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Introduction
Electrodialysis is the process of separation of salt ions in a membrane apparatus,
which is carried out under the influence of a constant electric current. Electrodialysis
is used for the demineralization of drinking water. The main equipment is an electrodialysis device consisting of cationic and anionite membranes. Electrodialysis with
ionite membranes, which is one of the main methods of membrane technologies, is
a combined method that combines the processes of electrolysis and dialysis.
The advantage of electrodialysis over other methods is the absence of phase
transformation of water, which occurs during distillation, freezing or application of
the gas hydrate method.
The electrodialysis method has such disadvantages as following: the formation
of precipitation of calcium carbonate, magnesium hydroxide and gypsum in the case
of working under polarization conditions; “poisoning” of cation exchange membranes
with iron, manganese, and anion exchange membranes with organic substances contained in the treated water; if the unit operates at current with a maximum density
below the optimal value, the cost of the process increases significantly; as a result of
the absence of devices with a large unit capacity, the specific capital and operating
costs increase, the membrane selectivity is not high enough, the presence of concentrated processed solutions and, again, the need for pre-purification of water.
Mostly, electrodialysis processes are carried out in solutions that are cleared
of hardness ions, or whose concentration in these solutions is low.
Waste and mine water in the case of insufficient purification falling into surface
reservoirs, groundwater, aquifers pose a threat to pollution of these environments,
and since the hydrosphere is one of the components of the biosphere, respectively,
a threat to the environment as a whole.
The process of water purification by electrodialysis is based on the separation
of ionized substances under the action of an electromotive force created in the solution on both sides of the membranes. It is caused by the migration of ions across the
membrane under the action of an applied potential difference. In order to exclude the
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diffusion process, it is necessary that ion-penetrating membranes have selectivity,
that is, the ability to pass ions with a charge of one symbol. In other words, positively
charged membranes (anion-active) must pass only anions, and negatively charged
(cation-active) must pass only cations (Fig. 1).

Fig. 1. Schematic diagram of the electrodialysis process

Electrodialysis differs from conventional electrolysis in that semi-permeable
partitions (membranes) are installed between the electrodes, the pore sizes of which
allow the penetration of ions of dissolved substances through them, but prevent the
passage of larger particles, as shown in Fig. 2. Then streamlining the movement of ions
in the anode compartment accumulates anions of solutes, and cation compartment –
cations, and thus achieved the necessary desalting pf water. Valuable substances are
regenerated from the resulting concentrated solutions.

Fig. 2. Electrodialysis: 1 – supply of wastewater (liquid); 2-semi-permeable
partitions (membranes); 3 – agitator; 4 – release of purified liquid; 5 – release
of concentrated solutions

The efficiency of the electrodialysis devices increases when the device partitions
of ionite materials, which are films made on the basis of polymer materials with the
addition of powders of ion-exchange resins.
Granulated ionites are used not only in ion exchange technology but also in
electro-membrane processes as backfill between membranes in desalting chambers
of electrodialysis machines, in which the resistance of the solution is maximum.
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To model the processes of electric mass transfer in such packing electrodialysis
devices, it is necessary to have information on transport and structural parameters
and the mechanism of current transfer not only in ion-exchange membranes [1, 2] but
also in granular ionites. Currently, there are numerous literature data on the electrical
conductivity of ion-exchange resins in electrolyte solutions of various nature, but
there is no information about the mechanisms of current transfer in these materials.
A three-wire model used for ion exchange columns can be used to find current
particles flowing through various structural fragments of a heterogeneous system [3].
After supplementing this model with linkage equations between its parameters
and the structural parameters of the two-phase model, it became possible to use this
extended model to describe the electrical conductivity of resins and membranes [4, 5].
Ion exchange resins, as membranes are microheterogeneous materials consisting of a gel phase and inclusions of the equilibrium solution. The gel phase of an
ion-exchange resin is a set of hydrated ion pairs of fixed ions – counterions, and its
hydrate capacity, which determines the amount of electrical conductivity of the resin,
depends on the ionic form of the latter.
The goal of this work is to study the influence of nature counterion to the
transfer of current through the structural fragments sulfocationite resin KU-2 by
analyzing the parameters of the extended three-wire model, determined from the
concentration dependence of the specific electric conductivity of the resin in solutions
of various electrolytes.
Research objects and methods
The object of the study was sulfocationite resin KU-2 of various ionic forms.
HCl, LiCl, NaCl, and KCl solutions were used as equilibrium solutions. To assess
the possibility of using electrodialysis with ion-exchange backfill in the organization
of environmental water treatment technologies, the NH4Cl solution was also used,
which is the basis of household sewage. Before the study, the resin was subjected
to chemical conditioning, successively treated with sodium chloride solutions with
a concentration of 350, 100 and 30 g/l, washed with distilled water and converted to
the desired ionic form using a 10% solution of the corresponding salt or acid.
The static exchange capacity and moisture content of the resin were determined
using standard methods [6, 7]. Mass fraction of water (Wobtained, g H2O/gobtained.cm)
was calculated according to the formula:
(1)
Wнаб = (m – m1)/m2 * 100%
where m is the mass of the ion exchanger in weighting bottle before drying, g; m1 –
mass of the ion exchanger with weighing bottle after drying, g; m2 – the weight of
swollen ion exchanger, g.
The hydrate capacity of the resin (n), which is the average number of water
molecules per functional group, was calculated using the equation:
(2)
n = Wнаб.см / PH2O Q,
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where PH2O – the mass of 1 mole H2O is equal to 18 g/mole; Q – the exchange capacity
of the ion-exchange material, mole/gnab.
The electrical conductivity of the resin (ксм) was determined by the centrifugation method described in [3].
The equation was used for the calculation ксм:
(3)
ксм = К яч / R,
where К яч is the cell constant; R – the resistance of the cell with the resin after its
centrifugation. The value К яч was determined by measuring the resistance of the resin
in the cell after bringing it into equilibrium with the iso- and electrical conductivity
concentration of the solution (ciso), at which the electrical conductivity of the resin
ксм (), its gel phase кiso () and the solution (к) are equal to: ксм = кiso = к.
The value ciso was found graphically as the intersection point of the concentration
dependencies of the conductivity (1/R) of the resin and the solution (Fig. 3) measured
using a U-shaped cell [3].

