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A B S T R A C T

The problem of experimental determination of the differential enthalpy of ion exchange is considered. The
determination of the enthalpy from experimental equilibrium coefficients is characterized by a high degree of
error. A considerably more accurate method of determination of the differential enthalpy of ion exchange on
selective ion exchangers is proposed. The method is based on the analysis only of the composition of the solution
in the equilibrium system at two temperatures. The influence of temperature on the exchange of mono- and
divalent ions on polyacrylic and polymethacrylic cation exchangers within the range from 273 K to 400 K is
studied. It is shown than for all exchangers under study the differential enthalpy linearly increases with tem-
perature. The role of the increase of ΔHn with temperature in the process of a single-step dual-temperature
separation is estimated. It is found that the increase of the upper temperature boundary leads to a very sharp
increase of the degree of dual-temperature separation. This effect is most pronounced in superheated solutions. It
is shown that when predicting changes in selectivity with temperature and the extent of purification of solutions
of alkali metal salts from admixtures of divalent ions, it is necessary to take the temperature dependence of the
ion exchange enthalpy into account.

1. Introduction

In recent years, in separation science and in particular in ion-ex-
change chromatography an interest has arisen in the use of “super-
heated water” (at temperatures above 373 K) [1–3]. It is explained by
the fact that the dielectric constant of water considerably decreases
with temperature, so at temperatures above 373 K some properties of
water approach the properties of some organic solvents or water-or-
ganic solutions. Therefore, with the increase of temperature the same
effects can be achieved as with the use of organic liquids as eluting
solutions.

However, for a long time the role of temperature in ion-exchange
separation processes was underestimated, as we already pointed out in
our works [4,5], as did other scientists working in various areas where
ion exchangers are used, for example, in ion chromatography [6]. In the
basic monographs on ion exchange [7–9] it was generally stated that
the changes of enthalpy in the reactions of ion exchange are usually
small and do not exceed 1–2 kcal/equiv., so the role of temperature in
ion exchange is relatively small. Such a conclusion was partly due to the
fact that the main attention was focused on polystyrene resins with
strongly acidic and strongly basic exchange groups.

The study of this problem for ion exchangers with complexing
groups and other types of highly selective ion exchangers made it
possible to detect ion exchange systems in which the temperature had a

sufficiently strong effect on the ion-exchange equilibrium. Using this
effect, it was possible to create a number of separation processes in
which auxiliary reagents are not used. In addition to the well-known
dual-temperature process for partial desalting of natural waters [10,11]
a number of new dual-temperature separation processes were devel-
oped, such as reagentless processes of purification of concentrated so-
lutions of alkali metal salts from admixtures of alkaline earth ions
[12,13], separation of alkali metal salts [14,15], concentrating of po-
tassium from sea water on a natural zeolite to produce potassium fer-
tilizers [16–19], concentrating of bromide from sea water [17] and
iodide from natural brines [20,21], extraction of thiocyanates from
solutions [22] and others. The review of these works as well as theo-
retical considerations of dual-temperature separation are presented in
[23–26]. These processes are based on the fact that the sorption of the
components of interest from the solutions is carried out at a tempera-
ture providing increased selectivity, and the displacement from the ion
exchanger is achieved by the same initial solution, but at a different
temperature that provides a lower selectivity. It is important to em-
phasize that in all these processes, as well as in studying the effect of
temperature on the ion-exchange properties of materials, the upper
temperature limit did not exceed 373 K.

When discussing the effect of temperature on ion-exchange se-
lectivity, in most cases the average value of the enthalpy of the ion
exchange reaction for a certain temperature interval is used. In many
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cases it is justified by the fact that the dependence of the logarithm of
the equilibrium constant (or equilibrium coefficient) on reciprocal
temperature is linear [27–31]. However in many cases the authors do
not even consider the character of this dependence and simply calculate
the mean value.

