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Abstract: The study of the electrical conductivity of ion-exchange membranes in equilibrium elec-
trolyte solutions is of great importance for the theory of membrane processes, in particular for
practical electrodialysis. The purpose of the work is to determine the electrical conductivity of
industrial ion-exchange membranes MK-40 and MA-40, as well as their basis—granules of a bulk
layer of industrial ion exchangers KU-2-8 and EDE-10p, by differential and modified contact methods
in electrolyte solutions and the development of a new methodology that will give the values that
are closest to the true ones; determination of the dependence of electrical membrane conductivity
depending on the type of counterion and concentration equilibrium solution and granules of a bulk
layer of ion exchangers on the volume fraction of a dry ion exchanger with different degrees of
compaction. It is shown that the dependence of the electrical conductivity of diaphragms on the
electrolyte concentration, according to theoretical ideas, disappears under compression. It has been
experimentally established that the difference method gives lower values of electrical conductivity in
the region of low concentrations. The data obtained by the contact method are in good agreement
with the results obtained for compressed diaphragms. The membrane conductivity decreases with

increasing ion size.

Keywords: electrical conductivity; ion-exchange membranes; ion exchange resins

1. Introduction

Electrodialysis is one of the methods of membrane technology for the separation and
purification of liquids [1-5]. According to the forecasts of the development of the world
economy, membrane technology is regarded as the technology of the future [6-10]. It has
been widely used in many industries and agriculture. Membrane processes are used in
almost all spheres of human activity, since they ensure high efficiency of processes, provide
the population with drinking water, protect the environment, etc., [11-15]. Electrodialysis
is an environmentally friendly process with low energy consumption [16-19].

The application of this method allows you to successfully carry out the processes
of desalination and concentration of solutions, obtaining drinking water from saltwater,
treatment of natural and industrial wastewaters, etc. It is widely introduced in the energy,
electronic, chemical and food industries, in medicine, agriculture and other spheres of
human activities [10,20-24].
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Ion-exchange membranes are used in electrodialysis for the concentration or desalting
of aqueous or non-aqueous electrolytic systems, most often containing not only inorganic
substances but also organic substances [10], and in diffusion dialysis, to extract acids or
alkalis from spent acid or alkaline solutions [13]. In addition, ion-exchange membranes are
largely used in membrane fuel cells, flow batteries [16,17], reverse electrodialysis [18,19],
electrolyzers [20], microfluidic devices, chemical synthesis [22] and others.

In synthetic ion exchangers, there are always counterions next to the fixed ions of the
matrix, which compensate for their charge and determine the ability of the ion-exchange
membranes to pass an electric current. The concentration of both types of ions is quite
high. When immersed in a solution, mobile counterions are able to exchange for electrolyte
ions in the solution. In addition, the solvent and some additional amount of counterions
are absorbed, together with which, due to the preservation of the electroneutrality of
the system, an equivalent amount of ions with the same charge as the matrix penetrates.
The additionally absorbed electrolyte is an unchangeably absorbed or Donnan-sorbed
electrolyte. When a constant electric field is applied to the membrane, the lines of force
that are oriented perpendicular to the surface of the membrane will pass only counterions
through itself, not letting co-ions pass. This property of ion-exchange membranes underlies
their widespread use for separating substances in electrodialyzers [25,26].

The selectivity of an ion-exchange membrane is the number of transfer of counterions,
which for an ideally selective membrane is equal to 1, and for real membranes, it ranges
from 0.94 to 0.98 (in 0.1 N NaCl). High selectivity is manifested in ion-exchange membranes
with high electrochemical activity (specific electrical conductivity), low hydrodynamic,
diffusion, and osmotic permeability, i.e., primarily in membranes of a regular structure
with a large number of highly ionized functional groups. Ion-exchange membranes based
on strongly and weakly ionized cation exchangers and anion exchangers find the greatest
application in the technology of water desalination [27-31].

Some of the most important properties of ion-exchange membranes are conductive
properties, such as electrical conductivity, selectivity, transfer numbers, diffusion perme-
ability of membranes, and others. There is no unified theory or perfect model for describing
the dependence of the electrical conductivity of membranes on the concentration of an
equilibrium solution. Therefore, the experimental determination of the specific conductivity
of ion-exchange membranes in equilibrium solutions of various concentrations (C) is of
primary importance for the theory of membrane processes, the practice of electrodialysis
and other methods of membrane separation [32-35].

Electrical Conductivity of lon-Exchange Membranes and Comparison of Methods for Its
Determination

Electrical conductivity is the ability to conduct electrical current. The electrical con-
ductivity of the membrane depends on the concentration of fixed charges in it, i.e., on
its exchange capacity. The electrical conductivity of the membrane is also affected by the
degree of interaction between fixed charges and counterions, which sometimes results in
the formation of ion pairs that firmly bind counterions, and hence a decrease in the number
of counterions in the membrane. The physical structure of the membrane (homogeneity,
degree of porosity) has a significant effect on electrical conductivity. Ion-exchange mem-
branes are capable of passing an electric current, which implies the presence of mobile ions
in the membrane phase. Since these are only counterions of the membrane and the external
solution, when a constant electric field is applied to the membrane, the lines of force that
are oriented perpendicular to the surface of the membrane will only pass counterions,
not letting the co-ions pass. This property of ion-exchange membranes is the basis for
their widespread use for the separation of substances in electrodialyzers. Distinguishing
between specific and molar electrical conductivity.

Methods for measuring the electrical conductivity of membranes (&) are divided into
two large groups: methods for measuring conductivity in the longitudinal and transverse
directions. The methods for measuring the longitudinal conductivity of membranes are
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relatively simple, but they all give an overestimated value of the electrical conductivity
(especially in the region of concentrated solutions) due to the surface conductivity of the
solution film. In addition, knowledge of the conductivity of the membrane in the transverse
direction is of greater practical value than in the longitudinal direction. Therefore, methods
for measuring the transverse electrical conductivity of membranes are more widely used.
Among the methods for measuring the transverse electrical conductivity of membranes,
there are two main groups: contact and difference methods. The main advantages of contact
methods are the rapidity of a single measurement and the simplicity of the hardware design.

In contact measurement methods &, (mercury, pressure contacts, probes and agar
bridges supplied to the membrane), the membrane—electrode contact resistance is included
in the measured electrical resistance, while the researchers cannot avoid the passage of
current through the interlayers and hydrophilic films of the solution [36—42]. This leads to a
significant increase in resistance even with a negligible membrane thickness and especially
in dilute solutions with specific electrical conductivity ae, << &, to a decrease in &p,.
Along with this, the values of &, are distorted due to the polarization of the electrodes,
drying out and deformation of the membranes.

To measure the resistance of membranes by the contact method, it is sufficient to
clamp the test sample between flat metal electrodes so that there is membrane-electrode
contact over the entire surface of their contact. Of the many designs of contact-type cells,
one should note the design proposed by Larchet [43] in the form of a clothespin, at one
end of which platinized platinum electrodes are fixed parallel to each other. The constant
pressure on the membrane clamped between the electrodes is ensured by a tightening
rubber band. The cell is convenient in that it allows hundreds of measurements per day
to be performed with an accuracy sufficient for a comparative analysis of the electrical
conductivity of different membranes.

It is possible to avoid membrane deformation during measurements by the contact
method by using mercury electrodes. For example, it was found by the mercury contact
method that the specific electrical conductivity of heterogeneous membranes is about an
order of magnitude lower than that of the corresponding ion exchangers. The electrical
conductivity of MK-40 and MA-40 membranes in 0.1 N. NaCl at 20 °C, measured by the
mercury-contact method, is 449 x 1073 and 5.15 x 1073 S/cm, respectively. An increase in
the temperature of the solution to 60 °C leads to an increase in electrical conductivity by
an average of 2.5-3 times, that is, by 1.5-2% per degree, which is explained by an increase
in the mobility of ions. The electrical conductivity also increases with an increase in the
concentration of the solution. Determination of the resistance of membranes to alternating
current by the contact method is complicated by an additional contribution to the measured
value of the resistances of the membrane-electrode boundaries, leading to an overesti-
mation of the sought resistance of the membranes and making it frequency-dependent.
The membrane/mercury transition resistance can be taken into account by measuring the
frequency dependence of the active component of the cell impedance. Since in all modifica-
tions of the contact method of the transverse resistance of membranes, the contribution of
the transition boundaries, electrode-membrane or membrane—membrane, to the value of
the measured resistance, the method gives underestimated values of electrical conductivity.

In difference methods, the resistance of thin well-conducting ion-exchange membranes
is defined as a small difference between two large values, and therefore, with a significant
error that increases with the dilution of the solution [44-48].

The disadvantages of this method are electroosmotic flow and concentration polar-
ization of membranes, which cannot be avoided even with constant washing of electrodes
with an equilibrium solution, and a number of other factors (osmotic transfer of water,
diffusion, convection, electromigration) that cannot be eliminated, should be avoided and
strictly considered.