Fig. 3. Determination of the iso-electronic conductivity’s concentration for
the KU-2 resin using a U-shaped cell: 1 – the conductivity of the solution;
2 – the conductivity of the resin with a balanced solution

Results and discussion
The physical and chemical characteristics of the KU-2 cation exchange resin
in a standard 0.1 M NaCl solution are presented in the Table 1. The effect of the ionic
form on the moisture content of the resin in 0.1 M solutions of the corresponding
electrolytes is shown in Fig. 4 as a dependence of Wнаб on the radius of the counterion.
As can be seen from the figure, the moisture content of the KU-2 resin depends on
the nature of the counterion and naturally decreases when the resin changes from
H+ to NH4 + form.
The reduction of the hydration characteristics of the resin in this series is
associated with an increasing crystallographic radius of counterion [8, 9] and, consequently, reducing the radius of the ion in the hydrated condition in the same row
[10-12]. Previously, this pattern has already been noted for sulfocationite resins [13,
14] and membranes [15].
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Table 1. Physical and chemical properties of the investigated KU-2 resin
Resin

KU-2

Structural link

Q,
(mg – ekv)/гнаб

Wobtained,
% 0,1 М NaCl

n,
(mole H2O / mole – SO3-) 0,1 M NaCl

3.5±0.2

52.2±2.6

8.2±0.4

Fig. 4. The moisture content of KU-2 resin depending on the radius
of the counterion

The concentration dependences of the electrical conductivity of various ionic
forms of KU-2 resin and solutions of HCl, LiCl, NaCl, KCl, and NH4Cl are shown
in Fig. 3.

Fig. 5. Concentration dependences of the electrical conductivity of the KU-2 resin
in various ionic forms and electrolyte solutions: 1-5-ionic form of the KU-2 resin:
1 – H+; 2 – Li+; 3 – Na+; 4 – K; 5 – NH4+; 1’-4’ solutions: 1’ – HCl; 2’ – LiCl;
3’ – NaCl; 4’ – KCl; 5 – NH4Cl (curves 1 and 1’ refer to the right axis)
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From the comparison, Fig. 4 and Fig. 5 show that the order of the salt forms
of the electric conductivity is reversed from the order in which they appear on the
hydration capacity of the cationite and coincide with the mobility of the respective
ions in the solution [16]. The result obtained is due to a decrease in the mobility of
counterions in the ion-exchange material as a result of an increase in the degree of
their hydration and is consistent with the literature data [3]. It should be noted that
the abnormally high electrical conductivity of the ionite in the H+ form is due to the
fact that the proton transfer in the ion-exchange material, as well as its transfer in
aqueous acid solutions, occurs by a relay mechanism.
The concentration dependences of the electrical conductivity of the resin in
electrolyte solutions of different natures were used to find the parameters of an extended three-wire model, according to which the current in the ionite can flow through
three parallel channels: sequentially through the gel and the solution (parameter a);
only through the gel (parameter b); only through the solution (parameter C). The
fractions of current flowing through the gel and solution in the mixed channel are
equal to d and e, respectively (Fig. 6).