At the same time already in the classical works of Bonner [32–34] it
was shown that in the cases of the exchange of ions of sodium, am-
monium, copper and thallium for the hydrogen ion, and also in some
cases of reciprocal exchange of divalent ions on sulfonic resins with 8%
and 16% of divinylbenzene (DVB) in the range from 273 K to 373 K the
dependencies of the logarithm of the equilibrium constant on reciprocal
temperature are not linear and the standard enthalpy changes are not
constant. Variations of the enthalpy of ion exchange with temperature
were also found in works [35,36] for the exchange of various cations in
trace quantities on H+- and Na+-forms of sulfonic cation exchanger
with 12% DVB and for the exchange of trace quantities of Br− on Cl−-
form of a strongly basic anion exchanger with 10% DVB.

The character of the influence of temperature on the ion exchange
selectivity was also studied in [2,3] in connection with the use of “su-
perheated water” in ion exchange chromatography, and the variability
of the enthalpy upon exchange of alkali and alkali earth cations on
sulfonic ion exchangers was also noted.

Previously, we found a very significant increase of the enthalpy of
ion exchange with temperature for Ca2+ and Na+ on some industrial
polymethacrylic and polyacrylic cation exchangers [5,37]. Some of this
data pertain to the region of “superheated” solutions with the tem-
perature above 373 K. In the present work we present new data on the
influence of temperature on the enthalpy of ion exchange reactions
Ni2+ − Na+ and Mg2+ − Na+, analyze the role of this influence in
the dual-temperature separation processes, and also discuss the possi-
bility of the use of superheated solutions in dual-temperature separa-
tions of electrolytes. First we will give the necessary information on
thermodynamics of ion exchange.

1.1. Thermodynamics of ion exchange

We will use the nomenclature recommended in [38].
For the exchange of ions A and B with the charges zA and zB on an

ion exchanger
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is related to the standard changes in Gibbs energy ΔGo and the enthalpy
ΔHo of the ion exchange Reaction (1) by the equations [39]:
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Here ai, ai and μi
o, μio are the activities and the standard chemical

potentials of the components in the ion exchanger and in the solution
respectively, the overbar indicates that the parameter corresponds to
the ion exchanger phase. The standard quantities ΔGo and ΔHo char-
acterize the exchange of one equivalent of ions A in the ion exchanger
for one equivalent of ions B from the solution, when ions A and B both
in the ion exchanger and in the solution are in the standard states. If
mono-ionic forms are chosen as the standard states of the ions in the ion
exchanger, then these quantities integrally characterize the complete
transfer of the ion exchanger from the form of the ion A to the form of
ion B. In such a thermodynamic analysis of ion-exchange equilibria, the
molarities, molalities or total mole fractions of the exchanged ions

should be used as concentrations with regard to all substances, in-
cluding the solvent and sorbed substances [38].

As shown in [40], the corrected coefficient of ion-exchange equili-
brium
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where cA and cB are the concentrations of the exchanging ions in the ion
exchanger.

The experimental determination of molalities, molarities, and total
mole fractions of the exchanging ions in the ion exchanger is more
complicated (and therefore leads to greater errors) than determination
of their equivalent fractions. However, when studying differential
thermodynamic quantities, it is possible to use the scale of equivalent
fractions of the exchanged ions in the ion exchanger. To show this, we
write the equilibrium coefficient, analogous to (5), in the form
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where = +y z c z c z c/( )i i i A A B B is the equivalent fraction of ion i in the ion
exchanger. Then we write the relation of this coefficient with the
equilibrium constant
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Finally we obtain the equation

= − +RTlnk ΔG RTln y y( / )͠ n
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with the same differential Gibbs energy (7).
First, we note that Eqs. (6) and (11) differ from relation (3) by their

general form. Second, it is more convenient to calculate the differential
Gibbs energy ΔGn of the ion exchange reaction by relation (7) on the
basis of the activities of the exchanged ions in the solution equilibrated
with an ion exchanger of a certain composition (characterized by the
concentrations cA and cB or equivalent fractions yA and yB). The con-
centrations of the exchanged ions in the ion exchanger do not partici-
pate in the calculation of ΔGn , they are necessary only to represent the
composition of the ion exchanger to which the calculated value corre-
sponds

By differentiating (6) and (11) with respect to temperature at con-
stant pressure and ion exchanger composition, the equations analogous
to the van't Hoff Eq. (4) are obtained [40,41]:
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change (hi is the partial molar enthalpy of the i-th component, and the
subscripts p and n indicate that the pressure and the amounts of all
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components of the phase are constant). The condition of the constancy
of the ion exchanger composition with respect to all components upon
temperature variations, which is necessary for the fulfillment of (12),
cannot be strictly satisfied because even at fixed ratio of exchanging
ions the degree of swelling and the electrolyte sorption depend on
temperature. However, it was shown in [40,42] that the influence of
this factor is comparatively small even for such “thermosensitive” ion
exchangers as polyacrylic and polymethacrylic.