The main disadvantage of the method is due to the large error associated with the fact
that the membrane resistance is found as the difference between two quantities of the same
order. This error is especially pronounced in studies of well-conducting membranes in
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the region of dilute solutions. This drawback can be partially overcome by the differential
difference method, which makes it possible to obtain the concentration dependence of the
electrical conductivity of membranes on alternating current in the concentration range of
equilibrium solutions of 0.003-0.2 mol/L with an error of no more than 2%. At the same
time, the method retains the advantages inherent in this group of methods: the absence
of membrane deformation, as well as distortion of the measured value by the transition
resistance of the electrode-solution interface or by the surface conductivity of the adhered
film of the solution.

An important advantage of this method in comparison with contact methods is the
ability to equilibrate the membrane with solutions of different concentrations without dis-
assembling the cell. This makes it possible to quickly obtain the dependence of the specific
electrical conductivity on the concentration of the solution for one membrane sample.

One of the varieties of the difference method for measuring the transverse resistance
of membranes is the probe difference method, in which four electrodes are used for mea-
surements, similar to the probe method of the strip. The main feature of this method is that,
in addition to polarizing electrodes, probe measuring electrodes are located near the mem-
brane surface or in direct contact with it. The use of silver chloride or calomel electrodes
makes it possible to measure the electrical resistance by direct current. Alternating current
measurements are possible using platinum probe electrodes.

Such a formulation of the problem is also possible when the measurement of the
electrical resistance of the membranes is carried out both in direct and in alternating
currents. In this case, the measuring probe electrodes represent the spouts of the capillaries
of the calomel electrodes brought close to the surface of the membrane, into which the
platinum probes are inserted so that their ends coincide with the ends of the capillaries.
A feature of the technique for simultaneous measurement of the membrane resistance
at direct and alternating currents is the use of grounding of the measuring circuit in the
thickness of the electrolyte solution near the membrane using a platinum wire loop to
reduce pickup [48].

To measure the specific electrical conductivity, a contact-difference method developed
by V.A. Shaposhnik et al. consists of measuring the impedances of two and one membranes
in a cell with platinum electrodes and finding their vector difference, which was considered
as the true electrical resistance of the membrane. The advantage of the contact-difference
method is the absence in the true electrical resistance of the membrane of the values
of the electrical resistance of the solution between the electrode and the membrane, as
in the contact method, and the possibility of determining the true value of the electrical
resistance of the membrane by the difference of two close values, in contrast to the difference
method [48].

In [49], the electrical conductivity was measured using the contact-difference method.
It consists of the fact that first, one membrane is placed between the electrodes and mea-
surements are taken, which can be considered as a result of the contact method. Then the
electrical resistance of the two membranes is measured and the difference in the electrical
resistance of the two and one membranes is determined. The contact-difference method has
advantages in measuring the electrical resistance in solutions of low concentrations when
there is no Donnan-adsorbed electrolyte in the membrane and the true properties of coun-
terions and fixed ions are manifested. The authors measured the electrical resistance of the
membrane using low-frequency impedance meters TESLA BM 507 and high-frequency 3535
LCR HITESTER HIOKI E.E. Impedance spectroscopy is used to study transport processes
in complex systems, especially in heterogeneous materials [50,51]

The impedances of cation-exchange and anion-exchange membranes of domestic
brands have been measured in a wide range of alternating current frequencies, which make
it possible to turn the capacitive component to zero. This made it possible to obtain active
electrical resistances of membranes by contact and contact-difference methods and establish
their significant difference and give preference to the contact-difference method [52-54].
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In this paper [55] by the method of impedance spectroscopy, the electrochemical
characteristics of the heterogeneous ion-exchange membranes MK-40 (H*, Na*, K*, NH;*—
forms) and MA-41 (C1~ and NO3; ™ forms) in the range of the alternating current frequencies
100 KHz-20 MHz are researched. The comparison of the contact and contact-differential
ways of measuring membrane impedance is performed. It is shown that in the case of
impedance contact measuring of the sample, the borders “electrode/membrane” influence
the electrochemical impedance system spectrum greatly. In connection with this, the
contact-differential variant of the experimental procedure in the impedance measuring
of the membrane system is preferable. The interpretation of the received electrochemical
impedance spectra in terms of the composite material conductivity is given [56,57]. Based
on the method of equivalent circuits it is suggested to represent the impedance of the
heterogeneous ion-exchange membrane as a sum of pure resistance (resistance of ion-
exchanger particles), sequentially connected with the impedance of the dielectric layers
(resistance and capacity of polyethylene and dissolvent) [58].

This study [59-62] examines ionic conductivity measurements based on the experimen-
tal technique in which a membrane directly contacts the electrodes. In the through-plane
configuration of this technique, external resistances due to the interfacial region between the
membrane and electrodes contribute significantly to the total measured resistance, particu-
larly for thin membranes equilibrated with dilute salt solutions. A non-invasive approach
to account for such external resistances based on performing the measurements with mem-
branes having different thicknesses is presented. The total resistance of the electrochemical
cell containing membranes with different thicknesses was measured via electrochemical
impedance spectroscopy, and the results were extrapolated to zero thickness to determine
the magnitude of the external resistances [63,64].

A new method for determining the electrical conductivity of ion-exchange membranes
was implemented with four commercial membranes (AMX, CMX, MK-40 and MA-41).
It is based on lateral resistance measurements without direct contact between electrodes
and membranes [31,65-67]. The cell configuration made it possible to determine the
membrane conductivity over a wide range of electrolyte concentrations (measurements
were carried out in the range 1 x 107°-5 x 10~! M). The structural parameters of the
different membranes were inferred from AC conductivities and the microheterogeneous
model. They were found in good agreement with literature results obtained by normal
measurements, thus confirming the reliability of the proposed method. The main advantage
of this method is the possibility to characterize ion-exchange membranes even at low salt
concentration unlike usual non-contact methods based on normal measurements [65-68].

In the work of Filipov [68], the electroosmotic permeability and electrical conductivity
of an ion-exchange membrane were studied. The membrane was considered as an ordered
set of porous spherical charged particles placed in spherical shells filled with a binary
electrolyte solution. It was shown that with an increase in the electrolyte concentration,
the specific electrical conductivity of the cation-exchange membrane can monotonically
increase in different ways, i.e., with or without an inflection point on the graph.

Accurate measurements of membrane ionic conductivity are important for advancing
the fundamental understanding of electric field-driven ion transport in ion-exchange
membranes. There is no standardized technique for performing such measurements on
membranes equilibrated with salt solutions, despite a longstanding interest in this topic. As
a result, discrepancies between reported ionic conductivity values for common commercial
membranes are often found in the open literature.

The purpose of the work is to determine the electrical conductivity of industrial ion-
exchange membranes MK-40 and MA-40, as well as their basis—granules of a bulk layer
of industrial ion exchangers KU-2-8 and EDE-10p, by differential and modified contact
methods in electrolyte solutions NaCl, MgCl,, Na;SO4 and BaCl, and the development of a
new methodology that will give the values that are closest to the true ones; determination of
the dependence of electrical membrane conductivity depending on the type of counterion



Membranes 2022, 12, 243

6 of 22

and concentration equilibrium solution and granules of a bulk layer of ion exchangers on
the volume fraction of a dry ion exchanger with different degrees of compaction.

2. Materials and Methods
2.1. Research Objects

The objects of study were ion-exchange resins of Russian production (IP Shchekinoazot
LLC, Tulskaya Oblast, Russia): cation exchanger KU-2-8 and anion exchanger EDE-10p
and heterogeneous ion-exchange membranes obtained on their basis: cation-exchange
membrane MK-40 and anion-exchange membrane MA-40.

To determine the electrical conductivity of industrial ion-exchange membranes MK-40
and MA-40, as well as their basis granules of a bulk layer of industrial ion exchangers
KU-2-8 and EDE-10p, by differential and modified contact methods in electrolyte solutions
NaCl, MgCl,, Nap;SOy4 and BaCl, and the development of a new methodology that will
give the values that are closest to the true ones; determination of the dependence of
electrical membrane conductivity depending on the type of counterion and concentration
equilibrium solution and granules of a bulk layer of ion exchangers on the volume fraction
of a dry ion exchanger with different degrees of compaction.

Pressed diaphragms compacted under pressure layer of ion exchanger.

Monofunctional strongly acidic cation exchanger KU-2-8 (GOST 20298—74) is obtained
by sulfonation of granular styrene copolymer with 8% divinylbenzene. The proposed
structure of the elementary link (Figure 1):

[ —cH—cH,— | [ —cH—cCH,— |

SOCH' —CH— CH,—

Figure 1. Cation exchanger KU-2-8.