Fig. 6. Schematic representation of a three-wire model of ion-exchange conductivity

Basic equations of the three-wire model:
(4)
Ксм = aKd / (e+dKd) + bKd + c,
a + b + c = 1,
(5)
e + d = 1,
(6)
they bound together parameters that characterize the proportion of current
passing through the specified channels (a, b, c, d, e) and parameters Ксм and Kd that
represents the electrical conductivity of the resin (ксм) and its gel phase (кiso), normalized for the electrical conductivity of the solution (к):
(7)
Ксм = ксм / к  and Kd = кiso / к.
For ion-exchange resin and membrane, the parameters of the three-wire model
can only be calculated if they are associated with the parameters of the two-phase
conductivity model of these materials, which takes into account their micro heterogeneous heterogeneity:
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f = ae + b
(8)
b = f1/α
(9)
1/α
(10)
c = (1 – f )
(11)
a = 1 – (1 – f )1/α – f1/α
e = ( f – b)/a
(12)
d = 1 – ( f – b)/a
(13)
The structural parameters of the two-phase conductivity model reflect the
volume fraction of the gel phase f and the relative position of the leading phases of
the gel and solution α in the swollen polymer, respectively [1, 17, 18]. The parameter
α changes from -1 to +1: α = 1 corresponds to a parallel arrangement of phases relative
to the transport axis, α = -1-sequential, α → 0-chaotic.
The authors [4] managed to develop a method that allows calculating the entire set
of model parameters a, b, c, d, e, f, α on the basis of the single concentration dependence
of the electrical conductivity of the resin. The parameters of the extended three-wire
model for KU-2 resin in various ionic forms found using the computer program [19] are
presented in the form of a bar graph in Fig. 7.

Fig. 7. Model parameters for KU-2 resin in different ionic form
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Analysis of parameters f and α (Fig. 5A) shows that the resin in the K+ and Na+
forms has an identical structure: almost the same ratio of the volume fractions of the
gel and solution phases (parameter f is about 0.85) and a similar, close to chaotic,
mutual arrangement of the leading phases (parameter α less than 0.15). The transition
of the resin to the Li+ form is accompanied by an increase in the degree of ordering
of the leading phases, which indicates an increase in the parameter α to 0.2. This is
due to a significant increase in the hydrating capacity of the resin as a result of the
strong structural action exerted by the Li+ ion on the nearest water molecules.
The transition of the ionite to the proton form is accompanied by a decrease
in the volume fraction of the gel phase and an increase in the volume fraction of the
equilibrium solution. In this case, there is a further regularity of the resin structure
(growth of the parameter) as a result of the formation of additional sections in the
swollen polymer with a parallel connection of the gel and solution phases.
Parameters a, b, c, d and e that characterize the path of current flow through
the structural fragments of the turgent polymer complement information about its
internal structure. For fig. 5B presents the values of the parameters of the threewire model (a, b, c) of the KU-2 resin of various ionic forms. The figure shows that
regardless of the nature of the counterion, the main part of the current is transferred
through a channel with a sequential arrangement of the gel and solution phases (parameter a). The transition of the resin from one ionic form to another is accompanied
by a redistribution of current paths in the ionite. At the same time, for ion-exchange
membranes, including those made on the basis of KU-2 resin, it was found that the
main share of current, about 60%, is transferred through the channel of pure gel
(parameter b) and practically does not depend on the nature of the polymer matrix
and the specific moisture content of the membrane [5].
It should be noted that the ionite granule in the salt form practically does not
have through pores filled with an equilibrium solution. The current fraction flowing
through channel C is negligible for resin in salt forms (Fig. 7b). The transition of the
resin to the proton form is accompanied by the formation of a channel filled with an
equilibrium solution in the polymer structure, as a result of a decrease in the volume
fraction of the gel phase (Fig. 7a) and, as a result, an increase in the volume fraction
of the solution. However, the fraction of current passing through channel C, and in
this case does not exceed 0.1.
For fig. 7b shows the effect of the nature of the counterion on the ratio of conductivity in solution (parameter d) and gel (parameter e) in the mixed channel A. As
can be seen from the figure, in the case of salt forms of ionite, when the leading phases
are connected consequently, the current transfer through the gel prevails (parameter e
is 0.7-0.8), while for the resin in the proton form, the current fractures flowing through
the gel and solution in the mixed channel are almost identical. The special nature of the
current distribution through the leading channels, in this case, is probably related to the
relay mechanism of proton transfer, both in solution and in ion exchange.
Analysis of model parameters for KU-2 resin in NH4+ form (Fig. 7a-b) indicates
that they occupy an intermediate position between the parameters of the resin in the
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salt and proton forms. This is due to the hydrolysis of NH4Cl, resulting in the resin
being in a mixed NH4+ and H+ form.
Conclusion
The analysis of parameters of the extended three-wire model of conductivity
of the ion exchange resin KU-2 in various ionic forms has shown that, regardless of
the nature of the counterion, the main fracture of current in the ionite is transferred
through a channel with a sequential arrangement of the leading phases of the gel
and solution. Differences in the model parameters for the salt and proton form resin
associated with a special proton transfer mechanism are revealed. This approach confirms the adequacy of the applied approach for assessing the effect of the counterion’s
nature on a current transfer through the structural fragments of the sulfocationite
resin. The intermediate position of the parameters for the resin in the NH4+ form is
related to the partial transition of the resin to the H+ form via hydrolysis of NH4Cl.
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