

molality of cation B
�H 0 Standard enthalpy of exchange (kJ/equiv)
�G0 Standard free energy of exchange (kJ/equiv)
�S0 Standard entropy of exchange (kJ/equiv·K)
�S0(L ) Standard entropy of exchange from the

aqueous phase (kJ/equiv·K)
�S0(S) Standard entropy of exchange from the

zeolite phase (kJ/equiv·K)
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Barros, M.A.S.D., I.F. Araújo Jr, P.A. Arroyo, E.F.S. Aguiar, and
C.R.G. Tavares, “Multicomponent Ion Exchange Isotherms in
NaX Zeolite,” Latin American Applied Research, 33, 339–344
(2003b).

Biškup, B. and B. Subotić, “Removal of Heavy Metal Ions from So-
lutions by Means of Zeolites. I. Thermodynamics of the Exchange
Processes between Cadmium Ions from Solution and Sodium
Ions from Zeolite A,” Sep. Sci. and Technol., 33(4), 449–466
(1998).
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