The functional group is a sulfo group;

The matrix is styrene-divinylbenzene;

The structure is gel;

Particle size 0.4-0.55 mm;

Moisture content 48-58%;

Full exchange capacity 4.9-5.1 mmol/g dry exchanger or 2.0 mg-mol/cm?;
Specific volume, no more in H* form 2.7 cm3/ g.

Differences in high chemical resistance to alkalis, acids, oxidants. It possesses high
mechanical strength and osmotic stability. Resistance to high (110-120 °C) temperatures.
The range of working pH values is 1-14.

Application: For softening and demineralizing water in water treatment; For the
separation and isolation of non-ferrous and rare metals in hydrometallurgy; Wastewa-
ter treatment; For the separation and purification of various substances in the chemical
industry; In catalytic processes.

Anion exchanger EDE-10p (GOST 20301-74) is a polyfunctional anion exchanger
containing secondary (NH-) and tertiary (-N-) amino groups of the aliphatic series and
about 20% of groups of quaternary ammonium bases (Figure 2). The proposed structure of
the elementary link:
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" N=CHy—CH,~NH=CH, = CH —CH,— N —
| | |
OH CH,

OH CH,
| |
N—CH,~ CH,~NH—CH,~ CH —CH,— N —

Figure 2. Anion exchanger EDE-10p.

Anionite is obtained by polycondensation of polyethylenepolyamines with epichloro-
hydrin, it is produced in C1™:
The functional group is a NR3*, =NH, =N
The structure is a gel
Particle size 0.4-2.0 mm
Full statistical exchange capacity, not less than 2.3 mmol/cm?;
Dynamic exchange capacity, m-mol/m?, not less than 1000;
The volume fraction of the working fraction, is not less than 92%;
The mass fraction of moisture is no more than 5%;

The specific volume, in OH~ form is 3.4 & 0.2 cm®/g.

Application: The product is used for water treatment, in the production of ion ex-
change membranes, in the medical and food industries, for the purification of ethyl alcohol
from acid impurities and aldehydes.

The MK-40 cation exchanger based on the KU-2-8 cation exchanger and the MA-
40 anion exchanger, the base, the EDE-10p anion exchanger, is commercially produced
(SHEKINOAZOT. LTD, Tulskaya Oblast, Russia) by mixing rather large particles of crushed
ion exchanger (5-50 um) and an inert binding agent, for example, polyethylene particles,
which are applied to an inert nylon or nylon reinforcing mesh followed by hot pressing
(Figure 3). The content of polyethylene as a binder in the MK-40 and MA-40 membranes is
60-65%.

Figure 3. Image of a section of the MA-40 membrane obtained using scanning electron mi-
croscopy [37]: 1—particles of anion-exchange resin, 2—reinforcing mesh, 3—polyethylene.

The particles of the ion exchanger do not melt and do not mix with polyethylene, which,
after heating, melts and fills the space between the particles and flows out onto the surface,
as a result of which most of the surface of the heterogeneous ion-exchange membrane
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is non-conductive. In connection with this, the surface of heterogeneous ion-exchange
membranes is distinguished by a sharp gradient of physical and chemical properties in the
normal and tangential directions [38—41].

Heterogeneous membranes have little water permeability.
For membranes MK-40 and MA-40 at 18 °C and a pressure of 37.2 nPa in distilled
water, itis (12) x 10712 g/(cm? x s).

e The diffusion permeability of these membranes is also low: 6.2 x 1078 g/(cm? X s) in
1 n. NaCl at 20 °C.

e  Osmotic permeability of MK-40 and MA-40 membranes in 1 N. NaCl at 20 °Cis 0.2

and 0.1 L/(m? x h), respectively.

Functional groups: -SO3H (MK-40), -NH, *, = NH, = N (MA-40);

Moisture content, %, no more than 40 (MK-40, MA-40);

The content of the ion exchanger, % KU-2-8-65, EDE-10p-55;

Transfer number in 0.01-0.2 N NaCl fraction, not less than 0.98 (MK-40), 0.94 (MA-40).

The complex structure of heterogeneous ion-exchange membranes determines their
special conductive characteristics. In addition to the selective transfer of ions through
ion exchanger particles, diffusion transfer of electrolyte through the pores formed in the
membranes during production can occur in such membranes. In the works of NP Berezina’s
group [42] it was found that for the heterogeneous ion-exchange membrane MK-40, the
sizes of most of the pores correspond to 10 nm and 1000 nm. Smaller pores are localized
inside the ion exchanger, and larger ones at the interface of dissimilar phases (particles of
ion exchange resin, polyethylene, reinforcing mesh) in the volume and on the surface of the
membrane. Membranes are used in installations of various directions: demineralization
of whey, refining sugar syrups, stabilization of wine raw materials, demineralization and
deionization of water, wastewater treatment with the release of valuable elements, deep
cleaning of biological and medical products, disinfection of radioactive wastewater, the
concentration of wastewater containing valuable components, and water preparation for
heat power engineering.

Preparation of Research Objects

The membranes were prepared for the study according to the standard method: to
remove the oil film, the membrane surface was wiped with a swab with CCly, then the
membranes were immersed in ethyl alcohol and kept in it for 6 h. After alcohol treatment,
the membranes were immersed in a saturated NaCl solution and then washed with distilled
water. Next, the membranes were treated alternately with solutions of 10% HCl and 10%
NaOH, after which they were converted into H* and OH™ forms of 1M HCl and NaOH for
two days with repeated solution changes. After washing with distilled water until the wash
water was neutral, the membranes were converted into Na* and Cl~ forms, respectively,
by multiple treatments with 1IN NaCl solution.

Ion exchanger KU-2-8 was treated with 4% HCI, washed with water, then converted
into Na* form with 3% NaOH and again washed with water until a neutral pH was reached.
EDE-10p, in order to avoid cracking of the granules, was soaked for swelling for 2-3 h
in three volumes of 25% NaCl. Then it was washed with water and converted into the
CI~ form with 4% HCI and again washed with ~5 volumes of distilled water (to avoid
hydrolysis). Before the experiments, membranes and ion exchangers were brought into
equilibrium with the test solutions.

2.2. Measurement of Electrical Conductivity of a Bulk Layer of Ion Exchangers

The measurement of the electrical conductivity of the ion exchanger granules placed
in an equilibrium solution, depending on the compaction, was carried out in a cell, which
consisted of two blocks (1) made of plexiglass and glued in such a way that a narrow slotted
channel with a height of 7.5 cm and width 1 cm was made. Platinum electrodes (2) were
glued into the channel walls, which were connected to the measuring circuit with insulated
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leads (4) made of copper wire by means of a mercury contact. The measurements were
carried out in a cell thermostated in an air thermostat (with an accuracy of 0.10 C) using an
R-5021 AC bridge. The measurement error did not exceed £1%. The determination of the
electrical conductivity of the bulk layer of ion exchangers was carried out depending on the
volume fraction of the ion exchanger P, achieved at various degrees of compaction, up to
the maximum at a pressure of about 100 atm. Compaction was carried out by compressing
the piston (3) in a vice, which moved along the channel at a strictly defined fixed distance
corresponding to the height of the ion-exchange column h. The volume fraction of dry ion
exchanger P, corresponding to different degrees of filling, was calculated using the formula:

P=hy, P,/hy 1)

where:

e  hy,, Pg respectively the height and volume fraction of the ion exchanger at the initial
moment before compression;

e  hy is the height of the bulk layer of the ion exchanger corresponding to the degrees of
filling for which was determined P.
The electrical conductivity of the bulk layer of ion exchangers was measured
depending on the concentration of the equilibrium solution.

2.3. Measurement of Electrical Conductivity of Membranes

The measurement of the electrical conductivity of the membranes was carried out
by two methods: the well-known difference method and the modified contact method,
which consists in measuring the electrical conductivity of moisture-saturated membranes,
previously equilibrated with the test solutions, in saturated vapors of the test solutions.

2.3.1. Measurement of the Conductivity of Membranes by the Difference Method

To measure the electrical conductivity of the membranes by the difference method,
a slotted cell (Figure 4) was used, which consisted of two discs (1), 36 mm in diameter,
made of plexiglass (4), fastened on the protrusions (2, 3) with brass bolts. To maintain a
strictly fixed distance, fluoroplastic plates of a certain thickness were placed between the
disks. On the inner side of the discs, round platinum electrodes (5) with an open surface
diameter of 15 mm were glued in, and deepened with respect to the planes forming the
slit. The membrane was placed in the gap (7) between the electrodes. Disk electrodes
were connected to the measuring unit with insulated bushings (6). The measurements
were carried out in a thermostated cell with alternating current at a frequency of 800 Hz.
The measurement error did not exceed +1%. The resistance of the cell was measured in a
solution without a membrane (Ry) and with a membrane (R). Each operation was repeated
5-10 times and then the difference between these values AR = R — Ry was calculated.