The differential thermodynamic functions ΔGn and ΔHn relate to the
ion exchanger at constant composition with respect to all components
(at constant numbers of moles of exchanging ions A and B, water, co-
ions X and fixed groups R of the ion exchanger n n n n n, , , ,A B H O X R2 ).
They reflect the changes in the Gibbs energy and the enthalpy upon
exchange of one equivalent of ions B from the solution for one
equivalent of ions A from an infinitely large amount of ion exchanger of
a certain composition, when ions A and B in the solution are in the
standard states. That means that the differential thermodynamic func-
tions ΔGn and ΔHn characterize the exchange of ions on the ion ex-
changer with the definite extent of exchange and therefore are more
informative then the standard values, which was repeatedly pointed out
by a noted expert in the field of thermodynamics of ion exchange V.S.
Soldatov [39,43].

If we use the corrected equilibrium coefficient (6), expressed in
terms of the molar concentrations of the ions in the ion exchanger, it
should be remembered that even at constant quantities of all compo-
nents in the ion exchanger, the molar concentrations in the ion ex-
changer can vary with temperature due to the thermal change in vo-
lume. But in practice the change is almost always very small and can be
neglected [44].

Under the condition of constancy of ΔHn , from (12) we obtain the
integral equation
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The subscripts T1 and T2 denote equilibrium coefficients related to
two different temperatures. The determination of ΔHn by Eq. (13), that
is analogous to the integral form of the van't Hoff Eq. (4), is complicated
by a high relative error [45]. It turns out that with the error in k͠ of the
order of 10–15% and T2 − T1 ≈ 20 K, the error in ΔHn in the systems
under consideration can reach tens or even hundreds of percent
[45,46]. Such a high error significantly reduces the value of the en-
thalpy of ion exchange thus obtained. However, with the exchange on
selective ion exchangers, the situation becomes simpler.

When the suspension of a selective ion exchanger is heated with a
limited volume of the solution containing a mixture of electrolytes, in
which the more strongly sorbed ion is a microcomponent, the ratio of
the exchanging ions changes mainly in the solution, and the ionic
composition of the ion exchanger changes very little [37,45]. This
change in the composition of the ion exchanger is usually much smaller
than the error of the direct analytical determination of the composition
of the ion exchanger, so this change can be neglected. This means that
the differential enthalpy can be determined much more accurately on
the basis of the analysis of only the composition of the solution in the
equilibrium system at two temperatures using the equation

=
−

⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

ΔH RT T
T T

a a

a a
ln

/

/
n

T n

T n

1 2

2 1

А В
,

А В
,

z z

z z

1
А

1
В

2
1

А
1

В

1 (14)

The described approach to the determination of the differential
enthalpy of ion exchange can be realized in the form of the static and
dynamic methods described in [45]. Only the first of them is used in the
present work.

2. Experimental part

2.1. Materials. Preparation of the ion exchangers

We used gel-type carboxylic polymethacrylic cation exchanger KB-
4P2 with 2.5% DVB (about 1 mol of cross-links to 60 mol of methacrylic
monomers), gel-type polyacrylic cation exchanger KB-2e4 cross-linked
with 4% triethylene glycol dimethacrylate (about 1 mol of cross-links to
100 mol of acrylic monomers), and macroporous polyacrylic resin
Purolite C104.