(@)

|

Figure 4. Cell for measuring the electrical conductivity of ion exchange membranes by the differ-

ence method. In the figure: 1—disc, 2, 3—protrusions, 4—disc material—plexiglass, 5—platinum
electrodes, 6—insulated bushings, 7—gap between the electrodes.

The membrane resistance was determined from AR, Rm = AR + R;,, where Rh is
the resistance of the solution layer equivalent to the membrane in area and thickness,
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Rh = Ry-d/a, where d is the membrane thickness (determined by the micrometric method),
a is the distance between the electrodes (a = ¢y S, where ¢y is the cell resistance constant,
S is the area of the electrodes). The specific conductivity of the membrane (&) was
calculated by the formula:@y, = C,? /Ry, where Cp,0 = 2, -Ry, (a2, is the conductivity of
the control solution).

The dependences of the specific electrical conductivity of solutions (zy) and mem-
branes (&m) on the concentration of the equilibrium solution were determined. Disks with
an area of 10 cm? were cut from a sheet of the original membrane, processed according to
the generally accepted technique; for work, disks were strictly selected, the heterogene-
ity of which in thickness did not exceed 0.05-0.06 cm. The cell was thermostated in an
ultrathermostat with an accuracy of £0.1 °C. Measurements (&n) were carried out in all
studied solutions.

2.3.2. Measurement of Conductivity of Membranes by Contact Method

The measurement of membrane resistance (Ry,) by the contact method (Figure 5) was
carried out on strips of membranes (1) 10 cm long and | cm wide using two pairs of narrow
platinum electrodes (2), one pair of which was pressed on both sides to the end of the
strip, the other could move along the strip at strictly fixed distances, 1, from the first pair.
3-thermometer, 4-thermostated closed desiccator.

—

p

Figure 5. Cell for measuring the electrical conductivity of ion exchange membranes by the contact
method. In the figure: 1—strip of membrane, 2—narrow platinum electrodes, 3—thermometer,
4—thermostated closed desiccator.

The solution film was removed from the membrane surface with filter paper. The
measurements were carried out in a thermostated closed desiccator in an atmosphere of
saturated water vapor. The temperature was recorded with an accuracy of £0.1 °C. The Rm
values measured on alternating current did not change in all experiments for several hours.
The deviations of Rm from the mean values for five parallel samples did not exceed 5% and
were associated with differences in the thickness of the studied membranes (0.5-0.6 mm).

The obtained dependences Ry, — 1in all cases were linear; extrapolation to 1 = 0
gave a segment on the ordinate axis corresponding to the ballast resistance R’ which was
subtracted from the total measured resistance R:

1

T ROR) S

()
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where S is the cross-sectional area of the sample.
The R/-value was determined for each electrolyte concentration. Figure 6 shows an
example of R’ definition.
35 4

30 -

25 -

20 -

15 -

10

—— MA-40 MK-40

[1.em]

0 2 4 6 8 10

Figure 6. Dependence of the resistance of membranes in equilibrium with 0.1 M NaCl, on the distance
between the electrodes.

The specific electrical conductivity of the solution inside the membrane, both in the
difference and in the contact method, was calculated by the formula:

X = Cmo /Rm (3)

where Cp,? = &, Rpn?.

The difference between the values of &) and &, is determined by the resistance of the
non-conducting skeleton and is characterized by the coefficient of structural resistance f3,
which shows how many times the resistance of the uncharged membrane is greater than
the resistance of the equivalent layer of the solution § = C,%/Cp,0.

For membranes, the usual method of determination in 0.1 M KCl is inapplicable, since
C~ # Cy. Therefore, 0.1 M BaCl, solutions for MK-40 and 0.01M NaOH for MA-40 were
used as control solutions for determining Cp,” and Cy,?, assuming complete screening of
fixed charges in these systems.

To determine (3, the concentration dependence of the electrical conductivity of the
membranes was investigated, determined by the difference method in BaCl, and NaOH
solutions in the concentration range 1-107'-4-10"! M and by extrapolating the direct
dependence of «/ 3 on 1/, (Figure 7).

For MK-40 membranes, the 3 value was 16.1 and for MA-40 3 = 12.5 (in the case of the
difference method) and 6.7 and 11.65 in the case of the contact method. The contribution
to the conductivity of counter ions was taken into account by the efficiency coefficient «,
which shows how many times the electrical conductivity of the solution in the pores of the
membrane exceeds the electrical conductivity of the free solution, & = &/ zy.
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Figure 7. Dependence of the o/ 3 ratio for the MK-40 membrane on the value of the reverse conduc-
tivity of BaCl, solutions.

3. Result and Discussion

To explain the concentration dependences of the electrical conductivity of membranes,
a microheterogeneous model was used [69] According to this model, the entire volume
of the membrane is divided into two components. This is the volume of an electrically
neutral solution, which is identical to the external solution and is called the intergel phase.
Such a solution fills the central part of clusters and channels, as well as cracks, cavities, and
other defects of a homogeneous structure. The gel phase unites the regions of the charged
matrix containing micropores, in which mobile counterions and co-ions compensate for the
matrix charge.

The measurement of the electrical conductivity of the membranes was carried out by
two methods: difference and contact methods. The conducted studies of the dependence
of the electrical conductivity of MK-40 and MA-40 membranes on the concentration of
solutions by the difference method (Figure 8) showed that the values of &n, for singly
charged electrolytes are higher than for doubly charged ones, which confirms the specificity
of the interaction of doubly charged ions with the membrane. The values of &, for all
electrolytes sharply decrease when going from 10~! to 10~% N solutions, which contradicts
the accepted concepts for homogeneous ion exchangers, according to which the value of
&m for ion-exchange membranes is determined by a high concentration of counter ions in
the membrane, which should practically not change with dilution (in accordance with the
Donnan equilibrium. The reason is the electrically neutral solution contained in the central
parts of large pores, and identical to the external solution. In the range of low concentrations
of the external solution, the low specific electrical conductivity of the solution in the intergel
gaps determines the low conductivity of the membrane as a whole. As the concentration of
the solution increases, the conductivity of the intergel gaps increases, and they no longer
limit the conductivity of the membranes.

Analysis of the data obtained (Figure 8) shows that in the region of diluted solutions,
the conductivity of all membranes rapidly decreases with the dilution of the solution.
According to the microheterogeneous model, the reason is the electrically neutral solution
contained in the central parts of large pores, and identical to the external solution. In
the area of small concentrations of the external solution low specific conductivity of the
solution in intergel gaps causes a low conductivity of the membrane as a whole. With
an increase in the concentration of the solution, the conductivity of the intergel spaces
increases, and they cease to limit membrane conductivity.
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Figure 8. Dependence of the specific electrical conductivity (&m) of membranes measured difference
method on the concentration of solutions.

However, taking into account that the membranes under study are heterogeneous
systems and believing that one of the reasons for the abnormal behavior of membranes
may be a complex configuration of current paths in such real heterogeneous membranes
due to their structure, it was of interest to study the concentration dependence of electrical
conductivity on the initial ion exchange resins.

The dependence of the electrical conductivity of ion-exchange diaphragms &4 (vol-
umetric layer of an ion-exchanger in solution) from ion-exchange resins KU-2 and EDE-
10p on the volume fraction of the ion exchanger P (calculated as a dry ion exchanger)
was determined.

The fraction of the ion exchanger varied from 0.2, which corresponds to free packing
of the ion exchanger grains in the solution, to the maximum (P~0.4), which was achieved at
a pressure of about 100 atm and corresponded to the water content in the ion exchanger
from vapor P/Py = 1. The data obtained are shown in Figures 9 and 10 as the dependence of
&y on the volume fraction of the ion exchanger P for KU-2 and EDE-10P in NaCl solutions
of various concentrations.

20 | | @107

18 1 ohm™-cm™

16

14

12

10 | ——C=10"N
8 - —#—C=10"°N
6 . C=10"N
] C=10"'N
2

0 T [ [ [ [ [ [ [ [ [ [ [ [ [ [ [ E\

0.18 0.2 0.22 0.24 0.26 0.28 0.3 0.32 0.34 0.36 0.38 0.4 0.42 0.44 0.46 0.48

Figure 9. Dependence of the specific electrical conductivity of the bulk layer of the KU-2-8 cation
exchanger on the volume fraction of dry ion exchanger in NaCl solution.
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Figure 10. Dependence of the specific electrical conductivity of the bulk layer of the EDE-10p
anion-exchanger on the volumetric fraction of dry ion exchanger in NaCl solution.

As can be seen from the data presented, as the ion exchanger grains become denser, the
curves for different C approach each other and the dependence of d on C is quite significant
in the uncompacted layer (P = 0.2) and practically disappears at large compaction (P > 0.4).

This, obviously, can be explained by the squeezing out, by compaction, of the solution
from the gaps between the grains, which leads to an increase in the contact between them
(4 grows as compaction) and at maximum compaction, that is, almost complete absence
of solution interlayers between the grains, &4 corresponds the ion exchanger itself, possibly
even with a somewhat more compacted structure (a decrease in the proportion of gel gaps),
which was confirmed by data on the moisture content of the ion exchangers (a decrease in
the moisture content in comparison with the initial ion exchanger).

A similar picture of the dependence of &4 on C was observed for doubly charged ions
in dilute solutions (Figures 11-13).

18 - @ ,-10°3 =0=—C=10"*N
16 - ohmecm 71 el C=10"3N
—te=C=10"2N
14 -
—e—C=10"'N

12
10

8
6
4
2
0

0.2 0.22 0.24 0.26 0.28 03 0.32 034 036 038 04 042 044 0.46 0.48

Figure 11. Dependence of the specific electrical conductivity of the bulk layer of the KU-2-8 cation
exchanger on the volume fraction of dry ion exchanger in a MgCl, solution.
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Figure 12. Dependence of the specific electrical conductivity of the bulk layer of the KU-2-8 cation
exchanger on the volume fraction of dry ion exchanger in a BaCl, solution.
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Figure 13. Dependence of the specific electrical conductivity of the bulk layer of the EDE-10p cation
exchanger on the volume fraction of dry ion exchanger in a Na;SO4 solution.

However, in 10~! N solutions of MgCl,, BaCly, NapSQOy, a decrease in &4 was ob-
served with compaction, due to the fact that as compaction increases the contribution of
conductivity to &4 in the form of low-mobile doubly charged ions, which screen fixed ions,
crosslink the resin, and the fraction of the electrical conductivity of the solution decreases.

From the electrical conductivity of ion-exchange diaphragms at maximum compres-
sion, when their conductivity corresponds to the conductivity of the ion-exchanger, in 0.1 N
BaCl, and NaOH, we determined the values of the structural resistance coefficients of the
ion-exchanger 3. It was found that 3 = 7.7 for KU-2-8 and 3.12 for EDE-10p.

When comparing the obtained dependencies, it can be seen that for all densities
up to the maximum, an increase in electrical conductivity &4 is observed, the slower
the increase in P. At maximum compaction in NaCl solutions, the value of &4 increases
insignificantly compared to &, for membranes, and in MgCl, and BaCl, solutions, a drop
in the conductivity of the ion exchanger is observed at C > 10~2 N. The reason for this is
the low conductivity of the resin in the form of a doubly charged ion.

For EDE-10p in NaySOy solution, all curves corresponding to different P pass through
a maximum. Here, apparently, the peculiarities of the structure of the polyfunctional ion
exchanger EDE-10p are reflected. As seen from obtained data, the electrical conductivity of
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ion exchange diaphragms, as well as the electrical conductivity of membranes, decreases
with the size of the ion, namely &y,+ > a"eMg+z > &g 2 and &q- > a"eso;z. In the same

direction, the value of the electrical conductivity of the solution in the membrane, &),
calculated from the values of & (according to the formula &) = &4- at P = Pmax) and the
efficiency coefficients «, characterizing the contribution of counter ions to the conductivity
of the ion exchanger, decreases.

Thus, from the data presented, it can be seen that in solutions of singly charged
electrolytes at the maximum densification of the diaphragms, the conductivity increases
relatively little compared with an increase in the concentration of the solution. Hence it
follows that the &,,, C dependence (a change in m by two orders of magnitude) observed
when measuring by the difference method can be caused not only by the complexity of the
membrane structure but also by errors in determining &, (as the difference of two large
quantities); therefore, we have developed a contact method for measuring the electrical
conductivity membranes in saturated water vapor.

The results obtained by measuring &, of MK-40 and MA-40 membranes in solutions
of simple electrolytes by the contact method are shown in Figure 14.

20 -
.10 -3
18 | @y, 107, —o— MK-40. NaCl
ohm 1.cm !

6 | MK-40, MgCl;

1 MK-40,BaCl,
MA-40, Nacl

12

0 —o— MA-40, Na;SO,

1<>1
L 4

A 4
L 4
L 4

:

H.O 1-10™ 1-10°3 1-1072 1.10™ 1.10°

8

6

4

2 R /
0

Figure 14. Dependence of the specific electrical conductivity of membranes (&) measured by the
contact method on the concentration of solutions.

The obtained values of the electrical conductivity of MK-40 membranes in NaCl
solutions show that the values of &, as well as &4 at the maximum compaction of the ion
exchange diaphragm (P = Pmax), practically do not change in the range from 10~4-10"2 N
and slightly increase (~2 times) in the range of 10~2~1 N solutions. This is in accordance
with the theory of membrane equilibrium and allows one to explain the dependence &y, C
without invoking the concept of membrane heterogeneity. A similar picture was observed
for the MA-40 membrane and the EDE-10p anionite.

It should also be noted that the dependences of the electrical conductivity of the
membranes on the nature of the equilibrium solution agree with the previously obtained
sequences for ion exchange diaphragms. The observed series of dependences is explained
by the fact that the values of the hydration energy in this series decrease on going from Na*
to Ba™?, the electrostatic interaction between the fixed ion-counterion increases, and the
membrane electrical conductivity decreases. A sharper increase in the electrical conductiv-
ity of membranes in BaCl, solutions can be caused by the greater specificity of Ba*? ions to
the sulfo groups of fixed ions and the incorporation of Donnan adsorbed electrolyte.

Comparison of the data obtained by contact and difference methods shows that the
difference method can only be applied when measuring &, in concentrated solutions,
where the determination error is minimal.
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In the region of low concentrations of the external solution, the conductivity of the
membrane is higher than the conductivity of the equilibrium solution. This is because
the concentration of fixed membrane groups is constant. They are associated with an
equivalent amount of counterions, the concentration of which in the membrane is higher
than the concentration of the same ions in an equilibrium solution. With an increase in
the concentration of the solution, the conductivity of the solution grows faster than the
conductivity of the membrane, which contains a limited number of counterions. At a certain
concentration of the external equilibrium solution, the conductivity of the membrane and
the solution are equal [55].

The point of intersection of the concentration dependences of the conductivity of the
solution and the membrane is called the point of isoelectric conductivity. The value of
electrical conductivity at this point is determined by the conductivity of the gel phase of
the membrane and gives an idea of the transport properties of the ion-conducting polymer
from which the membrane is made. It was found graphically as the intersection point
of the concentration dependences of the specific conductivity of the membrane and the
conductivity of the solution [31,66,67].

For membranes MK-40 and MA-40, in all electrolyte solutions NaCl, MgCly, NapSQOy,
BaCl,, points of isoconductivity were found as points of intersection of the curves of the
dependences &, and &,. The data obtained are shown in Figures 15-17 and in Table 1.

140 - - 90
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120 - |ohm™ cm? ohm™* cm
- 70
100 - L 60
E2) L
80 - >0
—.—wm L 40
60 - &V L 30
40 - - 20
| . . . / - 10
20 = -
C, g-eqv./I
0 -10
H,0 1-107* 1-10°3 1-1072 1-107" 1-10°
Figure 15. Point of isoconductivity of membrane MK-40 in NaCl solution (contact method).
Table 1. Points of isoconductivity of membranes in solutions of simple electrolytes.
C, g-eqv./l
Ton Ion Exchanger- Membrane— Ion Exchanger Membrane-
Electrolyte Exchanger/Solution Membrane/Contact Solution/Contact Membrane/Difference Solution/Difference
changerf>olutio Method Method Method Method
NaCl 0.21 1.5 0.079 0.06
MgCl, 0.067 0.15 0.024 0.04
BaCl, 0.047 0.15 0.006 0.045 0.001
NaCl 0.16 2.2 0.056 0.03
NaySOy 0.047 0.15 0.017 0.148 0.011
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Figure 16. Point of isoconductivity of membrane MK-40 in BaCl; solution (contact method).

9 4 - 1.6
| |®n 103, 2,103, - 103

8 ohm®cm? f ohmicm?®| | 14
77 L 1.2
6 i

-1
5 - ——2m

- 0.8
4 —— 2V
5 | ol - 06
2 - 0.4
1 - - 0.2

C, g-eqv/I

0 T T T T 0
1-10™* 1-1073 1-1072 1-107"

Figure 17. Point of isoconductivity of membrane MK-40 in BaCl; solution (difference method).

Additionally, in solutions of inorganic electrolytes, it was determined moisture content,
the volume fraction of dry ion exchanger and density of ion exchanger grains in solutions
of inorganic electrolytes. The data are shown in Table 2. The data obtained are in good
agreement with the literature data [68-70].

Table 2. Moisture content, volume fraction of dry ion exchanger and density of ion exchanger grains
in solutions of inorganic electrolytes.