Prior to the experiments, all ion exchangers were regenerated. For
this purpose twofold excess (with respect to the capacity) of 0.5 N HCl
solution was passed through the ion exchanger in a column. Then the
ion exchanger was washed with water, and after that twofold excess
(with respect to the capacity) of 0.5 N NaOH solution was passed
through it. Then to remove the excess of the alkali from the intergrain
space, the column was washed with a small amount of distilled water or
2.5 N NaCl solution with pH~8–9 (approximately twofold excess with
respect to the volume of the ion exchanger in the column). As a result,
the Na form of the ion exchanger was obtained.

The ion exchangers in mixed Mg, Na- and Ni, Na-forms with a de-
fined fraction of the divalent ion M2+ (Mg2+ or Ni2+) were prepared
as follows. The suspension of the ion-exchange resin in Na-form was
divided into two portions with certain volumes. One portion was placed
in a column and transferred to M-form with an excess of 0.5 N of MCl2
solution. The column was then washed with a small amount of water.
The portions of the ion exchanger in Na- and M-forms were transferred
into the flask using a small amount of 2.5 N NaCl solution and stirred
for 24 h to ensure the same ion composition of the individual grains.

2.2. Determination of the enthalpy of ion exchange

A suspension of the ion exchanger in a mixed M, Na-form of a given
composition (the volume of the suspension ~200 mL) was put into a
flask, then were added 150–300 mL of mixed 2.3–2.8 N NaCl and MCl2
solution, corresponding to the equilibrium with the required ion ex-
changer composition at T1. The flask was placed in a thermostat with
temperature T1, the suspension was stirred periodically and the con-
centration of M2+ in the solution was analyzed by complexometric ti-
tration to verify the equilibrium state of the system.

Then the temperature was raised by 10–25 K (to the value of T2), the
system was again brought to equilibrium and the composition of the
equilibrium solution was analyzed. The equilibration time depends on
temperature and varies from 3 h at 298 K to several minutes at higher
temperatures. After the equilibrium was established, Na+ concentration
was determined by means of emission flame photometry (it was as-
certained that NaCl concentration in the solution varied insignif-
icantly). Then the temperature was raised and the solution was ana-
lyzed successively several more times, reaching a certain maximum
temperature under the experimental conditions.

In some of the experiments carried out according to this technique,
the temperature was higher than 373 K. In these cases, the thick-walled
glass flask was used. The flask was tightly closed with a Teflon cap with
a rubber gasket and a valved Teflon capillary, one end of which was
immersed in the solution inside the flask (Fig. 1). The pressure in the
flask with the valve closed increased due to the equilibrium water vapor
pressure. With the valve opened, the increased pressure provided the
flow of the solution through the capillary and the sampling for the
analysis.

After that, the reverse experiment was performed with a gradual
decrease in temperature from the value reached at the end of the direct
experiment to the initial value through the same stages.

At the end of the series of experiments, the ion exchanger from the
flask was quickly transferred to the column, the solution was removed
from the intergranular space with a vacuum pump, and an excess of
0.5 N HCl solution was passed through the column. The amounts of
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displaced M2+ and Na+ ions were determined in the filtrate.
The degree of swelling of polymethacrylic and polyacrylic cation

exchangers decreases somewhat with temperature (the change in the
volume of ion exchanger reaches 18–20% with a change in temperature
from 293 K to 363 K [39]) and the solution is diluted with water from
the ion exchanger phase. However, for a small difference in tempera-
tures T1 and T2 of the order of 20 K, the change in the solution con-
centration is very small.

The change of the composition of the ion exchanger with tem-
perature in the experiments was calculated by the following formula

= + ⋅ −
⋅

y T y T V c T c T
W c

( ) ( ) ( ( ) ( ))
M 2 M 1

М 2 М 1

o (15)

where W and V are the volume of the suspension of the ion exchanger
and the volume of the solution in the flask (mL), со is the concentration
of the exchanging ions in the ion exchanger (mg-equiv./mL of the
suspension), cM(T) is the equilibrium concentration of ions M in the
solution (mg-equiv./mL) at temperature T. It turned out that in all ex-
periments with increasing temperature (both in a relatively narrow
range – by 10–20 K, and in a broader range – by ~70 K), the compo-
sition of the ion exchanger changed only by 0.5–2%. Such a small
change in the composition of the ion exchanger cannot be reliably es-
tablished by analytical methods. We can assume that the conditions of
the constancy of the ion exchanger composition in the experiments
were well satisfied, and therefore it is permissible to use the proposed
methods for determination of the differential enthalpy of ion exchange.