Ion Exchanger Form Density, g/(:m3 Moistu:)e()’oC/oontent, DY;III:) nr:i;lc‘;?rilog:rolf’g
KU-2-8 Na* 1.40 0.6 0.4
Mg*? 1.45 055 0.45
Ba*2 1.73 0.52 0.48
EDE-10p Cl- 1.29 0.52 0.47
SO, 2 1.34 0.54 0.46

From the data obtained, it follows that with an increase in the charge of the ion, the
specificity of its interaction with the matrix of the ion exchanger increases and, accordingly,
the water content decreases.
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The moisture capacity of membranes was determined and its dependence on pH and
concentration of solutions was investigated. It was found that the moisture capacity of
MK-40 and MA-40 membranes does not depend on pH (in the pH range 3-10) or on the
concentration of the solution, in NaCl and MgCl, solutions the moisture capacity MK-40
is 37%, the moisture capacity of MA-40 in NaCl and NaySOj solutions is 40%, which is in
good agreement with the literature data [71,72].

4. Conclusions

The study of the electrical conductivity of the diaphragms (&4) from the grains of
the ion exchanger showed that as the diaphragm becomes denser under pressure, the
dependence of a4 on the C concentration of the electrolyte disappears in accordance
with theoretical concepts. Comparison of the electrical conductivity of the membranes,
measured by the difference and contact methods, showed that the difference method gives
lower values of &, in the region of low concentrations, while the data obtained by the
contact method are in good agreement with the results obtained for pressed diaphragms.
The conductivity of the membranes decreases with increasing ion size: &y;,+ > &)pgt2
> &g 2 and &~ > a‘eso;zln the same series, ion mobility decreases. For membranes

MK-40 and MA-40, isoconductivity points were found in all electrolyte solutions NaCl,
MgClp, NapSOy, BaCly. It was found that for MK-40 membranes the value of the structural
resistance coefficient 3 was 16.1 and for MA-40 3 = 12.5 (in the case of the difference
method) and 6.7 and 11.65 in the case of the contact method.

Measurement of the electrical conductivity of ion-exchange membranes in equilibrium
electrolyte solutions is of great importance for the theory of membrane processes, in
particular, for practical electrodialysis during desalination and wastewater treatment for
calculating the most optimal technological modes of operation of the apparatus.
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Abbreviations

MK-40 industrial cation exchange membrane

MA-40 industrial anion exchange membrane

KU-2-8 industrial cation exchanger

EDE-10p industrial anion exchanger

E3) electrical conductivity solution in the membrane, ohm t.em!
&m electrical conductivity of ion exchange membranes, ohm~!-cm ™!
&4 electrical conductivity ion exchange resin, ohm~—!-cm™!

2y electrical conductivity solution, ohm1.em™1

B coefficient of structural resistance

R resistance, ohm

1 distance between the electrodes, cm.

o efficiency coefficient

C concentration, g-eqv./1

P volume fraction of dry ion exchanger

N normal concentration, g-eqv./1



Membranes 2022, 12, 243 20 of 22

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Petrov, O.; Iwaszczuk, N.; Bejanidze, I.; Kharebava, T.; Pohrebennyk, V.; Nakashidze, N.; Petrov, A. Neutralization of Industrial
Water by Electrodialysis. Membranes 2021, 11, 101. [CrossRef] [PubMed]

Connor, R.; Renata, A.; Ortigara, C.; Koncagtil, E.; Uhlenbrook, S.; Lamizana-Diallo, B.M.; Zadeh, S.M.; Qadir, M.; Kjell'en, M.;
Sjodin, J.; et al. The united nations world water development report 2017 wastewater: The untapped resource. United Nations
World Water Dev. Rep. 2017, 5, 184.

Zabolotsky, V.; Novak, L.; Kovalenko, A.; Nikonenko, V.; Urtenov, M.; Lebedev, K.; But, A.Y. Electroconvection in Systems with
Heterogeneous Ion-Exchange Membranes. Pet. Chem. 2017, 57, 779-789. [CrossRef]

Bejanidze, I; Petrov, O.; Pohrebennyk, V.; Kharebava, T.; Nakashidze, N.; Didmanidze, N.; Davitadze, N.; Petrov, A. Sorption of
organic electrolytes and surfactants from natural waters by heterogeneous membranes. Appl. Sci. 2020, 10, 7383. [CrossRef]
Basile, A.; Cassano, A.; Rastogi, N. Advances in Membrane Technologies for Water Treatment. Materials, Processes and Applications;
Elsevier Science: Amsterdam, The Netherlands, 2015; p. 666. ISBN 9781782421214.

Nikonenko, V.; Pismenskaya, N.; Belova, E.; Sistat, P.; Huguet, P; Pourcelly, G.; Larchet, I. Intensive current transfer in membrane
systems: Modelling, mechanisms and application in electrodialysis. Adv. Colloid Interface Sci. 2010, 160, 101-123. [CrossRef]
Bejanidze, I.; Petrov, O.; Kharebava, T.; Pohrebennyk, V.; Davitadze, N.; Didmanidze, N. Study of the healing properties of natural
sources of Georgia and modeling of their purification processes. Appl. Sci. 2020, 10, 6529. [CrossRef]

Pal, P. Membrane-Based Technologies for Environmental Pollution Control; Elsevier Science: Amsterdam, The Netherlands, 2020; 784p,
ISBN 9780128194553.

Kharebava, T.; Bejanidze, I.; Tavdgiridze, G. Microbiological estimation of electrodialistic process of obtain potable water. Sci. J.
Eur. Sci. Rev. 2017, 7-8, 137-140.

Bejanidze, I.; Kharebava, T.; Pohrebennyk, V.; Didmanidze, N.; Davitadze, N. Monograph: The study of Composition and Physical
and Chemical Properties of Some Natural Waters of Georgia. In Water Supply and Wastewater Disposal. Designing, Construction,
Operation and Monitoring; Politechnika Lubelska: Lublin, Poland, 2020; pp. 8-23. ISBN 9788379474097

Sillanpaa, M. Advanced Water Treatment Electrochemical Methods; Elsevier: Amsterdam, The Netherlands, 2020; 382p,
ISBN 9780128192276.

Kao, D. Study on the leachable behavior of cation exchange resins. J. Nucl. Sci. Technol. 2016, 53, 921-927. [CrossRef]

Bejanidze, I.; Pohrebennyk, V.; Kharebava, T.; Koncelidze, L.; Jun, C. Correction of the chemical composition of the washing
waters received as a result of pH cation exchange of ion exchange resin. In Proceedings of the 19th International Multidisciplinary
Scientific GeoConference SGEM, Albena, Bulgaria, 30 June—6 July 2019; Volume 19, pp. 133-140.

Campione, A.; Gurreri, L.; Ciofalo, M.; Micale, G.; Tamburini, A.; Cipollina, A. Electrodialysis for water desalination: A critical
assessment of recent developments on process fundamentals, models and applications. Desalination 2018, 434, 121-160. [CrossRef]
Sajjad, A.-A.; Yunus, M.Y.B.M.; Azoddein, A.A.M.; Hassell, D.G.; Dakhil, .H.; Hasan, H.A. Electrodialysis Desalination for Water
and Wastewater: A Review. Chem. Eng. J. 2020, 380, 122231.

Singh, R.; Hankins, N. Emerging Membrane Technology for Sustainable Water Treatment; Elsevier Science: Amsterdam,
The Netherlands, 2016; 480p, ISBN 9780444633125.

Strathmann, H. Electrodialysis, a mature technology with a multitude of new applications. Desalination 2010, 264, 268-288.
[CrossRef]

Moura Bernardes, A.; Zoppas Ferreira, ].; Rodrigues, M.S. Electrodialysis and WaterReuse: Novel Approaches; Springer:
Berlin/Heidelberg, Germany, 2014; ISBN 9783642402494.

Gurreri, L.; Cipollina, A.; Tamburini, A.; Micale, G. Electrodialysis for Wastewater Treatment—Part I: Fundamentals and
Municipal Effluents. In Current Trends and Future Developments on (Bio-) Membranes-Membrane Technology for Water and Wastewater
Treatment-Advances and Emerging Processes; Basile, A., Comite, A., Eds.; Elsevier: Amsterdam, The Netherlands, 2020; pp. 141-192.
ISBN 9780128168233.

Gurreri, L.; Cipollina, A.; Tamburini, A.; Micale, G. Electrodialysis for Wastewater Treatment—Part II: Industrial Effluents.
In Current Trends and Future Developments on (Bio-) Membranes-Membrane Technology for Water and Wastewater Treatment-Advances and
Emerging Processes; Basile, A., Comite, A., Eds.; Elsevier: Amsterdam, The Netherlands, 2020; pp. 195-241. ISBN 9780128168233.
Bejanidze, I.; Kharebava, T.; Davitadze, N.; Kontselidze, Z.; Kontselidze, L. Purification of Natural and Wastewater by Electromembrane
Technology: Monograph; Series Membrane Technology; Publishing House Shota Rustaveli State University: Batumi, Georgia, 2019;
p- 178.