2.3. Processing of the experimental data

The equilibrium coefficient, the differential enthalpy of exchange of
M2+ and Na+ ions, and the heat capacity change of the ion exchange
reaction were calculated from the following relations [5,37]:
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In these relations yM and yNa are the equivalent fractions of M2+

and Na+ ions in the ion exchanger, cM and cNa are molar concentrations
of the ions in the solution, f± MCl2 and f± NaCl are the molar activity
coefficients of the salts in the solution.

The use of molar concentrations and activity coefficients is due to
the fact that in deriving these relations using the expression for the
chemical potential of the ion, a solution with a concentration of 1 mol/
L was chosen as the standard state [45]. However, the calculated value
of ΔHn has units of kJ/equiv. in accordance with the equation of the ion
exchange reaction, to which these relations correspond.

The data on the activity coefficients of electrolytes in reference
publications are presented in the molal scale of concentrations.

Therefore, instead of the ratio ± ±f f/NaCl
2

MCl2

3
2 in the molar scale, an ana-

logous ratio of the activity coefficients ± ±γ γ/NaCl
2

MCl2

3
2 in the molal scale

was used. However, for the solutions under study, the difference in
these ratios does not exceed 3%.

The temperature dependences of the activity coefficients of the
electrolytes in the mixed solutions under study are not available in the
reference literature. Therefore, they were evaluated using the general
form of the temperature dependence of the activity coefficient

= + + ⋅±γ
A

T B C Tln ln (19)

where Ai, Bi, Ci are temperature-independent coefficients. This depen-
dence is derived as a result of integration of the relations known from
thermodynamics

= ⋅dh c dTi p i, (20)

=
⋅

ds
c dT

Ti
p i,

(21)

(where hi, si, cp, i are the partial enthalpy, entropy, and heat capacity
of the solution components) under the assumption that the heat capa-
city is independent of temperature, and the subsequent substitution into
the equations which relate the chemical potential

= − ⋅μ T h T T s T( ) ( ) ( )i i i (22)

and the activity of the electrolyte
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μ μ
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o
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Earlier in [41], all data found in the reference literature for in-
dividual solutions of NaCl and binary solutions containing CaCl2 were
processed using Eq. (19). As a result, for 2.5 M mixed solution of NaCl
and CaCl2 (the concentration of the latter was varied in the range
2.5 × 10−4–0.125 M) the following dependencies were obtained:

= − + − ⋅±γ T
Tln 2100 44.0 6.55 lnNaCl (24)

= − + − ⋅±γ T
Tln 2500 54.5 8.21 lnCaCl2 (25)

Reference data on the activity coefficients of NiCl2 and MgCl2 in
mixed solutions with NaCl are even more limited. However it is known
that in concentrated solutions of NaCl with low admixtures of divalent
cation salts, the values of the mean ionic activity coefficients of the
macrocomponent depend very weakly on the concentration of the ad-
mixture [47]. Therefore, the dependence (24) obtained for NaCl was
used in the present work to determine the activity coefficients of NaCl

Fig. 1. The flask for the investigation of the ion-exchange equilibrium at temperatures
above 373 K. (1, Teflon cap; 2, Teflon capillary; 3, rubber gasket; 4, valve; 5, ion ex-
changer; 6, solution).
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in mixed solutions containing low admixtures of MgCl2. The depen-
dence of the mean ionic activity coefficients of MgCl2 on temperature in
mixed solutions with NaCl were derived with the use of the third ap-
proximation of the Debye–Hückel theory in the formulation of
Güntelberg:

= − ⋅
+

+±
+ −A z z I

I
CIlnγ | |

1

First, from the experimental data on temperature dependences of
the activity coefficients for mixed solutions of 2.5 M NaCl with CaCl2 as
a micro component, the empirical coefficient C was calculated for dif-
ferent temperatures. It was ascertained that for each component the
coefficient C linearly depends on temperature with the proportionality
factor |z+z−|). Now, using the data of [48] on the values of γ± MgCl2 at
298 K in a mixed 2.5 M NaCl solution with MgCl2 as a microcomponent,
the temperature dependence of the empirical coefficient C is obtained.
Then the mean ionic activity coefficients of magnesium chloride are
calculated from the Debye–Hückel equation at different temperatures
and are represented for convenience as the following function