Text of Lectures “World and Russian Membrane Market”. Contents Section Introduction. Membrane Market in the Russian Federation.
3 Brief Description of the Market. Refdb.ruMembrane Technology for Liquid and Gas Separations; MST041G; BCC Research: Wellesley,
MA, USA, 2014; p. 363.

Membranes Market—Global Industry Analysis, Size, Share, Growth, Trends and Forecast 20142020, Transparency Market
Research. 2014. Available online: https://www.marketsandmarkets.com/search.asp?Search=membranes&x=0&y=0&gclid=
GjOKCQiAr5iQBhCs ARIsAPcwROPXBMSCuyFL79g1qg07jqRQ2Avq_Uh5pNpjwlbddUUwZLhq5Nk8_fkaAv-KEALw_wcB
(accessed on 15 December 2021).

Svittsov, A.A. Prospects for application of inorganic membrane in Russia. Mag. Water Mag. 2015, 5, 93.


http://doi.org/10.3390/membranes11020101
http://www.ncbi.nlm.nih.gov/pubmed/33572584
http://doi.org/10.1134/S0965544117090109
http://doi.org/10.3390/app10207383
http://doi.org/10.1016/j.cis.2010.08.001
http://doi.org/10.3390/app10186529
http://doi.org/10.1080/00223131.2015.1082948
http://doi.org/10.1016/j.desal.2017.12.044
http://doi.org/10.1016/j.desal.2010.04.069
https://www.marketsandmarkets.com/search.asp?Search=membranes&x=0&y=0&gclid=Cj0KCQiAr5iQBhCsARIsAPcwROPxBMSCuyFL79g1qgO7jqRQ2Avq_Uh5pNpjwlbddUUwZLhq5Nk8_fkaAv-KEALw_wcB
https://www.marketsandmarkets.com/search.asp?Search=membranes&x=0&y=0&gclid=Cj0KCQiAr5iQBhCsARIsAPcwROPxBMSCuyFL79g1qgO7jqRQ2Avq_Uh5pNpjwlbddUUwZLhq5Nk8_fkaAv-KEALw_wcB

Membranes 2022, 12, 243 21 of 22

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Membranes Market by Material (Polymeric, Ceramic), Technology (RO, UE, ME, NF), Application (Water & Wastewater Treatment,
Industrial Processing), Region (North America, APAC, Europe, MEA, South America)—Global Forecast to 2024. Available online:
https:/ /www.marketsandmarkets.com/Market-Reports /membranes-market-1176.html (accessed on 15 December 2021).
Volkov, V.V. Membranes and nanotechnologies. Russ. Nanotechnol. 2008, 3, 656—687. [CrossRef]

Stolyarov, V.A. Professional. Part 2: Raw materials and products of the industry of organic and inorganic substances. In New
Handbook of Chemist and Technologist; Peace and Family: St. Petersburg, Russia, 2006; p. 5139.

Battaglia, G.; Gurreri, L.; Airo Farulla, G.; Cipollina, A ; Pirrotta, A.; Micale, G.; Ciofalo, M. Membrane Deformation and Its Effects
on Flow and Mass Transfer in the Electromembrane Processes. Int. . Mol. Sci. 2019, 20, 1840. [CrossRef]

Pawlowski, S.; Crespo, J.; Velizarov, S. Profiled Ion Exchange Membranes: A Comprehensible Review. Int. J. Mol. Sci. 2019, 20, 165.
[CrossRef]

Apel, PY.; Bobreshova, O.V.; Volkov, A.V.; Volkov, V.V,; Nikonenko, V.V,; Stenina, I.A.; Filippov, A.N.; Yampolskii, Y.P;
Yaroslavtsevc, A.B. Prospects of Membrane Science Development. Membr. Membr. Technol. 2019, 1, 45-63. [CrossRef]
Sarapulova, V.; Shkorkina, I.; Mareev, S.; Pismenskaya, N.; Kononenko, N.; Larchet, C.; Dammak, L.; Nikonenko, V. Transport char-
acteristics of fujifilm ion-exchange membranes as compared to homogeneousmembranes AMX and CMX and to heterogeneous
membranes MK-40 and MA-41. Membranes 2019, 9, 84. [CrossRef]

Sarapulova, V.V,; Titorova, V.D.; Nikonenko, V.V.; Pismenskaya, N.D. Transport characteristics of homogeneous and heterogeneous
ion-exchange membranes in sodium chloride, calcium chloride, and sodium sulfate solutions. Membr. Technol. 2019, 1, 168-182.
[CrossRef]

Kingsbury, R.S.; Bruning, K.; Zhu, S.; Flotron, S.; Miller, C.T.; Coronell, O. Influence of water uptake, charge, manning parameter,
and contact angle on water and salt transport in commercial ion exchange membranes. Ind. Eng. Res. 2019, 58, 18663-18674.
[CrossRef]

Kozmai, A.E.; Nikonenko, V.V.; Zyryanova, S.; Pismenskaya, N.D.; Dammak, L. A simple model for the response of an anion-
exchange membrane to variation in concentration and pH of bathing solution. J. Memb. Sci. 2018, 567, 127-138. [CrossRef]
Filippov, A.N.; Kononenko, N.A.; Demina, O.A. Diffusion of Electrolytes of different natures through the Cation-Exchange
Membrane. Colloid ]. 2017, 79, 556-566. [CrossRef]

Dlugotecki, P.; Anet, B.; Metz, S.J.; Nijmeijer, K.; Wessling, M. Transport limitations in ion exchange membranes at low salt
concentrations. J. Membr. Sci. 2010, 346, 163-171. [CrossRef]

Cleaning Membrane Market Research Liquid and Gas Media. Marketing Research RESEARCH. Techart. Available online:
http:/ /www.rusnanonet.ru/download /nano/file /russian-membrane-market.pdf (accessed on 15 December 2021).

World and Russian Membrane Market. Available online: https://studylib.ru/doc/4939781/ mirovoj-i-rossijskij-membrannyj-
rynok--1-mb- (accessed on 15 December 2021).

Membranes—An Innovative Material for the Purification of Liquid and Gaseous Media. Marketing Research. RESEARCHTechart.
Available online: http://www.cleandex.ru/articles/2015/09/13 /membransisaninnovativematerialforcleanliquidsandgas
(accessed on 15 December 2021).

Bejanidze, I.; Pohrebennyk, V.; Petrov, O.; Kharebava, T.; Davitadze, N.; Didmanidze, N. Electrical conductivity of ion-exchange
membranes in solutions of simple electrolytes. In Proceedings of the 6th International Congress Sustainable Development:
Enviromental Protection, Energy Saving, Sustainable Enviromental Management, Lviv Oblast, Ukrane, 23-25 September 2020;
p- 166; ISBN 978-617-655-199-7.

Veerman, J. The effect of the NaCl bulk concentration on the resistance of ion exchange membranes—Measuring and modeling.
Energies 2020, 13, 1946. [CrossRef]

Mitryasova, O.; Pohrebennyk, V.; Kochanek, A.; Sopilnyak, I. Correlation interaction between electrical conductivity and nitrate
content in natural waters of small rivers. In Proceedings of the 16th International Multidisciplinary Scientific GeoConference
SGEM, Albena, Bulgaria, 30 June—6 July 2016; pp. 357-364.

Larchet, C.; Nouri, S.; Auclair, B.; Dammak, L.; Nikonenko, V. Application of chronopotentiometry to determine the thickness
of diffusion layer adjacent to an ion-exchange membrane under natural convection. Adv. Colloid Interface Sci. 2008, 139, 45-61.
[CrossRef]

Galama, A.H.; Vermaas, D.A.; Veerman, J.; Saakes, M.; Rijnaart, H.H.M.; Post, ].W.; Nijmeijer, K. Membrane resistance: The effect
of salinity gradients over a cation exchange membrane. J. Membr. Sci. 2014, 467, 279-291. [CrossRef]

Badessa, T.S.; Shaposhnik, V.A. The dependence of electrical conductivity of ion exchange membranes on the charge of counter
ions. Condens. Matter Interphases 2014, 16, 129-133.