= − + − ⋅±γ T
Tln 1811 41.45 6.30 lnMgCl2 (26)

When studying the enthalpy of the exchange of Ca+2–Na+ ions, it
was shown in [45] that the contribution of

=
⎡

⎣

⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥

−

⎛

⎝
⎜

⎞

⎠
⎟

⎛

⎝
⎜

⎞

⎠
⎟

±

± ±

± ±

ΔH lnn f
RT T

T T

f f

f f

n

( )

/

/

T

T

1 2
2 1

NaCl
2

СаСl2

3
2

2

NaCl
2

СаСl2

3
2

1

to the value of ΔHn is very small

and practically independent of temperature. Therefore, possible in-
accuracies in the estimation of the temperature dependences of activity
coefficients of salt in solution can not affect the obtained dependencies
of the differential enthalpy on temperature. It will be shown below that
a similar conclusion can be drawn for the system MgCl2–NaCl. There-
fore, the role of the temperature dependences of the activity coefficients
for the system NiCl2–NaCl was not evaluated.

3. Results and discussions

Fig. 2 shows the dependencies of the equilibrium coefficient for the
exchange of (a) Ni2+–Na+ and (b) Mg2+–Na+ on temperature at 0.45
equivalent fraction of divalent ion in the ion exchanger. These data
reflect the same significant increase in the selectivity of cation ex-
changers of polyacrylic and polymethacrylic types with the temperature
that was reported earlier in our work [37] for the exchange of
Ca2+–Na+. A particularly significant increase in the selectivity of the

ion exchanger occurs at temperatures above 373 K. The maximum in-
crease in the equilibrium coefficient with temperature is observed for
the exchange of Ni2+ − Na+, it is less significant for the system
Ca2+ − Na+[37], and the least effect for the systems considered is
observed for the exchange of Mg2+ − Na+.

Fig. 3a and b show the experimental dependences of the differential
enthalpy on temperature for the exchange of ions Ni+2–Na+ and
Mg+2–Na+. The dash line in Fig. 3b shows the dependence of the en-
thalpy of Mg2+ − Na+ exchange with allowance made for the effect of
temperature on the activity coefficients of the salts. As can be seen from
the graph, this contribution is small and does not significantly affect the
form of the dependence obtained.

It follows from this data that on the polymethacrylic resin the dif-
ferential enthalpy of the exchange of ions Ni+2–Na+ increases with
temperature more strongly than of ions Ca+2–Na+[37,40]. Thus, in the
exchange of Ca+2–Na+ in the temperature range from 273 K to 400 K,
the differential enthalpy increases from 4 to 6 kJ/equiv. to 22–28 kJ/
equiv. [37], and in the exchange of Ni+2–Na+ in the same temperature
range, from 4 to 6 kJ/equiv. to 28–34 kJ/equiv. (without taking into
account the effect of temperature on the coefficients of activity of salts).
The effect of the ionic composition of the ion exchanger on the differ-
ential enthalpy is much less than the effect of temperature.

In the case of the exchange of Mg+2–Na+ ions, the values of the
differential enthalpy turned out to be lower, but ΔHn also increased
quite sharply with temperature.

The reasons for the sharp increase in the selectivity of carboxylic ion
exchangers with temperature in the exchange of monovalent ions for
divalent ions were considered in detail earlier [12] and were explained
by the predominant role of the change in the hydration of the ex-
changing ions upon their transition from one phase to another.

Here we call attention to the fact that the temperature dependence
of ΔHn is linear, which indicates the constancy of ΔrСp (the heat ca-
pacity change for the reaction of exchange of differently charged ions).
The obtained values are presented in Table 1. These quantities are used
below to estimate the role of temperature in the ion-exchange separa-
tion processes.

3.1. The role of the influence of temperature on the enthalpy of ion
exchange in the processes of reagent-free separation

The effect of a significant increase of the enthalpy of ion exchange
with temperature observed in our studies can play an important role in
the processes of reagent-free dual-temperature purification of con-
centrated solutions of alkali metal salts from admixtures of divalent
ions. The use of such processes is very important, since in all natural
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Fig. 2. The dependence of the equilibrium coefficient for the exchange of (a) Ni2+–Na+ and (b) Mg2+–Na+ on temperature at 0.45 fraction M+2 in the ion exchanger.

V.A. Ivanov et al. Reactive and Functional Polymers 122 (2018) 107–115

111



waters, sodium salts are accompanied by calcium and magnesium
compounds. Therefore, in the processes of complex processing of nat-
ural hydromineral raw materials, the importance of which will con-
tinuously increase with the exhaustion of mineral resources and the
tightening of environmental constraints, there will inevitably be a need
for simple processes for separating compounds of differently charged
ions.

An example of such a process (for which the role of the increase of
the differential enthalpy with temperature is estimated below) is dual-
temperature purification of concentrated sodium chloride solution from
divalent ions on polymethacrylic cation exchanger [12,13]. In this
process the solution is continuously passed through the column with the
ion exchanger, and the temperature is periodically changed at certain
moments. As the temperature rises, the concentration of calcium ions in
the solution decreases due to an increase of the selectivity of the ion
exchanger, and upon subsequent cooling of the column the selectivity
of the ion exchanger decreases, calcium ions excessively sorbed by the
ion exchanger return to the solution and, as a result, the ion exchanger
is regenerated. Just as an illustration the elution curve of one of such
experiments is shown in Fig. 4. From the presented data it can be seen

that in a “hot” stage in a sufficiently large volume of the filtrate a
significant decrease of the concentration of impurity Ca2+ ions is ob-
served, and in the regeneration stage at 293 K their concentration is
significantly increased in comparison with the initial one.

We now estimate the role of the increase of the differential enthalpy
of ion exchange with temperature in the process of the single-stage
dual-temperature purification of a concentrated solution of sodium
chloride from divalent calcium ions on a polymethacrylic resin. We
represent the dependence of the enthalpy of ion exchange on tem-
perature by the Kirchhoff equation with a constant value of the heat
capacity change of the reaction

= + ⋅ −ΔH ΔH Δ T TС ( )n T n T p n, , , 11 (27)

and substitute it in (12)

⎛

⎝
⎜

∂
∂

⎞

⎠
⎟ = + ⋅ −k

T
ΔH

RT
Δ
RT

T Tln С
( )

͠ ͠

p n

n T n

,

,
2

р,
2 1

1

(28)

Integrating from T1 to T2, we get:
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Since the equilibrium coefficients at two temperatures refer to the
same composition of ion exchanger, then
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If we assume that the sodium ion is a macrocomponent in the so-
lution and its concentration remains practically constant upon the ex-
change of ions, then the ratio is simplified:
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Relations (29) and (31) make it possible to estimate the effect of
temperature on the ratio of the equilibrium coefficients and the con-
centrations of the divalent ion in the solution in the ion exchange
system at the upper and lower values of the temperature interval,
taking into account the dependence of the differential enthalpy of ion
exchange on temperature.

Figs. 5–7 show the results of calculations using Eqs. (29) and (31)
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Fig. 3. The dependencies of ΔHn on temperature for the exchange of (a) Ni2+ and Na+ and (b) Mg2+ and Na+ on KB-4P2 cation exchanger. The equivalent fraction y of the divalent ion
in the ion exchanger is shown in the graphs. The straight lines are linear approximations of the data points. The dash line indicates the dependence of the enthalpy of exchange calculated
by formula (17).

Table 1
The heat capacity change for the reaction of exchange of differently charged ionsa.