Zhang, B.; Hong, ].G.; Xie, S.; Xia, S.; Chen, Y. An integrative modeling and experimental study on the ionic resistance of
ion-exchange membranes. |. Membr. Sci. 2017, 524, 362-369. [CrossRef]

Diaz, C.; Kamcev, L. Ionic conductivity of ion-exchange membranes: Measurement methods and dependence on salt concentration.
J. Membr. Sci. 2021, 618, 118718. [CrossRef]

Karpenko, L.; Demina, O.A.; Dvorkina, G.A.; Parshikov, S.B.; Larchet, C.; Auclair, B. Comparative study of methods for
determining the electrical conductivity of ion-exchange membranes. J. Electrochem. 2001, 37, 287-293. [CrossRef]

Akberova, E. Structurally Caused Effects of Thermochemical Modification of Heterogeneous Ion-Exchange Membranes. Ph.D. Thesis,
Voronezh State University, Voronezh, Russia, 2015.


https://www.marketsandmarkets.com/Market-Reports/membranes-market-1176.html
http://doi.org/10.1134/S1995078008110025
http://doi.org/10.3390/ijms20081840
http://doi.org/10.3390/ijms20010165
http://doi.org/10.1134/S2517751619020021
http://doi.org/10.3390/membranes9070084
http://doi.org/10.1134/S2517751619030041
http://doi.org/10.1021/acs.iecr.9b04113
http://doi.org/10.1016/j.memsci.2018.07.007
http://doi.org/10.1134/S1061933X17040044
http://doi.org/10.1016/j.memsci.2009.09.033
http://www.rusnanonet.ru/download/nano/file/russian-membrane-market.pdf
https://studylib.ru/doc/4939781/mirovoj-i-rossijskij-membrannyj-rynok--1-mb-
https://studylib.ru/doc/4939781/mirovoj-i-rossijskij-membrannyj-rynok--1-mb-
http://www.cleandex.ru/articles/2015/09/13/membrans is an innovative material for clean liquids and gas
http://doi.org/10.3390/en13081946
http://doi.org/10.1016/j.cis.2008.01.007
http://doi.org/10.1016/j.memsci.2014.05.046
http://doi.org/10.1016/j.memsci.2016.11.050
http://doi.org/10.1016/j.memsci.2020.118718
http://doi.org/10.1023/A:1009081431563

Membranes 2022, 12, 243 22 of 22

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Falina, I.V.; Demina, O.A.; Kononenko, N.A.; Annikova, L.A. Influence of inert components on the formation of conducting
channels in ion-exchange membranes. . Solid State Electrochem. 2017, 21, 767-775. [CrossRef]

Galama, A.-H.; Hoog, N.A.; Yntema, D.R. Method for determining ion exchange membrane resistance for electrodialysis systems.
Desalination 2016, 380, 1-11. [CrossRef]

Kamcev, J.; Sujanani, R.; Jang, E.-S.; Yan, N.; Moe, N.; Paul, D.R.; Freeman, B.D. Salt concentration dependence of ionic conductivity
in ion exchange membranes. . Membr. Sci. 2018, 547, 123-133. [CrossRef]

Zhu, S.; Kingsbury, R.S.; Douglas, F.C.; Coronell, O. Impact of solution composition on the resistance of ion exchange membranes.
J. Membr. Sci. 2018, 554, 39-47. [CrossRef]

Demina, O.; Kononenko, N.; Falina, I. A new approach to the characterization of ion-exchange membranes using a set of model
parameters. Pet. Chem. 2014, 54, 515-525. [CrossRef]

Niftaliev, S.I.; Kozaderova, O.A.; Kim, K.B. Electrically conductive properties of MK-40 and MA-41 membranes, investigated by
impedance high-frequency spectroscopy. Bull. Voronezh State Univ. Eng. Technologies 2016, 1, 167-172. (In Russian) [CrossRef]
Kamcev, J.; Paul, D.R.; Manning, G.S.; Freeman, B.D. Ion diffusion coeffcients in ion exchange membranes-Significance of
counterion condensation. Macromolecules 2018, 51, 5519-5529. [CrossRef]

Sedkaoui, Y.; Szymczyk, A.; Lounici, H.; Arous, O. A new lateral method for characterizing the electrical conductivity of
ion-exchange membranes. |. Membr. Sci. 2016, 507, 34—42. [CrossRef]

Nevakshenova, E.E.; Korzhova, E.S.; Pismenskaya, N.D. Electrical conductivity of anion-exchange membranes in solutions of
salts of carbonic, phosphoric and tartaric acids. Sorpt. Chromatogr. Process. 2012, 12, 6.

Melnikov, S.; Kolot, D. Electrical conductivity of ion exchange membranes in solutions containing carboxylic acids. Sci. J. KubSAU
2016, 124. [CrossRef]

Demina, O.A.; Kononenko, N.A.; Falina, I.A.; Demin, A.V. Theoretical Estimation of Differential Coefficients of Ion-Exchange
Membrane Diffusion Permeability. Colloid J. 2017, 79, 317-327. [CrossRef]

Nichka, V.S.; Mareev, S.A.; Porozhnyy, M.V,; Shkirskaya, S.A.; Safronova, E.Y.; Pismenskaya, N.D.; Nikonenko, V.V. Modified
Microheterogeneous Model for Describing Electrical Conductivity of Membranes in Dilute Electrolyte Solutions. Membr. Membr.
Technol. 2019, 1, 190-199. [CrossRef]

Dtugotecki, P.; Ogonowski, P.; Metz, S.J.; Nijmeijer, K.; Wessling, M. On the resistances of membrane, diffusion boundary layer
and double layer in ion exchange membrane transport. J. Membr. Sci. 2010, 349, 369-379. [CrossRef]

Sarapulova, V.; Nevakshenova, E.; Pismenskaya, N.; Dammak, L.; Nikonenko, V. Unusual concentration dependence of ion-
exchange membrane conductivity in ampholyte-containing solutions. J. Membr. Sci. 2015, 479, 28-38. [CrossRef]

Izquierdo-Gil, M. A.; Barragan, V.M.; Villaluenga, ].P.G.; Godino, M.P. Water uptake and salt transport through Nafion cation-
exchange membranes with different thicknesses. Chem. Eng. Sci. 2012, 72, 1-9. [CrossRef]

Gomez-Coma, L.; Ortiz-Martinez, V.M.; Carmona, J.; Palacio, L.; Pradanos, P.; Fallanza, M.; Ortiz, A.; Ibafiez, R.; Ortiz, I. Modeling
the influence of divalent ions on membrane resistance and electric power in reverse electrodialysis. J. Membr. Sci. 2019, 592,
117385. [CrossRef]

Filippov, A.N. A Cell Model of the Ion-Exchange Membrane. Electrical Conductivity and Electroosmotic Permeability. Colloid ].
2018, 80, 728-738. [CrossRef]

Kim, K.B. Electrodialysis of Ammonium and Nitrate-Containing Aqueous Solutions. Ph.D. Thesis, Voronezh State University,
Voronezh, Russia, 2016.

Karpenko-Foal, L.; Berezina, N. Determination of structural, selective, electrokinetic and percolation characteristics of ion-
exchange membranes from conducting data. Desalination 2009, 245, 587-596. [CrossRef]

Vasilyeva, V.; Pismenskaya, N.; Akberova, E.; Nebavskaya, K. Effect of thermochemical treatment on surface morphology and
hydrophobicity of heterogeneous ion-exchange membranes. Rus. J. Phys. Chem. A 2014, 88, 1293-1299. [CrossRef]

Berezina, N.; Gnusin, N.; Demina, O.; Timofeev, S. Electric transport of water in membrane systems. Description of the experiment
and model. J. Membr. Sci. 1994, 86, 207-229. [CrossRef]

Gnusin, N.; Berezina, N.; Kononenko, N.; Demina, O. Transport structural parameters for the characterization of ion-exchange
membranes. . Membr. Sci. 2004, 243, 301-310. [CrossRef]

Butilski, I.D. Research of the Surface Morphology of Ion-Exchange Membranes and Its Influence on Electrochemical Characteristics.
Ph.D. Thesis, Kuban State University, Krasnodar, Russia, 2019.


http://doi.org/10.1007/s10008-016-3415-0
http://doi.org/10.1016/j.desal.2015.11.018
http://doi.org/10.1016/j.memsci.2017.10.024
http://doi.org/10.1016/j.memsci.2018.02.050
http://doi.org/10.1134/S0965544114070032
http://doi.org/10.20914/2310-1202-2016-1-167-172
http://doi.org/10.1021/acs.macromol.8b00645
http://doi.org/10.1016/j.memsci.2016.02.003
http://doi.org/10.21515/1990-4665-124-032
http://doi.org/10.1134/S1061933X17030048
http://doi.org/10.1134/S2517751619030028
http://doi.org/10.1016/j.memsci.2009.11.069
http://doi.org/10.1016/j.memsci.2015.01.015
http://doi.org/10.1016/j.ces.2011.12.040
http://doi.org/10.1016/j.memsci.2019.117385
http://doi.org/10.1134/S1061933X18060042
http://doi.org/10.1016/j.desal.2009.02.024
http://doi.org/10.1134/S0036024414080317
http://doi.org/10.1016/0376-7388(93)E0075-U
http://doi.org/10.1016/j.memsci.2004.06.033

	Introduction 
	Materials and Methods 
	Research Objects 
	Measurement of Electrical Conductivity of a Bulk Layer of Ion Exchangers 
	Measurement of Electrical Conductivity of Membranes 
	Measurement of the Conductivity of Membranes by the Difference Method 
	Measurement of Conductivity of Membranes by Contact Method 


	Result and Discussion 
	Conclusions 
	References