No. Ion exchanger Fraction of M+2 in the resin, yM ΔrСp, J/equiv./K

Exchange of ions Ca+2–Na+

1 KB4-P2 0.20–0.38 190
2 0.40–0.54 210
3 0.75–0.82 94
4 KB4 0.23–0.26 77
5 0.30–0.37 93
6 0.50–0.56 130
7 KB-2e4 0.54–0.58 150
8 CNP-80 0.68–0.70 110
9 C104-FL 0.62–0.70 130

Exchange of ions Ni+2–Na+

10 KB4-P2 0.18 200
11 0.44 290
12 0.51–52 260
13 0.58–0.61 180

Exchange of ions Mg+2–Na+

14 KB4-P2 0.45 115
15 0.35 67

a The values of ΔrСp for the exchange Ca+2–Na+ are calculated from temperature
dependencies of ΔHn presented in [37].
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for the exchange of ions Ni+2–Na+, Ca+2–Na+ and Mg+2–Na+ on KB-
4P2 cation exchanger. Dependencies 3 are calculated with regard to the
temperature dependence of the enthalpy. Dependencies 1 and 2 are
calculated neglecting ΔСp n, in Relations (29) and (31) with the constant
values of ΔHn corresponding to 293 K (dependencies 1) and to the
average value of ΔHn for the temperature range 293–333 K (de-
pendencies 2). Calculating the last two dependencies, we had in mind
that, when evaluating the effect of temperature on the behavior of an
ion-exchange system, often used are either calorimetric values of the
enthalpy of ion exchange measured at a temperature of the order of
293 K, or the average enthalpy of ion exchange calculated using the
van't Hoff equation from the experimental equilibrium data for two
values of temperature in a sufficiently wide range.

It can be seen that an increase in the endothermicity of the exchange
reaction of differently charged ions with temperature makes a very
significant contribution to the increase of the selectivity of the ion ex-
changer to the divalent ion and strongly affects the depth of purification
in the ion-exchange separation processes. This effect is most significant
in superheated solutions.

In Figs. 5a–7a, the experimental and calculated temperature de-
pendences of the equilibrium coefficients for the exchange M+2–Na+

ions on the KB-4P2 cation exchanger (yM ~0.5) are compared. The
dependences obtained from (30) are in good agreement with the ex-
perimental data (presented on the same graphs), while the other two
widely used estimation methods give many times underestimated re-
sults.

An increase of the upper temperature boundary in dual-temperature
separations leads to a very sharp increase of the degree of separation.
According to the estimation by Relation (32), the concentration of Ni+2

ions in the purification process decreases by 76 times with the increase
of temperature from 293 K to 420 K (Fig. 5b), and the concentration of
Ca+2 ions in the same temperature range decreases by 50 times
(Fig. 6b), and Mg+2 ions by 7 times (Fig. 7b). The results of the esti-
mation are in good agreement with the obtained experimental data on
the depth of purification upon exchange of the corresponding ions on
KB-4P2 under nonisothermal conditions. At the same time, if we neglect
the dependence of the enthalpy on temperature and use the enthalpy
value at 293 K or the mean value for the 293–333 K interval (as in the
other two mentioned calculation methods), then the calculation would
predict that the concentration of Ni+2 in the purification process under
the same conditions would decrease only by 2 and 10 times, Ca+2 by 3
and 10 times, and Mg+2 by 1.3 and 2.3 times, respectively
(Figs. 5b–7b).

It is known that to multiply the single effect achieved in the process
of dual-temperature separation, one can use the parametric pumping
method [10]. However, on carboxylic cation exchangers, the sharp in-
crease of the endothermicity of the ion exchange reaction makes it
possible to achieve sufficiently high degrees of separation simply by
raising the upper temperature boundary. It should be borne in mind
that polyacrylic and polymethacrylic cation exchangers have sufficient
thermal stability and allow this to be done.

4. Conclusions

Thus, for the exchange of differently charged ions on polyacrylic
and polymethacrylic cation exchangers, the differential enthalpy very
strongly increases linearly with temperature. Then, when predicting
changes in selectivity with temperature and the extent of purification of
solutions of alkali metal salts from admixtures of divalent ions, it is
extremely necessary to take the temperature dependence of the ion
exchange enthalpy into account. From the results of the study of the
enthalpy of ion exchange and from the evaluations made it follows that
as the upper temperature boundary is raised in the duat-temperature
separation of electrolytes, the depth of solution purification in the “hot”
stage will significantly increase. This effect is most pronounced in su-
perheated solutions.
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